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Radiation-pressure self-cooling of a micromirror in a cryogenic
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Abstract – We demonstrate radiation-pressure cavity-cooling of a mechanical mode of a
micromirror starting from cryogenic temperatures. To achieve that, a high-ﬁnesse Fabry-Pérot
cavity (F ≈ 2200) was actively stabilized inside a continuous-ﬂow 4 He cryostat. We observed
optical cooling of the fundamental mode of a 50 µm × 50 µm × 5.4 µm singly clamped micromirror
at ωm = 3.5 MHz from 35 K to approximately 290 mK. This corresponds to a thermal occupation
factor of n ≈ 1 × 104 . The cooling performance is only limited by the mechanical quality and
by the optical ﬁnesse of the system. Heating eﬀects, e.g. due to absorption of photons in the
micromirror, could not be observed. These results represent a next step towards cavity-cooling a
mechanical oscillator into its quantum ground state.
c EPLA, 2008
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Optomechanical interactions in high-ﬁnesse cavities
oﬀer a new promising route for the ongoing experimental
eﬀorts to achieve the quantum regime of massive mechanical systems [1,2]. They allow to cool mechanical degrees
of freedom of movable mirrors via radiation-pressure
backaction [3], in principle even into their quantum
ground state [4–6]. The working principle of this cooling
method has been demonstrated in a series of recent
experiments [7–10]. Ground-state cooling will eventually
require to realize the scheme in a cryogenic environment.
Optomechanical feedback cooling [11–15], another quantum limited strategy [6,16,17], has recently taken this
step by demonstrating cooling of a 3.8 kHz resonator
mode from a starting temperature of 2 K to an eﬀective
noise temperature of 2.9 mK (or n ≈ 2.1 × 104 ) [15]. To
achieve and surpass such a performance for radiationpressure backaction schemes requires stable operation
of a high-ﬁnesse cavity inside a cryostat [18] and suﬃciently strong optomechanical coupling [7–10]. Here we
report the combination of these requirements in a single
experiment using a high-reﬂectivity micromechanical
resonator. We observe radiation-pressure backaction
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cooling of the fundamental mode of the micromirror at
ωm /2π = 557 kHz from 35 K to 290 mK (or n ≈ 1 × 104 ),
limited only by the optical ﬁnesse of the cavity and by
the mechanical quality of the micromirror.
How does radiation-pressure cooling work? The basic
setup comprises an optical cavity of frequency ωc , pumped
by a laser at frequency ωl , that is bounded by a mechanical oscillator of resonance frequency ωm . By reﬂecting photons oﬀ the mechanical resonator, in our case
a movable micromirror, the intracavity ﬁeld exerts a
radiation-pressure force on the mechanical system. Detuning of the optical cavity (∆ = ωc − ωl = 0) can result in a
net positive (∆ < 0) or negative (∆ > 0) energy transfer
from the radiation ﬁeld to the mechanical oscillator, corresponding to either heating or cooling of the mechanical
mode. There are diﬀerent views to understand the cooling eﬀect. Considering the full dynamics of the system,
radiation-pressure forces in a detuned cavity behave as
a viscous force that modiﬁes the mechanical susceptibility [3,19,20]. Cooling occurs as a consequence of the
delayed (retarded) force response to thermal ﬂuctuations
of the mechanical resonator, which is caused by the ﬁnite
cavity decay rate κ. It is worth noting that retardationbased optomechanical cooling is not restricted to radiation pressure and its principle was in fact for the ﬁrst

54003-p1
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Fig. 1: (Color online) Experimental scheme. (a) The pump
beam is spatially and spectrally ﬁltered in a ring cavity
locked to the laser frequency. After phase modulation using an
electro-optic modulator (EOM), for Pound-Drever-Hall (PDH)
locking, the pump is injected into the micromirror Fabry-Pérot
(FP) cavity, which is mounted inside a 4 He cryostat. The beam
reﬂected from the FP cavity is detected behind a polarizing
beam splitter (PBS). The PDH signal is obtained by demodulating the detected signal by the EOM driving frequency and is
used for actively stabilizing the cavity length and for monitoring the dynamics of the mechanical mode. Alignment is done
via a CCD camera. (b) SEM picture of a group of micromirrors.
(c) Cavity mounting inside the cryostat (see text).

time demonstrated using photothermal forces [19]. Going
beyond (semi-)classical descriptions, a full quantum treatment [4,5,21,22] can provide an interesting interpretation
of the cooling eﬀect as quantum state transfer between
two oscillators, i.e. the cavity ﬁeld and the mechanical
mode [23]. This is related to the thermodynamic analogy, by which an entropy ﬂow occurs from the thermally
excited mechanical mode to the low-entropy laser ﬁeld.
Finally, the comparison of the photon-phonon interaction
with three-wave mixing leads to the intuitive picture of
sideband-cooling [4,5], as is well known from laser-cooling
of atoms and ions1 .
Our mechanical objects are oscillating micromirrors of
high reﬂectivity that consist solely of a dielectric Braggmirror coating [24]. Compared to our previous work [7]
we have used a diﬀerent coating material to achieve both
higher reﬂectivity and lower inherent absorption. This
allowed us to increase the radiation-pressure coupling and
to avoid residual photothermal eﬀects. For the fabrication
process we start from a high-reﬂectivity coating (R >
0.9999) made out of 40 alternating layers of Ta2 O5 and
SiO2 deposited on silicon. We used reactive ion etching to
deﬁne the resonator shape and selective dry etching of the
substrate to free the structures. All mechanical resonators
form singly clamped cantilevers with a thickness of 5.4 µm,
a width of 50 µm and a length between 50 µm and
300 µm (ﬁg. 1b). We found mechanical quality factors
Q ≈ 1000–3000 and reﬂectivities of R > 0.9999.
1 Note that in our case radiation pressure originates from the
reﬂection of photons oﬀ the mirror surface and not from absorption
and re-emission as is the case in conventional laser cooling. Still, the
cooling mechanism of both schemes is completely analogous.

The full experimental setup is sketched in ﬁg. 1a. We
use the micromirror as an end mirror in a high-ﬁnesse
Fabry-Pérot (FP) cavity, which is pumped by an ultrastable Nd:YAG laser operating in continuous-wave mode
at a wavelength of 1064 nm. The input coupler of the FP
cavity is a concave massive mirror (radius of curvature:
25 mm; reﬂectivity at 1064 nm: 0.9993) that is attached to
a ring piezo (PZT) in order to actively modify the cavity
length. We chose the length L of the cavity slightly shorter
than for the semi-concentric case (L = 25 mm) in order to
have a stable cavity and a small cavity-mode waist w0
on the micromirror (w0 ≈ 10 µm). The cavity is mounted
inside a continuous-ﬂow 4 He cryostat (ﬁg. 1c). The input
coupler is attached to the outer shield of the cryostat
and therefore always maintains at room temperature. The
silicon wafer that holds the micromirrors is glued on a
sample holder that is in thermal contact with the cryostat cold ﬁnger. A 3-axis translation stage allows precise
positioning of the micromirror on the chip with respect to
the footprint of the cavity beam. We monitor both position and size of the cavity mode via an external imaging system. In operation, the cryostat is ﬁrst evacuated
to 10−6 mbar. Cryogenic cooling is achieved by a continuous ﬂow of helium in direct contact with the cold ﬁnger.
The additional cryogenic freeze-out reduces the pressure to
below 3 × 10−7 mbar. On cooling the cryostat from room
temperature to approximately 6 K (measured temperature at the cold ﬁnger), the thermal contraction of the
cavity (1–2 mm in total) can be compensated by the 3-axis
translation stage. The temperature of the sample holder is
monitored via an additional sensor directly attached to it.
For a measured cold-ﬁnger temperature of 6 K we observe
a sample holder temperature of approximately 20 K and
an actual sample temperature of 35 K, which we infer from
the calibrated power spectrum of the micromirror motion
as mode temperature at zero optical detuning (see below).
We attribute the temperature gradient to heating of the
sample by blackbody radiation from the input coupler,
which is kept at 295 K only a few millimeters away from
the sample, in combination with ﬁnite thermal conductivity between sample, sample holder and cold ﬁnger. Both
at room temperature and at cryogenic temperatures we
observe stable locking of the cavity for a ﬁnesse of up to
8000. We achieve typical mode matching eﬃciencies into
the cavity of 80%.
To observe the desired backaction cooling we monitor
the dynamics of the diﬀerent eigenmodes of the micromirror vibration by measuring its displacement power
spectrum Sx (ω) [21]. This is done by analyzing the PoundDrever-Hall (PDH) signal in the light backreﬂected from
the FP cavity [7,14,18], a method which is based on the
interference of phase-modulated side bands of the pump
laser [7,8]. The main idea is that the PDH error signal of
a locked cavity is proportional to the cavity length. While
we use the low-frequency part of the PDH signal as an
error signal to actively stabilize the cavity length to the
wanted detuning ∆, the high-frequency part is directly
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proportional to the displacement power spectrum Sx of
the micromirror [21]2 . One can evaluate the eﬀective mode
temperature via the area of the measured power spectrum
mω 2
as Tef f = kB0 x2  (m: eﬀective mass at the probing point,
ω0 : mode frequency, kB : Boltzmann’s constant, x2  =
 +∞
dωSx (ω)).
−∞
Backaction cooling is accompanied by a modiﬁed
dynamics of the mechanical mode, speciﬁcally by a shift
both in resonance frequency ωef f and in damping γef f .
This can be used to identify the nature of the backaction
force: for a known eﬀective mass and optical pump power,
radiation-pressure forces are uniquely determined by the
time dependence of the cavity decay and can therefore
be distinguished from forces of dissipative nature such as
photothermal forces [4]. We obtain these eﬀective values
directly via the power spectrum Sx , which, for a classical
harmonic oscillator, is given by
Sx (ω) =

1
4kB T γ0
,
2
2 )2 + 4γ 2 ω 2
πm (ωef
−
ω
f
ef f

(1)

where γ0 is the mechanical damping of the unperturbed
mechanical oscillator, i.e. the damping at zero detuning.
To minimize radiation-pressure eﬀects we used very low
input power (≈ 30 µW) and probed the mode at a point
of high eﬀective mass, i.e. close to a nod of vibration. The
values for γef f and ωef f were obtained from ﬁts to the
measured power spectra using eq. (1).
We ﬁrst conﬁrmed that our optomechanical system
is dominated by radiation-pressure backaction. For that
purpose, we monitor the modiﬁed dynamics of the
mechanical mode of a micromirror and compare it with
the theoretical predictions for radiation-pressure eﬀects.
The results for various cavity detunings are shown in ﬁg. 2.
The solid lines are ﬁts to the data using the semi-classical
approach described in [20]. We obtain a ﬁtted cavity
ﬁnesse F = 2300 and a ﬁtted eﬀective mass of m = 125 ng.
These values are consistent with our independent estimate
of F = 2800 ± 600 and m = (110 ± 30) ng (obtained from
Sref )3 . Note that the ﬁnesse is measured by slowly scanning the cavity length. The corresponding measurement
uncertainty arises from mechanical vibrations of the
setup. We also performed a measurement on the mirror
at 35 K (ﬁg. 2), however with a reduced detuning range
(for technical reasons the full detuning range was not
available at low temperature). Again, the ﬁt values of
F = 2200 and m = 40 ng are consistent with our estimates
of F = 2800 ± 800 and m = (30 ± 10) ng and therefore
2 The ratio between PDH power spectrum and displacement
power spectrum Sx depends on the cavity detuning ∆. We can
eliminate the unwanted detuning dependence by normalizing Sx via
a reference signal of a known constant displacement power spectrum
Sref that is generated by frequency modulation of the pump laser.
In addition, Sref is an absolute calibration of the eﬀective mass of
the mechanical oscillator, as is outlined in detail, e.g., in [7].
3 The reduction in ﬁnesse compared to the value of 8000 is due
to our choice of the optimal working point on the cantilever close
to the tip of the micromirror, where edge diﬀraction increased the
losses in the cavity.

Fig. 2: (Color online) Modiﬁed micromirror dynamics due
to cavity detuning. Shown is the micromirror’s eﬀective
frequency ωef f /2π and eﬀective damping γef f both at room
temperature and at 35 K for various detuning values at a laser
power of 1 mW. Maximal cooling is obtained approximately at
a detuning of ωm , where the net phonon transfer to the optical
ﬁeld is maximized. The solid lines are ﬁts to the data based
on the semi-classical model for radiation-pressure backaction
(see text).

conﬁrm the radiation-pressure nature of the interaction.
In contrast to radiation-pressure forces, photothermal
forces are always subject to an exponential retardation
due to the dissipative nature of the force and therefore
produce a diﬀerent dynamics on detuning [4]. We have
used the same parameters to simulate the expected
behavior resulting from such a force (ﬁg. 3), which can
clearly not serve as an explanation for our data.
Finally, we demonstrate radiation-pressure backaction
cooling in a cryogenic cavity. Figure 4 shows measurements performed on the fundamental mechanical mode
at ωm = 2π × 557 kHz of the micromirror. For each detuning and optical power level we obtained x2 , ωef f and
γef f directly from the ﬁts to the measured displacement
spectrum Sx . The eﬀective mass mef f is obtained as
described in the previous paragraph by ﬁtting the data sets
of same optical power (at a given cryostat temperature)
using a semi-classical approach to radiation-pressure backaction. The eﬀective temperature is obtained by plotting
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Fig. 3: (Color online) Radiation-pressure backaction. The data
follow the curve from the top left to the bottom left. The solid
lines are ﬁts to the data based on the semi-classical model
for pure radiation-pressure backaction (see text). The dotted
lines show the expected behavior for bolometric (photothermal)
forces when using the same parameters. Even at low temperature a clear deviation from photo-thermal behavior is observed
and the data is well described by radiation-pressure eﬀects.

Fig. 4: (Color online) Radiation-pressure cooling in a cryogenic
high-ﬁnesse cavity. Shown are the eﬀective temperature Tef f
and the eﬀective damping γef f in a detuned cavity for various
laser powers. Diﬀerent laser powers correspond to diﬀerent
symbols. Values of detuning (in units of ωm ) are encoded in
color. Starting from cryogenic temperatures (the given cryostat
temperature is the measured sample holder temperature)
we observe backaction cooling down to 290 mK (or n ≈
1 × 104 ). The cooling performance is not limited by heating
but by optical ﬁnesse and mechanical quality factor of the
optomechanical system.
2
2
mef f · ωef
f · x  normalized to the value obtained at zero
detuning at room temperature (295 K). When cooling
the cavity down to a sample holder temperature of 20 K
we ﬁnd a measured mode temperature at zero detuning

(corresponding to γ035 K = 2π × 269 Hz) of approximately
35 K. On detuning, the mode temperature decreases as
expected for both starting temperatures. For a given
laser power the eﬀective mode temperature decreases
with increasing detuning until ∆ ≈ ωm , where the cooling is optimal. The eﬀective temperature increases again
on further increasing the detuning. When starting from
room temperature we observe a minimum temperature of
approximately 17 K at an input laser power of 3.7 mW.
Starting with a cryogenic cavity we observe a minimum
mode temperature of approximately 290 mK for 14 mW
laser power. This corresponds to a thermal occupation
factor of n ≈ 1 × 104 .
The cooling performance is not limited by residual heating eﬀects. In the ideal (semi-)classical case Tef f ≈ T0 γγef0f
(for ωef f  γef f and T0 : environment temperature), as
one can see from integrating eq. (1) and by using the
equipartition theorem. We observe this behavior as linear
dependence on the double-logarithmic scale of ﬁg. 4. In
case of heating, e.g. by absorption of photons, one would
expect a dependence of the mode temperature on the laser
power even for the same eﬀective damping γef f . In other
words, data points taken at diﬀerent laser powers would
not fall on the same line. The fact that we observe no deviation from the linear dependence for increasing laser power
indicates that no signiﬁcant heating of the mode occurs.
We should also note that our experimental parameters
(F = 2200, ωm = 3.5 × 106 ) fulﬁll the threshold condition
√
for ground-state cooling, because ωm /κ = 0.2 > 1/ 32 [5].
Our present cooling performance is only limited by the
initial temperature T0 of the environment, i.e. the performance of the cryostat, and by the achieved damping ratio
γ0
γef f . Future improvements will have to include a further
reduction of T0 , e.g. by including a radiation shield to
protect the sample from blackbody radiation, a decrease
in γ0 , i.e. a larger mechanical Q, and an increase of optical
intracavity power, in particular via an increase of ﬁnesse.
We have demonstrated radiation-pressure backaction
cooling of a micromirror in a high-ﬁnesse cavity at cryogenic temperatures. Starting from a sample temperature of approximately 35 K we achieve an eﬀective mode
temperature of 290 mK (n ≈ 1 × 104 ), limited only by the
micromirror’s mechanical quality factor and by its optical
reﬂectivity. We consider this a next step towards exploiting the rich structure promised by optomechanical systems
when entering the mechanical quantum regime [22,25–27].
We believe that the combination of cryogenic cooling with
(active or passive) feedback techniques [15,28,29] will be
an essential step to achieve this goal.
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D., Aspelmeyer M. and Zeilinger A., Nature, 444
(2006) 67.
[8] Arcizet O., Cohadon P. F., Briant T., Pinard M.
and Heidmann A., Nature, 444 (2006) 71.
[9] Schliesser A., Del’Haye P., Nooshi N., Vahala K. J.
and Kippenberg T. J., Phys. Rev. Lett., 97 (2006)
243905.
[10] Corbitt T., Chen Y., Innerhofer E., MüllerEbhardt H., Ottaway D., Rehbein H., Sigg D.,
Whitcomb S., Wipf C. and Mavalvala N., Phys. Rev.
Lett., 98 (2007) 150802.
[11] Mancini S., Vitali D. and Tombesi P., Phys. Rev. Lett.,
80 (1998) 688.
[12] Cohadon P., Heidmann A. and Pinard M., Phys. Rev.
Lett., 83 (1999) 3174.
[13] Kleckner D. and Bouwmeester D., Nature, 444
(2006) 75.
[14] Arcizet O., Cohadon P.-F., Briant T., Pinard M.,
Heidmann A., Mackowski J.-M., Michel C., Pinard

[19]
[20]
[21]

[22]

[23]
[24]

[25]
[26]

[27]
[28]

[29]

54003-p5
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