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Andreas Jöckel, Aline Faber, Tobias Kampschulte, Maria Korppi, Matthew T. Rakher, and Philipp Treutlein∗

Departement Physik, Universität Basel, CH-4056 Basel, Switzerland
(Dated: July 28, 2014)

Sympathetic cooling with ultracold atoms [1]
and atomic ions [2] enables ultralow tempera-
tures in systems where direct laser or evapora-
tive cooling is not possible. It has so far been
limited to the cooling of other microscopic par-
ticles, with masses up to 90 times larger than
that of the coolant atom [3]. Here we use ul-
tracold atoms to sympathetically cool the vibra-
tions of a Si3N4 nanomembrane [4, 5], whose mass
exceeds that of the atomic ensemble by a fac-
tor of 1010. The coupling of atomic and mem-
brane vibrations is mediated by laser light over
a macroscopic distance [6, 7] and enhanced by
placing the membrane in an optical cavity [8].
We observe cooling of the membrane vibrations
from room temperature to 650± 230mK, exploit-
ing the large atom-membrane cooperativity [9] of
our hybrid optomechanical system [10, 11]. Our
scheme enables ground-state cooling and quan-
tum control of low-frequency oscillators such as
nanomembranes or levitated nanoparticles [12],
in a regime where purely optomechanical tech-
niques cannot reach the ground state [8, 9].

The control over micro- and nanomechanical oscilla-
tors has recently made impressive progress [13]. First
experiments cooled high-frequency mechanical oscillators
to the quantum ground state [14–17] and demonstrated
single-phonon control [14] using cryogenic cooling and
the techniques of cavity optomechanics [18]. A current
challenge is to couple engineered mechanical structures
to microscopic quantum systems with good coherence
properties, such as atoms [7, 19, 20], solid-state spin
systems [21–23], semiconductor quantum dots [24], or
superconducting devices [14, 25]. The resulting hybrid
mechanical systems offer new possibilities for quantum
control of mechanical vibrations, precision sensing, and
quantum-level signal transduction [10, 11, 13, 18]. Ul-
tracold atoms are an attractive choice for hybrid systems
because a well-developed toolbox exists for atomic laser
cooling and quantum manipulation [26]. It has been pro-
posed to use hybrid mechanical-atomic systems for sym-
pathetic cooling [6, 8, 27], creating atom-oscillator en-
tanglement [27, 28] and controlling the oscillator on the
single-phonon level [29]. However, in the experiments re-
ported so far [7, 19, 20], the mechanical-atomic coupling
was far too weak to realize any of these possibilities.

Sympathetic cooling of mechanical oscillators with
laser-cooled atoms has received particular interest, as it
would allow one to relax the constraints of cavity op-

tomechanical and feedback cooling techniques [8, 9]. Up
to now, sympathetic cooling with atoms and atomic ions
has been used to cool other microscopic particles such
as different atoms or molecular ions up to the size of
proteins [1–3], with applications in cold chemistry and
quantum technology [26, 30]. In these experiments, the
coolant and the target species thermalize through short-
range collisional or electrostatic interactions in a trap. A
large difference in their mass reduces the cooling perfor-
mance, which has prevented extensions to more massive
objects.

In our experiment, we use laser light to interface a
nanomechanical membrane oscillator with an ultracold
atomic ensemble. Radiation-pressure forces couple the
membrane vibrations and the atomic motion to the same
light field, which mediates a long-distance mechanical
atom-membrane interaction [6]. The membrane is placed
inside an optical cavity to enhance the coupling [8], while
the atoms are trapped outside the cavity in a separate
vacuum chamber. This cavity-enhanced modular ap-
proach offers both a sizable coupling strength and the
possibility to independently manipulate membrane and
atoms.

The coupling mechanism is illustrated in Fig. 1(a). A
thin dielectric membrane acts as mechanical element in-
side an optical cavity [4], which is resonantly driven by
a strong laser beam. The cavity back mirror has a much
higher reflectivity than the input mirror, ensuring that
the light leaves the cavity through the input port and in-
terferes with the incoming beam to form a standing wave
outside the cavity. This standing wave acts as an opti-
cal lattice potential for a cloud of ultracold 87Rb atoms
with axial vibration frequency Ωa near the bottom of
the sinusoidal potential wells [26]. As the fundamental
mode of the membrane vibrates with frequency Ωm and
amplitude xm, it moves back and forth between regions
of higher and lower intensity of the intracavity standing
wave, thereby modulating the cavity resonance frequency
[4]. This optomechanical coupling modulates the phase
of the laser beam reflected from the cavity, which results
in a periodic displacement of the optical lattice potential
with amplitude ∝ Fxm, enhanced by the cavity finesse
F � 1. If Ωa ≈ Ωm, this leads to resonant coupling
of the membrane vibrations to the atomic center-of-mass
motion in the lattice. Conversely, if the atoms oscillate
with amplitude xa in the lattice, they redistribute pho-
tons in the light field and thereby imprint their motion
as a power modulation onto the laser beam driving the
cavity. Inside the cavity, this gives rise to a modulation
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FIG. 1. Coupling mechanism and schematic of the ex-
periment. (a) A thin dielectric membrane is placed inside a
Fabry-Perot cavity near the slope of the intracavity intensity
standing wave. Mirror reflectivities R2 ≈ 1 and R1 < R2

ensure that the driving laser is reflected and forms an opti-
cal lattice for a cloud of ultracold atoms. The light couples
the membrane vibrations xm to the atomic motion xa. The
membrane motion is independently read out with a 200µW
detection beam. (b) The membrane-cavity system and the
laser-cooled atoms reside in separate vacuum chambers (grey
boxes). PBS: polarizing beam splitter, EOM: electro-optic
modulator, OC: optical circulator, PD: photodiode. (c) Op-
tical transmission spectrum of the cavity showing the cavity
resonance frequency ωc as a function of membrane position xm
for the fundamental TEM00 (strong signal) and TEM20 (weak

signal) mode. (d) Mechanical displacement spectra
√
Sx(Ω)

of the membrane fundamental mode for different lattice laser
powers P0 and laser-cavity detuning ∆ < 0, without atoms in
the lattice.

∝ Fxa of the radiation pressure force experienced by the
membrane.

It was theoretically shown [8] that the resulting atom-
membrane coupling is described by the Hamiltonian H =

~gN
(
b̂†mb̂a + b̂†ab̂m

)
, where b̂m (b̂†m) and b̂a (b̂†a) are the

annihilation (creation) operators of the membrane funda-
mental mode and atomic center-of-mass motion, respec-
tively, and

gN = |rm|Ωa
√
NmΩa
MΩm

2F
π

(1)

is the atom-membrane coupling constant for a single vi-
brational phonon and N atoms of mass m that are iden-
tically coupled to the membrane. The coupling scales
with the optical field reflectivity rm of the membrane.
The factor

√
Nm/M � 1 describes the mismatch be-

tween the mass of the atomic ensemble and the much
larger effective mass M of the membrane mode, which
reduces the efficiency of the mechanical coupling. In pre-
vious experiments without a cavity [7], this limited the
atom-membrane coupling to tens of Hz. Here, the cav-
ity acts as a “lever” that partially compensates the mass
mismatch by enhancing both the phase shift of the re-
flected beam and the radiation pressure force acting on
the membrane by F .

We exploit this coupling to sympathetically cool the
membrane with the atoms. Strong laser cooling at a rate
Γa � gN cools the atomic ensemble to microkelvin tem-
peratures. Due to its interaction with the atoms, the
membrane mode is cooled concomitantly with a sympa-
thetic cooling rate [7, 8]

Γsym[N,Ωa] =
g2
Nη

2t2Γa

(Ωa − Ωm)2 + (Γa/2)
2 , (2)

where we have taken into account the (field) transmit-
tivity t of the optical path between atoms and cavity
and the coupling efficiency η to the cavity mode (see Ap-
pendix). For a membrane mode coupled with rate Γm to
its thermal environment at temperature Tbath and with
Γsym � Γm to the atoms, whose temperature is negligi-
bly small, the membrane is sympathetically cooled to a
temperature T ' TbathΓm/Γsym � Tbath.

The experimental setup is sketched in Fig. 1(b) (see
also Appendix). We use a 42 nm thin and 1.5 mm ×
1.5 mm wide Si3N4 membrane on a Si frame [5]. It vi-
brates like a square drum with a fundamental mechani-
cal mode of frequency Ωm = 2π×274 kHz, effective mass
M = 140 ng, and energy damping rate Γm = 0.57 s−1.
The membrane is semi-transparent for light at our wave-
length of λ = 780 nm, with rm = 0.42 and negligible
absorption (< 10−5). The cavity resonance frequency ωc
shows a sinusoidal dependence on the membrane position
(Fig. 1(c)), and we typically operate on the slope where
G = −dωc/dxm is largest [4]. In our single-sided cav-
ity, F depends on the membrane position, offering two
points of maximal slope with either low F = 140 or high
F = 300. The large cavity linewidth κ � Ωm,Ωa en-
sures that the intracavity field adiabatically follows the
membrane and atomic motion.

The coupling laser beam of frequency ωL drives one
of the cavity modes with η2 = 0.7 and detuning ∆ =
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FIG. 2. Sympathetic cooling of the membrane. Mem-
brane temperature T as a function of time in a three-step
sequence: (A) atoms not resonant (P0 = 5.5 mW); (B) atoms
resonant (P0 = 16.5 mW); (C) P0 = 16.5 mW but atomic laser
cooling switched off. Red curves are recorded with atoms in
the lattice, blue curves without atoms. Dark blue curve: read-
out beam only. Dashed lines: measurement noise floor and
room temperature, respectively. Measurements were taken
with a spectrum analyzer set to a fixed frequency ≈ Ωm with
bandwidth BW � Γtot, and averaged over 20 experimental
runs. (a) Measurement with F = 140, ∆ = −0.013± 0.005κ,
and BW = 2π × 0.5 kHz. (b) Measurement with F = 300,
∆ = −0.022± 0.002κ, and BW = 2π × 2 kHz.

ωL − ωc. We detect the membrane motion with a sepa-
rate detection beam. Using the Pound-Drever-Hall tech-
nique we create a signal whose low-frequency part is used
to stabilize ∆. From the high-frequency part we extract
the power spectral density of the membrane displacement
Sx(Ω) (Fig. 1(d)), whose integral is proportional to the
temperature T of the membrane mode [18]. To avoid the
optomechanical parametric instability [18], we operate at
∆ < 0, |∆| � κ, resulting in weak cavity optomechan-
ical cooling at a rate Γopt and the optical spring effect,
see Fig. 1(d), whose known characteristics are used to
calibrate our system (see Appendix).

At the position of the atoms, the incoming coupling
beam has a power P0, an approximately gaussian inten-
sity profile with beam waist w0 = 284µm and t2 = 0.8.
It is red-detuned by ∆LA = −2π × 8 GHz from the
F = 2 → F ′ = 3 transition of the 87Rb D2 line, creat-
ing an attractive optical lattice potential [26]. The axial
vibration frequency scales as Ωa ∝

√
P0/|∆LA| and can

be adjusted by changing P0 or ∆LA. Ultracold atoms
are loaded into a 3D-magneto-optical-trap (MOT) over-
lapping with the optical lattice and further cooled using
optical molasses at rate Γa = 1.0× 104 s−1 to a temper-
ature of 40µK and density of na = 8.7× 1015 atoms/m3

in a cloud of Ra = 3.5 mm radius.

We first demonstrate sympathetic cooling of the mem-
brane by performing time-resolved measurements of the
membrane temperature T . A measurement with F = 140
is shown in Fig. 2(a). The three-step sequence starts
with P0 = 5.5 mW and a MOT cooled atomic ensem-
ble (configuration A). Cavity optomechanical cooling al-
ready cools the membrane from room temperature to
30 K, while the atoms have no effect because Ωa � Ωm.
We then switch to molasses cooling and P0 = 16.5 mW,
thereby tuning the atoms into resonance (configuration
B). Now a steep decline of the membrane temperature
is observed, see the red curve. The initial slope cor-
responds to the total damping rate of the membrane
in the presence of sympathetic and cavity optomechan-
ical cooling, Γtot = Γm + Γsym + Γopt, and we obtain
Γtot = 111± 1 s−1 from a fit to the data. The membrane
temperature reaches a minimum of Tsym = 1.5 ± 0.3 K,
determined by averaging over 20 experimental runs and a
time window of 44 ms, which is about five times the ther-
malization time 1/Γtot. The minimum agrees with the
expected value Tsym = TbathΓm/Γtot within one standard
deviation. The slow increase in T afterwards is caused by
atom loss due to the finite molasses lifetime of 0.65 s. In
configuration C the atomic laser cooling is switched off.
For comparison, we repeat the experiment without atoms
in the lattice (by detuning the MOT lasers), as shown in
the blue curve, which sets Γsym = 0 so that only cavity
optomechanical cooling is present and the temperature
equilibrates at Topt = TbathΓm/(Γm + Γopt).

We repeat the experiment with F = 300, see Fig. 2(b).
This increases both Γsym and Γopt, resulting in lower
temperatures with a minimum of Tsym = 650± 230 mK.
Here, the uncertainty is mainly due to day-to-day vari-
ations of the temperature calibration. In all measure-
ments, Γsym > Γopt and the atoms provide the dominant
cooling effect.

To study the resonance characteristics of the sympa-
thetic cooling, we measure the membrane temperature
with and without atoms as a function of P0, see Fig. 3(a).
Through P0 we effectively adjust the atomic vibration
frequency. We now keep P0 constant during the entire
sequence and record Sx(Ω) in a time window of 380 ms
starting when the minimum T is reached. The data with-
out atoms is described well by the theory of cavity op-
tomechanical cooling [18]. We find that laser amplitude
and frequency noise limits the achievable cooling fac-
tors and extract the effective bath temperature Tbath(P0)
from a fit to the data (see Appendix).

The data with atoms in Fig. 3(a) shows that sympa-
thetic cooling turns on abruptly around P0 = 14 mW.
We extract Γsym from the measured temperatures,

Γsym = Γm

(
Tbath

Tsym
− Tbath

Topt

)
, (3)

and plot the result in Fig. 3(b). The horizontal axis
shows the atomic frequency in the center of the lattice,
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FIG. 3. Resonant turn on of sympathetic cooling.
(a) Membrane temperature as a function of laser power P0,
with atoms in the lattice (Tsym) and without atoms (Topt).
Blue line: fit with a theory of cavity optomechanical cool-
ing with laser noise, but without atoms. Measurements were
performed with F = 140, ∆ = −0.032± 0.005κ and averaged
over 20 runs. The standard error of the mean (SEM) is shown.
The membrane was at a position where G = 0.92 max(G),
decreasing gN by the same prefactor. Inset: membrane dis-
placement spectra

√
Sx(Ω) corresponding to the big points

in the main plot. The spectra are distorted because of fluc-
tuations in ∆ due to a jitter in the membrane position. (b)
Sympathetic cooling rate Γsym obtained from the data in (a)
as a function of atomic frequency in the lattice center, Ωa(0).
Error bars are calculated from the SEM by error propagation.
Red line: model of Γsym taking the lattice laser profile into
account. Shaded red region indicates ±10% uncertainty in
Ωa(0).

calibrated independently by trap spectroscopy (see Ap-
pendix). To explain the step-like behavior, we note that
the atomic cloud is much larger than the laser beam
waist, Ra � w0, and that the intensity profile leads to
a dependence Ωa(r) = Ωa(0)e−r

2/w2
0 on the radial co-

ordinate r. For small P0, the maximum trap frequency
Ωa(0) < Ωm and none of the atoms are resonant with
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FIG. 4. Sympathetic cooling rate for different atom-
light detunings. We measure the sympathetic cooling rate
Γsym for different atom-light detunings ∆LA and plot the re-
sult as a function of (a) power P0 and (b) atomic frequency
Ωa(0). To take this data, we perform membrane ringdown
measurements with and without atoms in the lattice and ob-
tain Γsym from the difference in decay rates.[7] We find that
Γsym starts to rise at different values of P0 for different de-
tunings ∆LA as shown (a). If, on the other hand, we plot the

same data as a function of Ωa(0) ∝
√
P0/|∆LA|, the steps

coincide, see (b). This is a further proof that the membrane
is cooled by coupling to atomic motion. The variation in the
overall strength of Γsym between datasets is due to a drift of
the membrane position inside the cavity.

the membrane, so that Γsym ' 0. The sympathetic cool-
ing turns on at the power where Ωa(0) = Ωm, so that
atoms in the center of the lattice are resonant. For larger
P0, atoms in the center are again off-resonant, but there
are always atoms in the wings of the intensity profile for
which Ωa(r) = Ωm, so that Γsym remains constant.

For a quantitative analysis, we integrate the sym-
pathetic cooling rate over the atomic cloud and ob-
tain a step-like behavior with Γint

sym ' 4g2
Nr
η2t2/Γa for

Ωa(0) ≥ Ωm, where Nr = π2naw
2
0RaΓa/Ωm is the num-

ber of resonantly coupled atoms (see Appendix). The
solid line in Fig. 3(b) shows a fit with this model us-
ing na as the only free parameter. From the fit, we ob-
tain na = (4.5 ± 0.3) × 1015 atoms/m3, which is smaller
by a factor 0.52 than the value measured by absorption
imaging at the beginning of the sequence. This is rea-
sonable as atom loss decreases na over the duration of
the measurement. As a further proof that the mem-
brane is cooled by coupling to atomic motion, we record
Γsym(P0) for different atom-light detunings ∆LA and ob-
serve that the step occurs always at the same value of
Ωa(0) ∝

√
P0/|∆LA| (Fig. 4).

From the data in Fig. 2(b), we obtain Γsym = 390 s−1,
gNr

= 1.3 × 103 s−1 and Nr = 9.1 × 104. The mass ra-
tio of the membrane and the resonantly coupled atoms
is M/(Nrm) = 1 × 1010. Still, the light-mediated atom-
membrane coupling is efficient and cools the membrane
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mode a factor 450 below room temperature. By compar-
ison, previous experiments on the sympathetic cooling of
large molecular ions in an ion trap involved mass ratios
of up to ≈ 90, resulting in similar cooling factors and
final temperatures [3].

In a more general context, our system can be char-
acterized by the atom-membrane cooperativity C =
4g2
Nη

2t2/(ΓaΓm), which quantifies the ability to coher-
ently exchange energy between atoms and membrane [9].
It is directly related to the sympathetic cooling rate,
and for our data C = Γsym/Γm = 680. For ground-
state cooling of the membrane, we require C > nbath '
kBTbath/~Ωm, as has been shown in a fully quantum-
mechanical theory of our system that includes effects
such as radiation-pressure noise [8, 9]. This regime can
be reached with realistic improvements [8], the most im-
portant being an increase of atomic density to na =
1 × 1017 atoms/m3, suppression of technical laser noise,
and placing the membrane in a cryogenic environment at
Tbath = 4 K (see Appendix). It is noteworthy that sym-
pathetic ground-state cooling of the membrane is possible
in a regime of large κ where neither cavity optomechan-
ical nor feedback cooling (cold damping) can reach the
ground state [8, 9]. In particular, the resolved-sideband
condition κ < Ωm is not required, making sympathetic
cooling an attractive option for low-frequency oscillators
such as levitated nanoparticles [12].

Our system offers many possibilities for quantum con-
trol. Because C > 1, the current setup allows the
study of effects analogous to electromagnetically induced
transparency [18]. For the improved parameters men-
tioned above, switching off atomic laser cooling gives
access to the strong-coupling regime [8]. Furthermore,
by transducing the membrane vibrations into a polariza-
tion change, they can be coupled to the internal atomic
state. This allows the creation of Einstein-Podolsky-
Rosen entanglement between atoms and membrane with-
out requiring ground-state cooling of the membrane [28].
Lastly, Rydberg blockade techniques enable control on
the single-phonon level [29], offering exciting opportuni-
ties for investigating quantum physics with massive ob-
jects.

ACKNOWLEDGEMENTS

We thank Berit Vogell, Klemens Hammerer and Peter
Zoller for discussions. This work was supported by the
Swiss National Science Foundation through the NCCR
Quantum Science and Technology and by the European
Union through the project SIQS. M.T.R. acknowledges
support from a Marie Curie IIF fellowship.

APPENDIX

Membrane-cavity system

We use a commercial Si3N4 square membrane of thick-
ness d = 42 nm and lateral size l × l = 1.5 mm× 1.5 mm
supported by a Si frame[5]. The fundamental square
drum mode of the membrane has a frequency of Ωm =
2π × 274 kHz and an intrinsic mechanical quality factor
of Qm = Ωm/Γm = 3× 106 at room temperature, where
Γm is the mechanical energy damping rate. The mem-
brane is mounted inside a single-sided Fabry-Perot cavity
of length L = 26 mm whose front (back) mirror has an
intensity reflectivity of R1 = 96.5% (R2 > 99.99%). At-
tocube positioners are used for membrane angular align-
ment and positioning along the optical axis.

The optical transmission and reflection spectra of the
cavity-membrane system are calculated by solving a sys-
tem of two coupled cavities, with the membrane as the
common mirror[31]. The cavity resonance frequencies de-
pend on the membrane position as

ωc(xm) =
ωFSR

π
arccos

[
|rm| cos

(
4πxm
λ

)]
+ ω0, (4)

with membrane (field) reflectivity rm, optical wavelength
λ = 780 nm, frequency offset ω0, cavity free spectral
range ωFSR = πc/L = 2π × 5.7 GHz, and speed of light
c. Using this equation we fit the cavity transmission
spectrum (see Fig. 1(c)) with the membrane reflectivity
as free parameter, which yields |rm| = 0.42. Calculat-
ing the expected reflectivity of a thin dielectric plate al-
lows us to determine d, assuming a refractive index[5]
of 2.0 for Si3N4. From the measured ωc(xm) we de-
termine the cavity frequency shift per membrane dis-
placement, G = −dωc/dxm. The maxima are given by
Gmax = 2|rm|ωc/L = 2π × 12.2 MHz/nm.

In a single-sided cavity, the cavity finesse F = ωFSR/κ
depends on the membrane position, which is visible as
a change in peak height (color scale) in Fig. 1(c). The
observed values of F = 140 . . . 300 correspond to a cavity
intensity decay rate of κ = 2π × (41 . . . 19) MHz. The
expected finesse is determined from the calculated trans-
mission spectrum and fit to the data, with R1 as free
parameter, assuming R2 = 99.99%. There are two re-
gions with maximal dispersive coupling |G| but different
F , corresponding to the light field being mostly in the
front sub-cavity (low finesse) or back sub-cavity (high fi-
nesse). Interestingly, in between there is a region with
zero dispersive coupling but finite slope dF/dxm, corre-
sponding to a dissipative coupling regime[32, 33].
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Cavity optomechanical cooling, laser noise and
temperature calibration

The lattice and detection light derives from an exter-
nal cavity stabilized diode laser at λ = 780 nm with a
tapered amplifier. The laser is stabilized to a reference
cavity to reduce laser frequency noise. The light is split
into two paths, one for the lattice beam and one for the
membrane detection. Both paths are intensity stabilized
with an acousto-optic modulator of the same frequency
and coupled to the cavity with orthogonal polarization.
Sidebands at 237 MHz are phase-modulated onto the de-
tection beam to create a Pound-Drever-Hall error signal
which is used to lock the laser frequency to the cavity
resonance and to independently readout the membrane
vibrations.

In the absence of atoms in the lattice, the interaction
between the membrane vibrations and the intracavity
light field still gives rise to cavity optomechanical cooling
of the membrane with a cooling rate Γopt and a mem-
brane frequency shift δΩm, the optical spring effect[18].
These phenomena have previously been studied and we
use their known dependence on laser power and detuning
to calibrate our experiment. The cavity optomechanical
cooling rate is given by[18]

Γopt = g2
0n̄c

(
κ

κ2

4 + (∆ + Ωm)2
− κ

κ2

4 + (∆− Ωm)2

)
,

where g0 = Gxm,0 is the single-phonon optomechani-

cal coupling strength, xm,0 =
√
~/2MΩm the membrane

zero-point motion and

n̄c =
κ

κ2

4 + ∆2
· Ptot

~ωc
(5)

the intracavity photon number. Here, Ptot = η2(t2P0 +
Pdet) is the total laser power coupled to the cavity. The
lattice laser power P0 is measured at the position of the
atoms, t2 = 0.80 is the measured transmittance of the
optical path between atoms and cavity, and η2 = 0.7 is
the coupling efficiency to the cavity TEM00 mode, which
we estimate from the relative intensity of the TEM00 and
higher-order transverse modes. Moreover, we have taken
into account the small contribution Pdet due to the read-
out beam. Cavity optomechanical cooling decreases the
membrane temperature to Topt = TbathΓm/(Γm + Γopt).
This simple expression is valid as long as the quantum
limits of cavity optomechanical cooling do not yet play a
role, which is well satisfied in our experiment.

The blue datapoints in Fig. 3(a) show measurements
of Topt for different power levels P0, in the absence of
atoms in the lattice. Experimentally, the temperature of
the membrane is determined via the equipartition the-
orem from the measured variance of the displacement,
kBT = MΩ2

m〈x2〉, where 〈x2〉 =
∫∞

0
dΩ
2π Sx(Ω) is given

by the integral of the (single-sided) power spectral den-
sity of the mechanical displacement, Sx(Ω). To calibrate
Sx as recorded by the spectrum analyzer, we use the
room-temperature thermal motion of the membrane as a
reference, see below.

At low power Ptot, the bath temperature Tbath ' T0,
which is the temperature of the membrane support (room
temperature in our case). At larger Ptot, we observe that
laser noise starts to limit the optomechanical cooling[18].
It can be modeled as an effective increase of the bath
temperature Tbath = T0 + TL, where

TL =
SF,int(Ωm) + SF,freq(Ωm)

4MΓmkB
. (6)

Here, SF,int(Ωm) and SF,freq(Ωm) are the force noise
power spectral densities (PSD) due to laser intensity and
frequency noise, respectively, which are evaluated at Ωm.
For our experiment where Ωm < |∆| � κ, we find

SF,int(Ωm) = (~Gn̄c)2
SI(Ωm) and (7)

SF,freq(Ωm) = (~Gn̄c)2

(
8∆

κ2

)2

Sφ̇(Ωm), (8)

with ~Gn̄c the mean radiation pressure force experienced
by the membrane and SI(Ωm) the relative laser inten-
sity noise PSD. The PSD of the frequency noise Sφ̇(Ωm)
is converted to relative intensity noise by the prefactor
(8∆/κ2)2.

Since n̄c ∝ Ptot, the cooling rate scales as Γopt ∝ Ptot

and the laser noise temperature as TL ∝ P 2
tot. To cali-

brate the parameters of our system, we thus fit a function
Topt = Γm(T0 + βP 2

tot)/(Γm + αPtot) to measurements
of Topt(Ptot), with α, β, and T0 as free parameters, see
the solid blue line in Fig. 3(a). From this fit, we ob-
tain the temperature calibration by rescaling Sx so that
T0 = 295 K. From the parameter α we obtain the detun-
ing ∆, which is difficult to determine by other means in
our regime of |∆| � κ. All other parameters entering α
have been determined independently. In particular, the
effective mass M has been obtained from a similar fit to
data with a large and known ∆. We find M = 140 ng,
which is a factor of 2.2 bigger than the calculated effective
mass Mcalc = ρdl2/4 for a membrane interrogated in the
center of the fundamental mode, where ρ = 2700 kg/m3

is the mass density of Si3N4. The difference can be ex-
plained by a transverse displacement of the membrane
geometric center from the cavity axis, which leads to a
smaller displacement (corresponding to larger M) at the
position where the optical mode overlaps with the mem-
brane.

The parameter β allows us to compare the laser
noise model with independent measurements of the noise
spectra SI(Ω) and Sφ̇(Ω) carried out with an imbal-
anced Michelson interferometer. We typically measure
SI(Ωm) = 2.5×10−15/Hz = −146 dBc/Hz and Sφ̇(Ωm) =

(2π)2 × 256 Hz2/Hz at P0 = 16.5 mW. At low power
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we observe a dependence of the relative intensity noise
SI(Ω) on Ptot. We can neglect this dependence in our
model, because at those power levels laser noise does not
influence the cooling performance and Tbath ' T0. The
measured noise spectra indicate that both intensity and
frequency noise are relevant in our experiment. Compar-
ing the value of β calculated from the noise spectra with
that obtained from the fit to the optomechanical cooling
data, we find agreement to within 14%.

We perform such a calibration for the datasets in Fig. 2
and Fig. 3 separately, because the sensitivity of our de-
tection system as well as the laser noise level changes over
time. The scatter in the temperature calibration factor
is about 35% from day to day. For the lowest measured
temperature achieved by sympathetic cooling we have
therefore quoted an error bar of ±35% as a conservative
estimate.

In addition to the optomechanical damping Γopt we
observe a membrane frequency shift δΩm/Ptot = −2π ×
11 kHz/W with laser power Ptot, visible e.g. in the inset of
Fig. 3(a). The dominant contribution to this shift comes
from the optical spring effect[18], which for κ� |∆|,Ωm
can be expressed as δΩm,opt = −(κ/8Ωm)Γopt, and we
find δΩm,opt/δΩm = 0.89 for our data. We explain the
residual frequency shift by heating of the membrane due
to absorption of laser light, which results in a frequency
shift as the thermal expansion reduces the tensile stress
in the silicon nitride film. For low-stress silicon nitride
membranes, this effect was systematically studied in a
recent paper[34]. The observed frequency shift for the
stoichiometric Si3N4 membranes in our current experi-
ments is reduced by a factor≈ 104 compared to low-stress
membranes of the same dimensions and at the same op-
tical power incident on the membrane. Using the model
of ref.[34] but taking into account that the thermal con-
ductivity of stoichiometric Si3N4 is about a factor of 10
higher than that of low-stress silicon nitride[8], we find
that at 780 nm, a fraction of 4×10−6 of the optical power
is absorbed in a single pass through the membrane. The
corresponding increase of Tbath in the membrane center
is 2.3 K for P0 = 16.5 mW, which has negligible effect on
the sympathetic cooling in our experiment.

Optical lattice and laser cooling of atoms

At the position of the atoms, the incoming lattice
laser beam has a power P0 and an approximately gaus-
sian intensity profile with a beam waist (e−2 radius) of
w0 = 284µm, so that the peak intensity of the beam is
I0 = 2P0/πw

2
0. The power of the lattice beam that is

coupled to the cavity TEM00 mode is Pin = η2t2P0. We
observe that the fraction of the light not coupled to the
TEM00 mode is scattered off the cavity in a divergent
spatial mode. If we assume that this light does not find
its way back to the atoms, we expect the power of the

reflected beam at the position of the atoms, Pr, to be re-
duced by a factor Pr/P0 = η2t4 = 0.45. An independent
measurement yields Pr/P0 = 0.51.

The interference of the incoming and the reflected
beams gives rise to an optical lattice potential of the form

Udip(r, x) = e−2r2/w2
0
[
Vd − Vm sin2(kLx+ φ/2)

]
, (9)

where kL = 2π/λ is the wave vector of the light, Vd =
V0(1 + ηt2)2 is a constant offset and Vm = 4ηt2V0 the
modulation depth of the potential. The phase shift φ of
the reflected beam with respect to the incoming beam
depends on the membrane position, see below. For a lin-
early polarized laser beam whose detuning is large com-
pared to the excited-state hyperfine splitting of the 87Rb
D2 line, the single-beam optical dipole potential is

V0 =
~Γ2

12∆LA
· I0
Is
, (10)

where Is = 1.7 mW/cm2 is the saturation intensity of
the cycling transition, Γ = 2π × 6.1 MHz is the natural
linewidth of theD2 line, and the detuning ∆LA = ωL−ωA
is defined with respect to the F = 2 hyperfine component
of the ground state[35]. In a harmonic approximation
to the bottom of the potential well, the axial vibration
frequency of the atoms in the lattice is

Ωa(r) =

√
2|Vm|k2

L

m
e−r

2/w2
0 . (11)

The dependence on the radial position r in the lat-
tice arises because of the gaussian laser intensity pro-
file. Since Ωa ∝

√
P0/∆LA, we can tune it by changing

the laser beam power P0 and/or the detuning ∆LA. For
P0 = 16.5 mW and ∆LA = −2π × 8 GHz as in Fig. 2, we
calculate a trap frequency in the center of the lattice of
Ωa(0) = 2π × 348 kHz.

We independently calibrate the atomic trap frequency
by applying a weak sinusoidal intensity modulation to the
lattice laser beam for a duration of 10 ms during which
the optical molasses cooling is switched off. This leads to
parametric heating of the atom cloud and loss of atoms
from the trap. From the observed excitation spectra, we
read off a trap frequency of Ωa(0) = 2π×302 kHz for the
above parameters. This is in reasonable agreement with
the calculated value. We attribute the difference to de-
viations from a gaussian beam profile, which we observe
for the beam reflected from the cavity. In our analysis of
the sympathetic cooling data, we use the measured trap
frequencies.

The spontaneous photon scattering rate in the optical
lattice is Γsc = ΓUdip/~∆LA, which amounts to Γsc =
4.0× 104 s−1 in the lattice center for P0 = 16.5 mW and
∆LA = −2π × 8 GHz.

A magneto-optical trap overlapped with the lattice
laser beam is used to prepare 2× 109 laser-cooled atoms.
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The atoms are then further cooled using optical mo-
lasses to a temperature of 40µK at a peak density of
na ≈ 8.7 × 109 cm−3 as determined from absorption im-
ages. The measured molasses lifetime is 0.65 s. We mea-
sure the atomic laser cooling rate Γa = 1.0 × 104 s−1 by
recording the atomic temperature decrease after turning
on the molasses.

Atom-membrane coupling strength and sympathetic
cooling rate

A fully quantized theory of the membrane-light-atom
interaction has recently been published[8]. It shows that
the atom-membrane coupling is described by the Hamil-
tonian

H = ~gN
(
b̂†mb̂a + b̂†ab̂m

)
, (12)

with the coupling constant gN given in Eq. (1) of the
paper. In addition, the theory provides expressions for
the relevant dissipation mechanisms, the quantum lim-
its of sympathetic cooling, and the conditions for strong
coupling.

The Hamiltonian Eq. (12) describes the coupling in a
lossless system. In our experiment, the cavity incoupling
efficiency η < 1 and the optical transmittance between
atoms and cavity t < 1 lead to photon loss. The main
consequence for sympathetic cooling is the appearance of
a factor η2t2 in the cooling rate Eq. (2). More generally,
the losses lead to an asymmetry in the coupling, and
the theory of cascaded quantum systems is required to
describe the dynamics. This has been analyzed in detail
for a system where atoms in a lattice are coupled to a
membrane without an optical cavity[6, 7]. The losses in
the present system can be treated along similar lines.

In the following, we derive the atom-membrane cou-
pling strength including the effect of photon loss, treat-
ing the light field classically. This is justified for our
parameters where the light acts essentially as a “spring”
between atoms and membrane. For a single-sided cavity
with intensity decay rate κ driven by a laser beam with
detuning ∆ = ωL − ωc from cavity resonance, the phase
shift of the beam reflected from the cavity with respect
to the incoming beam is[18]

φ = arctan

[
κ∆

(κ/2)2 −∆2

]
, (13)

whose derivative with respect to the detuning is

dφ

d∆
=

κ

(κ/2)2 + ∆2
. (14)

For |∆| � κ as in our experiment, we obtain φ ' 0
and dφ/d∆ ' 4/κ. A small membrane displacement xm
shifts the cavity frequency by δωc = −Gxm and thus the

phase of the reflected beam by δφ = −(dφ/d∆)δωc =
(4/κ)Gxm. This leads to a displacement of the min-
ima of the optical lattice potential by δx = −δφ/2kL,
see Eq. (9). In a harmonic approximation to the bot-
tom of the lattice potential wells, the resulting force on
each atom is Fa = mΩ2

aδx = −(2G/kLκ)mΩ2
axm. The

force on the center-of-mass of an ensemble of N atoms is
Fcm = NFa. For a membrane placed at the slope of the
intracavity standing wave we have G = Gmax and find

Fcm = −2|rm|
2F
π
NmΩ2

axm = −Kxm, (15)

where we have defined a coupling spring constant K
which couples the membrane displacement to the center-
of-mass motion of the atoms in the lattice[7–9]. It is
directly connected to the single-phonon coupling con-
stant gN = Kxm,0xa,0/~, where xm,0 =

√
~/2MΩm and

xa,0 =
√

~/2NmΩa are the quantum mechanical zero-
point amplitudes of the membrane and atomic center-of-
mass motion, respectively.

Conversely, an atom displaced by xa from the bot-
tom of the potential well experiences a restoring opti-
cal dipole force Fd = −mΩ2

axa. On a microscopic level,
this force is due to absorption and stimulated emission,
leading to a redistribution of photons between the in-
coming and reflected laser beams which form the lat-
tice potential[36]. Each absorption-emission event be-
tween the counterpropagating beams imparts a momen-
tum kick of ±2~kL to the atom. For N atoms in the
lattice, the corresponding photon redistribution rate is
ṅp = NFd/(2~kL), which leads to a power modulation
of the laser beam after it has passed through the atomic
ensemble of δP0 = ṅp~ωL = (c/2)NFd, where c is the
speed of light. The power modulation of the coupling
beam leads to a modulation of the mean photon number
n̄c inside the cavity. For a single-sided cavity, we have

n̄c =
κ

κ2

4 + ∆2
· Pin

~ωc
, (16)

with Pin = η2t2P0 the input power to the cav-
ity. For |∆| � κ we obtain a modulation δn̄c '
(4/κ)η2t2(δP0/~ωc). In an optomechanical system[18],
the mean radiation-pressure force experienced by the me-
chanical element is Frad = ~Gn̄c. The motion of the
atoms in the lattice thus leads to a modulation of the
radiation pressure force on the membrane of δFrad =
~Gδn̄c = −η2t2(2G/kLκ)NmΩ2

axa, which for G = Gmax

is

δFrad = −η2t22|rm|
2F
π
NmΩ2

axa = −η2t2Kxa. (17)

We thus find that for a comparable displacement, the
force on the membrane is smaller by a factor η2t2 than
the corresponding force on the atoms[7].
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The membrane vibrations and the atomic center-
of-mass motion can be described as harmonic oscilla-
tors coupled through Fcm and δFrad, with equations of
motion[7, 9]

Nmẍa = −ΓaNmẋa −NmΩ2
axa −Kxm,

Mẍm = −ΓmMẋm −MΩ2
mxm − η2t2Kxa + Fth,

where Fth describes the fluctuating thermal force due to
the coupling of the membrane to the environment at tem-
perature Tbath. Since the atomic temperature is negli-
gibly small in our experiment, we have suppressed the
corresponding term. Fourier transforming the equations
of motion we obtain

x̃a(Ω) = χa(Ω) [−Kx̃m(Ω)] and

x̃m(Ω) = χm(Ω)
[
F̃th − η2t2Kx̃a(Ω)

]
,

(18)

with the mechanical susceptibilities

χa(Ω) ' [2NmΩa(Ωa − Ω− iΓa/2)]
−1

and

χm(Ω) ' [2MΩm(Ωm − Ω− iΓm/2)]
−1
,

where we made a Lorentzian approximation valid for
Ωa � Γa and Ωm � Γm. Eliminating x̃a in Eqs. (18) we
obtain for the membrane amplitude

x̃m(Ω) =
F̃th

χ−1
m (Ω)− η2t2K2χa(Ω)

=
F̃th

2MΩm

(
Ωm − Ω− iΓm

2 −
η2t2g2N

Ωa−Ω−iΓa/2

) . (19)

For Γa � gN ,Γm as in our experiment, we can replace
Ω→ Ωm in the last term in the denominator and obtain

x̃m(Ω) =
F̃th

2MΩm

(
Ωm − δΩm − Ω− iΓm+Γsym

2

)
= χ′m(Ω)F̃th,

(20)

where Γsym is the sympathetic cooling rate given in
Eq. (2) of the paper, δΩm = (Ωa − Ωm)Γsym/Γa is a
frequency shift of the membrane resonance, and χ′(Ω) is

the effective susceptibility of the membrane coupled to
the atoms. The additional damping introduced by Γsym

decreases the response of the membrane to the thermal
force F̃th and thus leads to cooling. The membrane dis-
placement spectrum is given by Sx(Ω) = |χ′(Ω)|2SF,th,
where SF,th = 4MΓmkBTbath is the (single-sided)
thermal force noise PSD. Integrating the spectrum,
we obtain a membrane steady-state temperature of
T = TbathΓm/(Γm + Γsym). We note that in the limit
gN � Γa,Γm, Eq. (19) describes a hybridization of the
atom and membrane oscillators into normal modes[9].

Ensemble-integrated sympathetic cooling rate

In our experiment, the cloud of molasses atoms has
a radius Ra that is much larger than the waist w0 of
the coupling laser beam. Atoms at different radial posi-
tions r in the lattice experience different axial vibration
frequencies, Ωa(r) = Ωa(0)e−r

2/w2
0 , see Eq. (11). The

dependence of Ωa on the longitudinal position in the lat-
tice is negligible. From absorption images, we find that
the atomic number density na in the molasses is approxi-
mately constant over the lattice profile. To quantitatively
model the data in Fig. 3(b), we integrate the sympathetic
cooling rate over the lattice laser beam profile,

Γint
sym = 2Rana

∫ Ra

0

dr 2πrΓsym[N = 1,Ωa(r)]. (21)

Converting this to an integral over frequency we have

Γint
sym = Nlat

∫ Ωa(0)

Ωa(Ra)

dΩa
Γsym[N = 1,Ωa]

Ωa
, (22)

where Nlat = 2Raπw
2
0na is the number of atoms in the

lattice volume. Using Eq. (2) and (1) we obtain

Γint
sym = B

∫ Ωa(0)

Ωa(Ra)

dΩa
Ω2
a

(Ωa − Ωm)
2

+ (Γa/2)
2 , (23)

where B = |rm|2mNlat

M ( 2F
π )2η2t2 Γa

Ωm
. Since Ra � w0 we

take the lower integration limit Ωa(Ra)→ 0 and find

Γint
sym =

4g2
Nr
η2t2

Γaπ

{(
1− Γ2

a

4Ω2
m

)(
arctan

[
2Ωm
Γa

]
+ arctan

[
2(Ωa(0)− Ωm)

Γa

])
+

Γa
2Ω2

m

(
Ωa(0) + Ωm ln

[
Γ2
a + 4(Ωa(0)− Ωm)2

Γ2
a + 4Ω2

m

])}
.

(24)

Here, Nr = Nlat(πΓa/2Ωm) = π2Raw
2
0naΓa/Ωm is

the number of resonantly coupled atoms and gNr
=

|rm|Ωm
√

Nrm
M

2F
π the corresponding coupling constant.

For Γa � Ωm as in our experiment we can approximate
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Eq. (24) as

Γint
sym '

4g2
Nr
η2t2

Γaπ

(
arctan

[
2Ωm
Γa

]
+ arctan

[
2(Ωa(0)− Ωm)

Γa

])
,

(25)

which is a step-like function with step width Γa and step
height 4g2

Nr
η2t2/Γa. To analyze our measurement we fit

the complete function in Eq. (24) to the data with na as
the only free parameter.

Parameters required for ground-state cooling

In our experiment, a minimum phonon number of
nss = 5×104 was reached cooling down from an effective
thermal bath occupation of nbath = 5× 107. In this sec-
tion we provide parameters of an improved experimental
setup that can sympathetically cool the membrane mode
to the vibrational ground state (nss < 1). The estimate
is based on a fully quantum mechanical description of
our system[8] that includes dissipation mechanisms such
as radiation pressure noise on membrane and atoms and
thermal heating of the membrane by laser absorption. In
addition, we consider technical laser noise and the spa-
tial variation of the cooling rate due to the laser intensity
profile.

In the improved setup, the membrane is cryogenically
pre-cooled to T0 = 4 K. The mechanical quality fac-
tor can be increased using higher vibrational modes of
the membrane[37], and we consider the (4, 4)-mode with
Ωm = 2π × 1.1 MHz and Qm = 4 × 107. Using a
shorter cavity (L = 1 mm) of moderate finesse F = 103

increases κ and thus suppresses the effect of laser fre-
quency noise. Regarding intensity noise, we point out
that shot-noise-limited operation has been achieved in a
membrane optomechanical setup at two orders of mag-
nitude higher intracavity photon number than required
here[38]. Improving the alignment, we have M = 63.5 ng,
and t2 = η2 = 0.9 seem feasible.

A blue-detuned coupling lattice in combination with
a far-detuned transverse 2D lattice suppresses light-
assisted collisions of the atoms, enabling a smaller atom-
light detuning ∆LA = 2π × 0.5 GHz and a higher atomic
density na = 1× 1017 atoms/m3. Raman sideband cool-
ing has been used to cool large ensembles of atoms to
the vibrational ground state of a lattice at compara-
ble densities[39]. We assume a laser cooling rate Γa =
4 × 104 s−1, P0 = 0.5 mW, and w0 = 70µm. With these
parameters, the resonant atom number is Nr = 1× 105,
the atom-membrane cooperativity C = 4× 105 and it is
possible to cool the membrane mode to a steady-state
phonon number nss = 0.75, taking into account thermal
heating of the membrane by laser absorption[8].

Recently it was shown[9] that sympathetic cooling with
atoms can provide ground-state cooling of the membrane

in a regime where cavity optomechanical cooling cannot
reach the ground state because the system operates in
the non-resolved sideband limit Ωm � κ, and feedback
cooling (cold damping) cannot reach it either because
the optomechanical cooperativity cm = 4g2

0n̄c/(Γmκ) <
nbath/8. Sympathetic cooling with atoms thus provides
new opportunities for ground-state cooling of mechani-
cal oscillators in the bad-cavity regime where κ is large.
Finally, we note that by switching off the atomic laser
cooling (Γa = 0) the above parameters give access to the
strong coupling regime where gN is larger than the deco-
herence rates of both the atoms and the membrane[8].
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(2013).

[26] M. Weidemüller and C. Zimmermann, eds., Cold Atoms
and Molecules (Wiley-VCH, Berlin, 2009).

[27] C. Genes, H. Ritsch, M. Drewsen, and A. Dantan, Phys-

ical Review A 84, 051801 (2011).
[28] K. Hammerer, M. Aspelmeyer, E. Polzik, and P. Zoller,

Physical Review Letters 102, 020501 (2009).
[29] A. Carmele, B. Vogell, K. Stannigel, and P. Zoller, arXiv

, 1312.6551 (2013).
[30] S. Willitsch, International Reviews in Physical Chemistry

31, 175 (2012).
[31] A. M. Jayich, J. C. Sankey, B. M. Zwickl, C. Yang, J. D.

Thompson, S. M. Girvin, A. A. Clerk, F. Marquardt,
and J. G. E. Harris, New Journal of Physics 10, 095008
(2008).

[32] F. Elste, S. M. Girvin, and A. A. Clerk, Physical Review
Letters 102, 207209 (2009).

[33] T. Weiss, C. Bruder, and A. Nunnenkamp, New Journal
of Physics 15, 045017 (2013).
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