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Abstract—We present a new optomechanical cavity design, comprising a fiber mirror and a mirror featuring a
silicon phononic crystal structure on its backside, termed
the “exoskeleton”. The fiber mirror’s small mass pushes
the frequencies of its vibrational modes above that of the
mode of interest, while the exoskeleton structure creates a
bandgap in the spectrum of the latter mirror, engineered to
be centered around the mode of interest. The mechanical
mode of interest is a vibrational mode of a “soft-clamped”
SiN membrane resonator, exhibiting quality factors well in
excess of 100 million at room temperature. Owing to its high
quantum cooperativity and low mirror noise, we are able
to use the optomechanical system to make an efficient and
strong optical measurement of the motion of this mode and
feedback-cool it to below 20 phonons at room temperature.
Keywords—optomechanics, feedback, room temperature,
mirror noise, ground state

I. I NTRODUCTION
Owing to their high mechanical quality factors and
small mass, nanomechanical membrane resonators made
out of highly-stressed SiN have proven to be excellent force and displacement sensors. Membrane-in-themiddle (MIM) optomechanical cavities [1], comprising
such membranes placed inside optical cavities where their
motion can be manipulated and read out by light, have
seen ground-state cooling [2] of the membrane vibrational modes, radiation-pressure shot noise [3] and, more
recently, force and displacement sensitivity below the
standard quantum limit [4]. Moreover, this platform was
recently used to generate mechanically mediated entanglement between propagating optical modes [5]. While
the entanglement persisted at room temperature (RT), the
membrane was still confined to a cryogenic environment,
which was the case also for the other results listed above.
The transition of the entire optomechanical system from
a cryogenic setup to RT would imply an increase in the
phonon bath occupancy, as well as a reduction in the
inherent mechanical quality factor. For this reason, it is
difficult to achieve an optical measurement rate of the
mechanics exceeding the thermal mechanical decoherence
rate, which is a hallmark of operation in the quantum
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regime, at RT. In fact, the only macroscopic objects
that have been cooled to their ground state at RT are
levitated nanoparticles [6], [7]. At the other extremum,
at an effective mass of 10 kg, a set of LIGO suspended
mirrors has reached an occupation of ≈ 10 using squeezed
light [8]. Still, for resonators whose effective masses are
comparable to those of state-of-the-art SiN membranes,
the cooling is limited to a few tens of phonons, achieved
in an optomechanical crystal [9]. In this paper we describe
our recent efforts towards the goal of ground-state cooling
at RT in a MIM optomechanical cavity.
II. E XPERIMENTAL SETUP AND RESULTS
The optomechanical coupling in a MIM cavity arises
from the radiation-pressure-induced membrane displacement causing a dispersive shift of the cavity resonance
frequency. To maximize the mechanical quality factor, we
pattern our SiN membrane with a periodic array of holes,
which makes a phononic crystal and opens up a bandgap
in the membrane spectrum. We create a defect at the
phononic crystal center to support modes of interest inside
the bandgap, shown in Fig. 1d). Because the holes are
made in the SiN, the defect modes are allowed to decay
into the crystal before reaching the clamping boundary
with the Si frame. The concomitant reduction in bending
losses results in increased dissipation dilution for these
“soft-clamped” modes [10].
Another technical challenge on the way to groundstate cooling is optical frequency noise. Namely, as the
membrane motion is damped, the changes in the cavity
resonance frequency can become dominated by this noise,
which would set a limit for cooling by either dynamical
backaction or feedback. Given the classical noise performance of our lasers, we estimate that at RT the main
contribution to frequency noise in our system originates
in the thermal motion of the cavity end-mirrors, which
we attempt to address with an appropriate cavity design.
One mirror is a concave fiber mirror [11], [12], whose
small size ideally pushes its vibrational modes to frequencies above that of the membrane defect mode. Optical
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cavities formed with pairs of such mirrors have already
been studied in detail [11], [13], [14], and they have,
upon the inclusion of a mechanically compliant element,
seen optical finesses as high as 195 000 [15]. We have,
instead, opted to use as the other mirror a novel composite
structure, dubbed the “exoskeleton”: a thin pyrex glass
layer bonded with a silicon phononic crystal structure [16].
The phononic crystal acts as a radiation shield [17], thus
creating a bandgap at the mirror center and at the desired
frequency region (cf. Fig. 1a) and b)).
b)
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Fig. 1: a) A photograph of an exoskeleton mirror.
Interference rings indicate areas where the bonding of
the glass layer to the silicon structure was not successful.
The schematic of the cross section shows that the silicon
is patterned through. b) The spectrum of the driven
response on different parts of the exoskeleton mirror: the
center (red) exhibits a suppression compared to the
frame (blue) in the frequency region between 1.3 and
1.6 MHz. The sharp peak within this window is an
externally applied calibration tone. The light-gray trace
corresponds to detection noise. c) A schematic of the
cavity assembly, showcasing the exoskeleton-membrane
sandwich on one alluminum piece and the fiber on top of
a piezo on another. Cavity alignment is robust against
unscrewing the two alluminum pieces and screwing them
back together. d) Thermal spectrum of the soft-clamped
membrane, measured inside the cavity. Note the bandgap
and two high-Q modes at its center, around 1.3 MHz.
Being planar, the exoskeleton allows for a reasonably
simple introduction of the membrane into the cavity by
clamping the two together with a spacer, while also retaining a good degree of parallelity. As shown schematically
in Fig. 1c), the assembly is made by screwing together two
alluminum pieces, which host the exoskeleton-membrane
sandwich and the fiber with the fiber mirror, respectively. The fiber is glued on top of a shear piezo for
tuning the cavity length and locking it to a resonant
laser (see Fig. 2a)). The cavity assembly with which the
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cooling data presented herein were acquired has a length
of L = 95 µm and an optical (FWHM) linewidth of
κ/(2π) = 320 MHz, corresponding to an optical finesse
of about 5000. The membrane defect mode of interest has
a frequency of Ωm /(2π) ≈ 1.3 MHz and a quality factor
Qm = 1.4 × 108 . The vacuum optomechanical coupling
rate is g0 /(2π) ≈ 2.3 kHz. We estimate the corresponding quantum cooperativity (the ratio between the optical
measurement rate and the thermal decoherence rate) to be
Cq = 4g02 Qm n̄cav /(κΩm n̄th ) ≈ 0.1. Here n̄cav is the
intracavity photon number, inferred from the measured
optical power; n̄th = kT /(ℏΩm ) is the mechanical thermal
bath occupancy, with T the temperature and k and ℏ
the Boltzmann and reduced Planck constant, respectively.
Note that Cq = 1 is a prerequisite for operating in the
quantum regime. While we have experimentally verified
that this threshold is achievable in our system without the
onset of bistability, we choose to operate at Cq ≈ 0.1, for
reasons discussed below.
Because the cavity does not resolve the motional sidebands (κ ≫ Ωm ), the buildup of the Stokes sideband
prohibits cooling to the ground state by dynamical backaction. We thus employ a measurement-based cooling
scheme [18]: the resonator position is continuously monitored and the measurement record is electronically filtered
and fed back to the resonator to apply an additional
damping force. Such a scheme relies on high detection
efficiency ηdet , and in turn strongly favors an asymmetric
cavity. Since the exoskeleton is much more reflective
than the fiber mirror, our cavity is strongly overcoupled
in reflection, with a coupling efficiency of ηc ≈ 90 %.
Fig. 2a) shows a schematic of the full experimental
setup. From a single fiber-coupled laser whose wavelength
is approximately 1542 nm, we derive two beams. The
probe beam (shown in red), locked on resonance with the
cavity by the Pound-Drever-Hall (PDH) scheme, is used
to measure the resonator motion via balanced homodyne
detection (BHD) of the phase of the cavity reflection.
The feedback force is applied by a separate, control beam
(blue), whose amplitude is modulated via an acousto-optic
modulator (AOM). The AOM is also used to red-detune
the control beam by 80 MHz. Because of this detuning,
the control beam provides moderate sideband cooling of
the bandgap and out-of-bandgap membrane modes, while
the feedback signal is suppressed and spectrally resolved
from the mechanical motion in the detection scheme.
There is always a certain imprecision associated with
our measurement of the mechanical displacement, such
that the measured position y can be expressed as y =
x + ximp , where x is the actual displacement and ximp
is the imprecision. Standard optomechanical theory (see,
e.g. [18], [19]), in conjunction with the knowledge of the
feedback filter transfer function, enables us to predict the
measured (symmetrized, single-sided) spectrum S̄yy and
relate it to the underlying fluctuations in the resonator
position, S̄xx . To quantify the cooling performance, we
fit the prediction of the measured spectra adjusting the
following free parameters: the total force noise in the ab-
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is larger than unity even for Cq → ∞. We therefore elect
not to push the optical power budget to the limit in order
to achieve Cq = 1. The experimental values of Cq and
ηdet correspond to n̄est ≈ 15 for the ideal filter. With the
actually implemented filter, we are able to feedback-cool
the mode to a minimum of n̄ = 19.7±0.5 phonons, where
the uncertainty is propagated from the uncertainty of the
fit parameters alone.
III. C ONCLUSION
Using the presented MIM cavity architecture, comprising the newly designed exoskeleton mirror, we have cooled
a soft-clamped mode of a nanomechanical membrane
resonator to an occupancy of about 20 phonons at RT.
This constitutes a record for optomechanical systems with
similar values of the effective mass. Pending technical
improvements in the pitch-yaw alignment of the fiber
mirror, readily available with a more precise alignment
stage, quantum applications of the MIM setup at RT, e.g.
quantum-limited force sensing, are closer than ever to
becoming a reality.
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Here
p we have assumed equipartition of energy and xzpf =
ℏ/2 meff Ωm is the magnitude of the displacement zeropoint fluctuations. We simulate an effective modal mass of
meff ≈ 200 pg, such that xzpf ∼ 5 fm. Note that, while
it figures into the force and displacement sensitivity, the
actual value of the effective mass is irrelevant for the
feedback cooling analysis, as the mechanical spectra are
normalized to the ground-state spectral density (cf. Fig. 2).
Figs. 2b) and c) show the feedback-cooled mechanical
spectra and inferred occupancies as a function of feedback
gain. Insufficient precision in the fiber angle alignment
results in poor mode-matching between the input light
and the cavity mode, which limits the setup to an overall
efficiency of ηdet ≈ 1 %. With this detection efficiency,
the minimum phonon occupation attainable for optimal
estimation, i.e. with an ideal feedback filter [18],
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sence of feedback, the imprecision level and the feedback
gain and phase. With the spectrum S̄xx reconstructed from
the best-fit values of these parameters, the occupation of
the mechanical resonator is calculated from its position
variance, as in
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Fig. 2: a) Schematic of the setup. The probe beam (red)
is locked on resonance with a PDH locking scheme and
used to measure the mechanical motion via a BHD
setup. The control beam (blue) is red-detuned by means
of an AOM (shown as ∆). The feedback force is applied
by filtering the BHD measurement with a Lorentzian
function FB and using it to impose an amplitude
modulation (AM) on the control beam. b) Measured
mechanical spectra for progressively higher feedback
gains from light- to dark-blue. The right peak is the
mode of interest, corresponding to the higher-frequency
defect mode in Fig. 1d). The data are normalized to the
peak spectral density in the ground state,
Sxzp (Ωm ) = 4x2zpf Qm /Ωm . The gray trace corresponds
to shot noise of the light. Gray lines are fits to the data.
The feature to the left is a stiff mechanical mode not
susceptible to radiation pressure effects, and is excluded
from the fit. c) The occupation inferred from fits to the
feedback-cooled spectra as a function of electronic gain.
Circles are color-coded to the corresponding traces in b),
whereas squares correspond to data not shown in b) for
clarity. The solid black line is the theoretical prediction.
The top of the blue-shaded region indicates the
ideal-filter threshold defined by (2).
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