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Optomechanical systems in the well-resolved-sideband regime are ideal for studying a myriad of
quantum phenomena with mechanical systems, including backaction-evading measurements, mechanical
squeezing, and nonclassical states generation. For these experiments, the mechanical oscillator should be
prepared in its ground state, i.e., exhibit negligible residual excess motion compared to its zero-point
motion. This can be achieved using the radiation pressure of laser light in the cavity by selectively driving
the lower motional sideband, leading to sideband cooling. To date, the preparation of sideband-resolved
optical systems to their zero-point energy has eluded laser cooling because of strong optical absorption
heating. The alternative method of passive cooling suffers from the same problem, as the requisite
milliKelvin environment is incompatible with the strong optical driving needed by many quantum
protocols. Here, we employ a highly sideband-resolved silicon optomechanical crystal in a *He buffer-gas
environment at ~2 K to demonstrate laser sideband cooling to a mean thermal phonon occupancy of
0.09799% quantum (self-calibrated using motional sideband asymmetry), which is —7.4 dB of the
oscillator’s zero-point energy and corresponds to 92% ground state probability. Achieving such low
occupancy by laser cooling opens the door to a wide range of quantum-optomechanical experiments in the

optical domain.
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Laser cooling techniques developed several decades
ago [1-4] have revolutionized many areas of science and
technology, with systems ranging from atoms, ions, and
molecules [5—11] to solid-state structures and macroscopic
mechanical objects [12-15]. Among these systems,
mechanical oscillators play a unique role given their macro-
scopic nature and their ability to couple to diverse physical
quantities [15]. Laser cooling of mechanical systems can be
achieved via coupling of mechanical and electromagnetic
degrees of freedom and has been demonstrated with a
wide range of structures [12,16-25]. It has enabled the
observation of radiation pressure shot noise [26], motional
sideband asymmetry [16,27-30], ponderomotive squeezing
of light [29,31,32], quantum coherent coupling [21], and
mechanical quantum feedback [22,25].

Many optomechanical protocols for quantum phenom-
ena, such as mechanical squeezing [33-36], entanglement
[37], generation of nonclassical states [38—41], and back-
action evading (BAE) measurements below the standard
quantum limit (SQL) [42—44], require ground state prepa-
ration of a well-sideband-resolved system, where Stokes and
anti-Stokes motional transitions can be driven selectively. In
this case, driving of anti-Stokes transitions can be efficiently
applied to damp the motion and sideband cool the system.
The cooling limit is set by laser noise (classical [45-48] or
quantum [16,17,23]) or by technical limitations such as
absorption heating, and determines the final residual mean
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number of thermal quanta 7i;. Importantly, for the case of
mechanical squeezing or BAE measurements, 1y < 0.5 is
required—i.e., the mechanical oscillator is required to
exhibit negligible residual excess energy compared to the
zero-point energy—with the amount that 72, is below 0.5
setting the achievable amount of mechanical squeezing or
the extent to which the SQL on resonance can be surpassed.
Such deep ground-state preparation has been demonstrated
in microwave optomechanical systems [20]. In the optical
domain, cooling to 1y < 0.5 has so far only been achieved in
systems that are not sideband resolved, i.e., cooling to the
bad-cavity limit [23] or using feedback cooling [25].

One type of optomechanical system that can operate
deeply in the resolved sideband regime is a silicon
optomechanical crystal (OMC) [49,50]. OMCs that couple
an optical mode at telecommunication wavelengths and a
colocalized mechanical mode at GHz frequencies exhibit
several exceptional features, including large vacuum cou-
pling rates O(1 MHz) [50] as well as ultralong phonon
lifetime [S1]. They have been employed in a wide range of
experiments, such as continuous quantum measurements
[19,30,44], and probabilistic preparation of quantum states
[38—40]. The compatibility of these systems with nano-
fabrication technology and their scalability have motivated
studies of optomechanical topological phenomena [52,53],
frequency conversion [54], and coupling to superconduct-
ing qubits [55,56]. Yet despite these promising features,
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FIG. 1. Optomechanical crystal and experimental scheme.
(a) False-color SEM image of the silicon OMC with a waveguide
for input coupling of light. The path of the tapered fiber is
indicated by the red dashed line. The inset shows the simulated
mechanical breathing mode and optical mode. (b) SEM image of
the central portion of the silicon OMC. (c) Measurement scheme
using a cooling tone for sideband cooling and a blue probe for
motional sideband asymmetry measurement. The local oscillator
(LO) is used for detection and is not sent to the cavity.

deep ground-state preparation, 71, < 0.5, has only been
possible via passive cooling to milliKelvin temperatures in
dilution refrigerators [57,58]. Significant heating due to
optical absorption—a consequence of the extremely
small optical mode volume and inefficient thermalization
[59]—has limited experiments to the use of weak laser
pulses [38—40,51] and precluded continuous measurements
[30,44,57].

In this work, we demonstrate laser cooling of a strongly
sideband-resolved silicon OMC to the zero-point energy, with
residual mean phonon occupancy of O.O9’_L(()).'(())12 (ie.,—7.4 dB
of the zero-point energy). The measurement is self-calibrated
using motional sideband asymmetry [16,28,30,60,61]. Our
experimental system, shown in Figs. 1(a) and 1(b), consists of
a quasi-one-dimensional silicon optomechanical crystal
[30,44,50]. The OMC is mounted in a >He cryostat
(Oxford Instruments HelioxTL) operated at ~2.0 K and a
buffer-gas pressure of ~40 mbar, which ensures efficient
thermalization of the device [30,44]. A tapered optical fiber is
used to couple light evanescently into the coupling waveguide
(40% efficiency in this work). We monitor the laser light
reflected from the single-sided optical cavity. The optical
resonance is at 1540 nm with a total linewidth of
k/2m ~ 255 MHz, of which the external coupling rate is
Kex/27 =~ 71 MHz. The optical mode is coupled to alocalized
mechanical mode with frequency Q,, /27 ~ 5.17 GHz and an
intrinsic damping rate of I'y, /27 ~ 65 kHz. The measured
vacuum optomechanical coupling rate is go /27 ~ 1080 kHz.
The buffer gas causes additional damping, increasing the
mechanical linewidth to I', =T + g =27 X 115kHz [62].

Motional sideband asymmetry, a signature of the quan-
tum nature of the optomechanical interaction, was recently
observed in various optomechanical systems [27-29]
and used to perform self-calibrated thermometry of the
mechanical oscillator close to its ground state [30,60,61]. In
our experiments, we adopt a two-tone pumping scheme
[Fig. 1(c)], where a strong cooling tone near the lower
motional sideband is applied for sideband cooling, while an
additional weaker “blue probe” is applied near the upper
motional sideband. By measuring the resonantly enhanced
anti-Stokes and Stokes scattered sidebands, proportional to
nipand iiy + 1, the mean phonon occupancy of the oscillator
ity can be determined. The frequencies of the two tones are
separated by 2(Q,, + §), and their mean is detuned from
the optical resonance frequency by A [Fig. 1(c)]. The
radiation pressure from the two tones modifies the mechani-
cal susceptibility. The effective mechanical damping rate
becomes [y =T, + gy, With the total optomechanical
damping rate (in the resolved-sideband regime) I'y =
—I', +T'., where

_ K
Chie) = Tip(e) G (W) (1)

and 71, and 71, are the mean intracavity photon numbers of
the blue probe and cooling tone, respectively. In the weak
coupling regime, I'y, < k, the effective mechanical fre-
quency is Qq = Q,, + 6Q,,, with
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The mean final phonon occupancy is given by

r,,n r
ﬁf — mnth + b , (3)
Feff

where 71, is the mean phonon occupancy due to the thermal
environment. The second term in the numerator of Eq. (3)
corresponds to quantum backaction (QBA) heating due to
resonant Stokes transitions from the blue probe [Fig. 1(c)],
which can not be neglected since it can be comparable to the
heating rate by the thermal bath at high probe powers and
limits the mean final occupancy to7i; = I /Te [62]. This is
in contrast to the quantum backaction limit due to the
cooling tone, which is completely negligible in the well-
resolved sideband regime (here Q,,/x ~ 20) [16,17,23,24].
Thus we perform both two-tone measurements for ancillary
quantum thermometry and single-tone measurements to
achieve the lowest possible occupancy.

In each measurement, we first determine the detuning of the
cooling tone from the cavity, A, = A — Q,, — 6 by perform-
ing a coherent cavity response measurement [44,66]. We then
obtain the thermomechanical noise spectrum by measuring
the cavity output field using quantum-limited balanced
heterodyne detection (BHD) with a strong phase-locked local
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FIG. 2. Power dependence of sideband cooling. (a) Pumping scheme for the power sweep with a cooling tone at a fixed detuning of
—Q,, relative to the cavity resonance and an additional blue probe for sideband asymmetry calibration, as indicated in the dashed green
box. The frequency separation between the cooling tone and blue probe is fixed at 2(Q,, + §). (b) Measured effective mechanical
linewidth I' from the noise power spectral density vs cooling tone intracavity photon number 7, (red full circles) in single-tone
measurements with a theoretical plot with experimental values (blue curve). (c) and (d) Single-sided noise spectra from balanced
heterodyne detection normalized to the shot noise floor from two-tone and single-tone measurements, respectively, with corresponding
fit curves, for various intracavity photon numbers. (e) Final phonon occupancy vs intracavity photon number of the cooling tone in
single tone measurements. Purple full circles are anchored to the cryostat thermometer temperature at the lowest values of 7i.. Green full
circles utilize the averaged calibration coefficient obtained from the ancillary two-tone sideband-asymmetry measurements, where the
error bars are given by both the errors in the Lorentzian fit and in the calibration coefficient. The inset shows an expanded view at the
highest cooling powers. The horizontal red dashed line corresponds to 7, = 1/2.

oscillator [(LO); ~8 mW]. The frequency difference between
the LO and the mean frequency of the two pumping tones is
Aj o, where 0 < —6 < A; . The measured heterodyne noise
spectrum, normalized to the shot noise floor, is given by

(p+ 1T
/A + (Q+6- A1)’

N T, } @
[2:/4+(Q=6-Ap)?

S1(Q) = 14 nle {F

where 7 is the overall detection efficiency. The second and
third terms in Eq. (4) correspond to the scattered Stokes
and anti-Stokes sidebands, which we use for self-calibrated
quantum noise thermometry of the oscillator.

Our scheme differs from previous experiments that
utilize equal red and blue probes alongside a cooling
tone [28,30]. By using only two tones, we avoid coupling
between scattered sidebands due to Floquet dynamics that
may corrupt the sideband asymmetry [30]. We keep the
ratio between the input powers of the cooling tone and the
blue probe around 6, to achieve both sufficient cooling and
a measurable anti-Stokes signal (c 7i7). From a series of
two-tone measurements, we obtain a mean calibration
coefficient between the normalized thermomechanical side-
band area A,/I'; and the phonon occupancy 7, using
Eq. (4), where A, is the area of the sideband from the
cooling tone [62]. The calibration coefficient serves
as an ancillary quantum thermometer for the mechanical
mode, independent of the resistive thermometer mounted in
the cryostat. For ground state cooling, we turn off
the blue probe and perform single-tone sideband cooling

measurements, keeping the same experimental conditions
and calibration. From the measured thermomechanical
noise spectrum, we can thus obtain the final occupancy
using two independent calibrations, i.e., the ancillary
quantum thermometry and the mechanical noise thermom-
etry, where for the latter the mechanical mode temperature
is referenced to the cryostat thermometer [62].

In the first set of measurements, we vary the power of the
pump tones while keeping A, = —Q,, fixed for optimal
sideband cooling. A blue probe, as indicated in the dashed
green box in Fig. 2(a), is utilized only for ancillary
sideband asymmetry measurements. Figure 2(b) shows
the effective mechanical linewidth 'y as a function of
the cooling-tone intracavity photon number 7., obtained
from the noise spectra in the single-tone experiments (red
full circles) with a theoretical plot (blue curve) assuming a
mechanical linewidth I, /27 = 115 kHz and vacuum cou-
pling rate gy/2z = 1080 kHz. As shown in Fig. 2(b), 'y
deviates from the theoretical value for low intracavity
photon numbers. We attribute this to condensed *He on
the surface of the OMC, which degrades the mechanical
linewidth at low powers but may improve the thermal-
ization [62]. Figures 2(c) and 2(d) show a series of noise
spectra normalized to the shot noise from the two-tone and
single-tone measurements, respectively, at various values of
n,. along with Lorentzian fits [62]. The left and right
thermomechanical sidebands shown in Fig. 2(c) are from
the cooling tone and the blue probe, respectively. We
choose a series of pumping powers that ensures both
sufficient laser cooling and measurable, nonoverlapping
Stokes and anti-Stokes sidebands [28]. As the power
increases, the ratio of the areas of the red and blue
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FIG. 3. Detuning dependence of the sideband cooling. (a) Pumping scheme for the detuning sweep where the detuning A_ of the
cooling tone relative to the cavity resonance is varied. An additional blue probe is used for ancillary sideband asymmetry calibration, as
indicated in the dashed green box. Frequency separation between the cooling tone and blue probe is fixed at 2(Q,, + §). (b) and
(c) Single-sided noise spectra from the balanced heterodyne detection normalized to the shot noise floor from two-tone and single-tone
measurements, respectively, with corresponding fit curves, for various detunings. (d) The fitted mechanical linewidth (red full circles,
left axis) and optical spring effect (blue full circles, right axis), with corresponding theoretical plots based on experimental
optomechanical parameters. (e) Final phonon occupancy vs A, in single-tone measurements. Green full circles show calibration using
the ancillary two-tone quantum thermometry. Dashed green curve shows a theoretical plot calculated from experimental optomechanical
parameters assuming ideal thermalization. Blue curve shows a fitting curve incorporating excess optical heating. Error bars are given by
the errors in the Lorentzian fits and in the calibration coefficient in two-tone sideband asymmetry. Purple full circles are anchored with

cryostat thermometer at A, /27 ~ —7.18 GHz. (f) Signal-to-noise ratio (SNR) vs A, with the fitting curve to a theoretical model which

includes optical heating, with excess heating rate and overall detection efficiency as free fitting parameters.

sidebands, given by 7,I./(i, +1)I', [cf. Eq. (4)],
decreases as the mechanical oscillator approaches the
ground state (7i; — 0), as shown in Fig. 2(c). We thus
obtain an averaged calibration coefficient between the
normalized thermomechanical sideband area and the final
occupancy from a series of ancillary quantum thermometry
measurements [62]. At high pumping powers, we observe
an increase in the noise floor, as evident in the middle and
bottom panels in Fig. 2(d). This originates from beating of
the high signal power with excess noise of the LO around
5.17 GHz [62]. Figure 2(e) shows the inferred mean
phonon occupancy 7, vs 71, from the single-tone measure-
ments, calibrated using two independent methods. The
green circles show the phonon occupancy calibrated using
the ancillary sideband asymmetry measurements. The
purple full circles show the calibration using the cryostat
thermometer by anchoring the lowest value of 71, ~5 at
2.0 K. This requires knowledge of I',,, which is estimated
by subtracting the calculated value of T’y at this power
from the measured Iy, to yield I',,/27 ~ 360 kHz. We
note that I',, is unnecessary using ancillary quantum
thermometry, making it an ideal independent quantum
thermometer, as opposed to conventional mechanical noise
thermometry [62]. The two methods show excellent agree-
ment. The minimum phonon occupancy achieved in this

power-sweep experiment is 0.137007 (88% ground-state

occupancy) and is reached at a cooling-tone intracavity
photon number 7. = 776.

In a second set of measurements, we keep the power
constant but vary the detuning A, of the cooling tone with
respect to the cavity resonance, keeping the frequency
separation of the blue probe in the ancillary measurement
and that of the LO fixed at 2(Q,,+46) and Ay ¢, respectively
[Fig. 3(a)]. Figures 3(b) and 3(c) each show a series of
measured noise spectra normalized to the shot noise floor at
various values of A, together with Lorentzian fits, from the
two-tone and single-tone measurements. In the ancillary
two-tone measurements, the input powers of the cooling
tone and blue probe are ~350 uW and ~60 uW, respec-
tively, with a series of values of A_. to ensure sufficient laser
cooling and measurable, nonoverlapping Stokes and anti-
Stokes sidebands. To infer i via sideband thermometry,
the detuning-dependent intracavity photon number and
optical susceptibility for the two scattered sidebands must
be taken into consideration. We obtain a mean calibration
coefficient between the normalized thermomechanical side-
band area and the final occupancy from the sideband
asymmetry measurements. For single-tone measurements,
the cooling tone input power is ~500 yW. Figure 3(d)
shows the effective mechanical linewidth (red circles) and
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the optical spring effect (blue circles) obtained from a
Lorentzian fit to the noise spectrum, with excellent agree-
ment with the respective theoretical curves. We note that,
due to the presence of high input power throughout the
measurement, the mechanical linewidth degradation
observed at low powers in the previous measurement
[Fig. 2(b)] is absent. Figure 3(e) shows 7y vs A., where
iy is calibrated from the thermomechanical sideband area
from the single-tone sideband cooling measurements.
Green circles are determined using the mean calibration
factor obtained from sideband asymmetry measurements.
The theoretical dependence calculated from experimental
parameters [Eq. (3)] is shown as a green dashed curve for
comparison. The theory curve is in excellent agreement
with the data except in the region where the cooling tone
approaches the cavity resonance, indicating residual optical
heating [30,57]. We fit the phonon occupancy with a model
incorporating heating [blue curve in Fig. 3(e)] that is both
linear and quadratic in the number of intracavity photons
[62]. The fit indicates that the excess optical heating in our
measurements has primarily a quadratic dependence,
resulting in an increase in 7y, of ~1.2 x 107%72; the linear
coefficient is negligible. This is different from previous
experiments with large optical decay rate, where linear
absorption heating dominates [30]. The quadratic depend-
ence is suggestive of two-photon absorption [67,68]. We
note that in any case such optical heating cannot come from
excess laser noise [45-48], for which the heating rate peaks
at A, = —Q,,. For the noise thermometry, we anchor the
calibration to 2.0 K, at a farthest detuning of A,./2z~
—7.18 GHz. The resulting data are shown as purple full
circles in Fig. 3(e). For A,./2zx=-7.18 GHz with nn, = 330,
the estimated increase in 71y, due to quadratic heating is
~0.135, which is negligible compared to the bare thermal
bath occupation of 8.2 phonons. This indicates that the
mechanical oscillator is well thermalized despite the
high pumping power. The minimum phonon occupancy,
occurring close to the red mechanical sideband (A,/27 ~
—5.17 GHz), is ii; = 0.0910¢7 (92% ground state occupa-
tion), which is —7.4 dB of the zero-point energy. In
Fig. 3(f), the signal-to-noise ratio vs A, for the thermo-
mechanical noise spectrum is shown with a fit that includes
the quadratic heating [62], which yields an overall detection
efficiency 1 ~ 6.4%.

In conclusion, we have demonstrated high-fidelity
sideband cooling to the zero-point energy of a localized
GHz mechanical mode of a silicon OMC. The residual
mean phonon occupancy is 0.09’:(()).'812 (92% ground state
occupation). The system possesses a unique blend of
advantageous properties, combining high mechanical
frequency, large sideband resolution, negligible optical-
absorption heating, and the ability to be prepared in the
ground state in the presence of strong probing. These
characteristics enable a large number of quantum opto-
mechanical experiments in the optical domain, including

two-tone backaction-evading measurements reaching sub-
SQL sensitivity [43,44,69], squeezed mechanical states
[33-36,70], low-added-noise optomechanical transducers
[54,71,72], as well as quantum-coherent operations
[37,73,74].

All data and analysis files are available via [75].
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