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Resolved-sideband and cryogenic cooling of an
optomechanical resonator

Young-Shin Park and Hailin Wang*

Cooling a mechanical oscillator to its quantum ground
state enables the exploration of the quantum nature and
the quantum-classical boundary of an otherwise classical
system’’. In analogy to laser cooling of trapped ions®,
ground-state cooling of an optomechanical system can in
principle be achieved by radiation-pressure cooling in the
resolved-sideband limit where the cavity photon lifetime far
exceeds the mechanical oscillation period®". Here, we report
the experimental demonstration of an optomechanical system
that combines both resolved-sideband and cryogenic cooling.
Mechanical oscillations of a deformed silica microsphere are
coupled to optical whispering-gallery modes that can be excited
through free-space evanescent coupling'>™. By precooling the
system to 1.4 K, a final average phonon occupation as low as 37
quanta, limited by ultrasonic attenuation in silica, is achieved.
With diminishing ultrasonic attenuation, we anticipate that the
ground-state cooling can be achieved when the resonator is
precooled to a few hundred millikelvin in a3He cryostat.

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

We have developed and explored the use of deformed silica
microspheres as a special type of optomechanical resonator which
are convenient for experimental studies in a cryogenic envi-
ronment. Unlike whispering-gallery modes (WGMs) in conven-
tional symmetric optical resonators such as spherical or toroidal
resonators’®”, WGMs in deformed non-axisymmetric micro-
spheres can be effectively excited in free space through a direc-
tional evanescent tunnelling process. In these deformed resonators,
the angle of incidence is no longer conserved. For WGMs near
the equatorial plane, the angle of incidence becomes closest to
the critical angle in regions 45° away from either the long or
short axis. At relatively small deformation, directional evanescent
escape of WGMs can take place in these regions because the
evanescent decay length as well as the evanescent tunnelling rate
increases exponentially when the angle of incidence approaches
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Figure 1| Free-space coupling of WGMs. a, Schematic diagram of the
experimental set-up for radiation-pressure cooling through free-space
evanescent excitation of WGMs in a deformed silica microsphere.

b, Scanning electron micrograph of a silica microsphere with deformation
of 4.7%, taken on the side opposite to the attached fibre stem. ¢, Optical
transmission spectrum, obtained with free-space excitation, of a WGM
resonance near A =800 nm for a microsphere with d =30 um and
deformation <2%. The solid line is a Lorentzian fit.

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

The experimental configuration for free-space excitation of
WGMs can be used simultaneously for homodyne detection of
mechanical vibrations of the optomechanical resonator. For light
circulating in a WGM, mechanical vibrations including Brownian
motion induce a phase shift, which is proportional to the me-
chanical displacement. Optical interferometric measurements of
the induced phase shift provide a highly sensitive measure of the
mechanical displacement®®. In the free-space excitation configura-
tion shown in Fig. 1a, the part of the excitation laser beam that is
not coupled to WGMs provides a local oscillator for the homodyne
interferometric detection of the mechanical displacement.
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Figure 2 | Mechanical modes and cryogenic cooling. a, Displacement power spectrum showing the three lowest optically active mechanical modes of a
deformed microsphere with d =30 um. The insets show the corresponding calculated spatial displacement patterns. b, Displacement power spectrum of
the (1, 2) mode in a deformed microsphere with d =32 um obtained in vacuum and at room temperature. A Lorentzian fit (red line) indicates Qm =18,000.
¢, Temperature dependence of wn, /27 and ym /27 for the (1, 2) mode. d, Spectrally integrated area of the (1, 2) mode in the displacement power spectrum
as a function of Tpath. The area is normalized to that obtained at Tpath =150 K. The solid line is the calculated area assuming that the mechanical oscillator

is in thermal equilibrium with the bath.

Figure 2a shows the displacement power spectrum obtained
with homodyne detection for a deformed silica microsphere with
d =30 um. Three optically active mechanical breathing modes are
observed. The insets in Fig. 2a also show the spatial displacement
patterns calculated with finite-element analysis for the three
mechanical modes, with mode number (n,l) = (1,2), (1, 0) and
(1, 4), where n and I are the radial and angular mode numbers,
respectively. The mechanical oscillation frequencies obtained in
Fig. 2a, as well as their dependence on the sphere size, agree well
with the theoretic calculation. The numerical calculation also yields
an effective mass of m.s = 41 ng for the (1, 2) mode, which is
in excellent agreement with the effective mass determined from a
separate measurement using a phase-modulated laser beam (see
Supplementary Information). The mechanical quality factor of a
microsphere is in part limited by the damping induced by the
attached fibre stem. With a small stem (less than 1/10 of the sphere
diameter) and a small deformation (<2%), mechanical quality
factors as high as Q,,, ~ 10,000 can be routinely achieved. Q,, as high
as 18,000 has been observed in vacuum and at room temperature as
shown in Fig. 2b, where the displacement, x, is derived from the
equipartition theorem, meg w? (x*) = kg T, with w,,/27 being the
mechanical vibration frequency.

Figure 2c shows the temperature dependence of both intrinsic
mechanical linewidth y,,/27 and vibration frequency w,,/2w for
the (1, 2) mode from room temperature to 1.4 K. Starting with
Ym/27m near 10kHz (corresponding to Q, ~ 11,500) at room
temperature, ¥, increases with decreasing temperature, peaks
near a bath temperature of T, = 50K and then decreases
with decreasing temperature with a plateau at temperatures
between 10 and 4K. At Ty, = 1.4K, Q,, recovers to 3,700. In
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an amorphous solid, ultrasonic attenuations can occur through
thermally activated relaxation processes for Ty, > 10K (ref. 29).
Below 5K, interactions of phonons with two-level tunnelling
defects become important®. The temperature dependence shown
in Fig. 2c is in good agreement with extensive earlier studies,
indicating that Q,, should recover to the room-temperature value
when the temperature is lowered to a few hundred millikelvin
(ref. 30). Figure 2c also shows a weak temperature dependence
(<1%) of w,, /2. The sign reversal in the slope of the temperature
dependence reflects a sign change of the thermal expansion
coefficient for fused silica near 100 K (ref. 31).

The spectrally integrated area of a mechanical resonance in the
displacement power spectrum is proportional to the temperature
of the mechanical mode. In the limit that temperature-dependent
variations in w,, and m.g are negligible, relative changes in the
spectrally integrated area provide a direct measure of relative
changes in the effective temperature of the mechanical mode.
Figure 2d shows the spectrally integrated area for the (1, 2)
mode as a function of Ty, (after subtraction of the shot-
noise-limited background). The integrated area exhibits a linear
dependence on Ty, in spite of the strong temperature dependence
of yYm/2m shown in Fig.2¢, confirming that in the absence of
dynamical backaction, the mechanical oscillator is in thermal
equilibrium with the bath.

We have carried out resolved-sideband cooling on the (1, 2)
mode at Ty, = 3.6 K with the frequency of the incident laser beam,
/27, tuned to w,, below the relevant WGM frequency, w,/2m7,
unless otherwise specified, as illustrated in Fig. 3a. A deformed
sphere with w,,/x = 5.4, wy /27 =123.4 MHz, y,/2n = 12.5kHz
(corresponding to Q, ~ 10,000) and d = 25.5um at room
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Figure 3 | Resolved-sideband cooling in a cryogenic environment. a, Schematic diagram of resolved-sideband cooling, where ws (was) denotes the
frequency of Stokes (anti-Stokes) emission in the parametric process. b, Displacement power spectrum obtained at Tpan =3.6 Kand Aw/wm = —1. The
incident laser power is, from top to bottom, 10 mW, 40 mW, 60 mW and 83 mW, respectively. The solid lines are Lorentzian fits. €,d, yeft/ym (€) and the
mechanical frequency shift induced by optomechanical coupling (d) as a function of Aw obtained at three incident laser powers: 20 mW (blue), 60 mW
(purple) and 83 mW (olive). The solid lines are the results of the theoretical calculation discussed in the text.

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

To characterize the resolved-sideband cooling process, we
plot in Fig. 3¢, d the ratio, Yer/¥Ym = (Ym + I')/¥m> Where e
is the effective mechanical linewidth and I" is the radiation-
pressure cooling rate, and the mechanical frequency shift, /2,
induced by the optomechanical coupling as a function of the
detuning, Aw = @ — w,. Theoretically, for resolved-sideband
cooling we have'®
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where P is the incident laser power and Py, is the threshold incident
power for parametric instability when Aw = w,,. As shown in
Fig. 3¢, d, the observed I' and {2 are in good agreement with
the calculation, for which Py, = 35 mW, determined in a separate
experiment, is used and there are no adjustable parameters. Note
that large deviations between the experiment and calculation occur
when the laser is tuned to near the WGM resonance (not shown). In
this case, heating arising from optical absorption of the circulating
light in silica becomes important and optical bistability can also
occur’. It should be added that at T,y < 5K, no bistability is
observed with Aw/w, = —1.

As we discussed earlier, a reliable measure of the effective
temperature of a mechanical mode is the spectrally integrated
area of the mechanical resonance in the displacement power
spectrum. The spectrally integrated area includes contributions
from all heating mechanisms, including optical absorption in silica
and fluctuations of the laser or the WGM frequency. Figure 4a
shows the spectrally integrated area, derived from the Lorentzian
curve fitting such as those shown in Fig. 3b, as a function
of the incident laser power. At Ty, = 3.6K and P = 83 mW,
radiation-pressure cooling leads to a reduction in the area by a
factor of 3.5, indicating T ~ 1.0K and an average final phonon
occupation (N) ~ 170. In the limit that optomechanical coupling
induces no extra heating, the ratio y.q/ym can also be used to
determine the effective temperature, with Teg = (Vim/Verr) Toath-
The inset of Fig. 4a shows y.s/27 as a function of the incident
laser power, yielding a maximum cooling rate of I" /2wt = 200 kHz.
The solid line in Fig. 4a is the calculated area using the slope
obtained from the linear power dependence in the inset of Fig. 4a.
The excellent agreement between T derived from the spectrally
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Figure 4 | Average phonon occupation. a,b, Spectrally integrated area of the (1, 2) mode obtained at different bath temperatures from the displacement
noise spectrum and the corresponding effective mechanical linewidth (insets) as a function of the incident laser power with Aw/wm = —1. The area is
normalized to that when the incident laser power approaches zero. The solid curves are the calculated area using the slope of the linear power dependence

obtained from the inset.

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

Resolved-sideband cooling at Ty, = 3.6K is limited by the
relatively large y,, due to ultrasonic attenuation in silica, which
should diminish at lower temperature. Within the limit of
a *He cryostat, we have carried out resolved-sideband cool-
ing for the (1,2) mode at Ty, = 1.4K, for which a de-
formed microsphere with wn,/k = 4.0, w,/27 = 118.6 MHz,
Ym/2m = 11.5kHz and d = 26.5um at room temperature was
used. At Ty = 1.4K, y,/2m = 35kHz (Q,, = 3,400). Figure 4b
and its inset show the spectrally integrated area and the effec-
tive mechanical linewidth, derived from the displacement power
spectra, as a function of the incident laser power. A maximum
cooling rate of I'/2m = 195kHz, similar to that shown in the
inset of Fig. 4a, is obtained. As a result of the smaller y,,, this
cooling rate leads to a reduction of the temperature for the
mechanical mode by a factor of 6.6, with T ~ 210 mK and
(N) ~ 37. Figure 4b also shows the excellent agreement between
Ter derived from the spectrally integrated area and that de-
rived from y.q/ym, again indicating that the incident laser beam
induces negligible heating.

Dynamical backaction cooling in optomechanical systems with
high optical finesse is less susceptible to radiation-induced heating
than that in electromechanical systems. Although slightly lower
average phonon occupation ({N) ~ 25) has been achieved in
cryogenically cooled electromechanical systems*, dynamical back-
action cooling in these systems has been limited by heating arising
from microwave radiation?. Average phonon occupation obtained
with combined cryogenic and dynamical backaction cooling in
electromechanical systems is considerably higher ((N') ~ 140).

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

Deformed silica microspheres were fabricated by fusing together two regular
microspheres of similar sizes with a CO, laser. The degree of deformation,
defined as ¢ =r,/r, — 1, where r, and r, are the radius of the long and short
axis, respectively, can be gradually reduced through repeated heating. Silica
microspheres used for optomechanical studies all feature a deformation less than
2%. A Ti:sapphire ring laser frequency-stabilized to an external resonator near
A =800nm was used for free-space excitation of WGMs. For homodyne detection
of the noise power spectrum, care has been taken to attenuate the input to the
silicon photodiode such that the photodetector and the amplifier operate in the
linear regime. For cryogenic precooling, a microsphere in an optical cryostat
was placed in direct contact with either static exchange helium gas or vapours
from a pumped helium reservoir. Further experimental details are presented in
Supplementary Information.
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