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Rotational optomechanics strives to gain quantum control over mechanical rotors by harnessing the
interaction of light and matter. We optically trap a dielectric nanodumbbell in a linearly polarized laser
field, where the dumbbell represents a nanomechanical librator. Using measurement-based parametric
feedback control in high vacuum, we cool this librator from room temperature to 240 mK and investigate its
heating dynamics when released from feedback. We exclude collisions with residual gas molecules as well
as classical laser noise as sources of heating. Our findings indicate that we observe the torque fluctuations
arising from the zero-point fluctuations of the electromagnetic field.
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Introduction.—Harnessing the quantum properties of
light to control mechanical motion is a central theme of
optomechanics [1–3]. The paradigmatic optomechanical
system is a light field interacting with a mechanical degree
of freedom coupled to a thermal bath. In the quantum
regime, the coupling between the mechanics and the light is
sufficiently strong to overcome the interaction with the
thermal bath. In this regime, the quantum properties of light
can be exploited to perform measurements at, and even
below, the standard quantum limit [4,5]. Furthermore, this
regime allows for measurement-based feedback control of
the mechanics outside the bounds of classical physics [6,7],
a prerequisite for engineering massive objects into macro-
scopic quantum states [8,9].
For translational motion, the hallmark signature of the

quantum nature of light dominating the dynamics of the
mechanics has been the observation of radiation pressure
shot noise [10,11]. These force fluctuations arise due to the
quantization of linear momentum of light into units of ℏk
(with k the wave number) [12]. Alternatively, this effect can
be viewed as an interference of the deterministic measure-
ment field with the vacuum fluctuations [13].
With linear mechanical motion under quantum control,

rotational motion has attracted increasing attention in
optomechanics in recent years [14,15]. While technology
platforms have been developed that transduce radiation
pressure fluctuations into angular motion, these systems are
insensitive to the angular momentum carried by the light
[16,17]. In contrast, optically levitated nanoparticles are
ideal test beds for rotational optomechanics [18–21]. In a
linearly polarized field, an anisotropic particle aligns to the
polarization direction, making this system an optically
levitated librator, i.e., a rotor with a linear restoring force
[22,23]. The application of techniques developed to cool
translational motion [24,25] offers promise to turn libration
modes into quantum resources. A particularly exciting

prospect is the engineering of quantum revivals to explore
quantum mechanics at a macroscopic scale [26–28].
The ideal starting point for rotational quantum opto-

mechanics is the librational ground state. To reach that
point, two challenges must be met. First, techniques must
be developed to cool librational motion more efficiently
than the current state of the art [21]. Second, nanomechan-
ical librators must be transitioned to a regime where the
quantum noise of the electromagnetic field dominates their
angular heating. This heating can be understood in analogy
to heating of linear motion. Besides linear momentum, light
also carries angular momentum [29]. While the quantiza-
tion of light’s linear momentum gives rise to radiation
pressure shot noise, the field’s spin quantization must give
rise to torque fluctuations (termed radiation torque shot
noise) in the interaction with a mechanical object [30–32].
This torque noise can be understood as the particle’s dipole
moment (induced by the driving field) interacting with the
field’s vacuum fluctuations in the orthogonal polarization
direction, as illustrated in Fig. 1(a). Alternatively, radiation
torque shot noise can be understood as the inevitable
measurement backaction arising from the fact that the
orientation of an anisotropic particle can be inferred from
the scattered field. Entering this backaction-dominated
regime is thus a necessary requirement to exert quantum
control over an optically levitated librator.
In this work, we feedback cool the librational motion of

an optically trapped nanodumbbell to a temperature of
240 mK using parametric feedback control. Furthermore,
we investigate the source of the heating dynamics of the
libration after cooling is switched off. In high vacuum, our
experiments rule out thermal fluctuations from the gas and
technical laser noise as the dominant heating mechanisms.
The measured heating rate agrees within a factor of 3 with
that predicted by theory for radiation torque shot noise.
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Experimental system.—Our experimental setup is shown
in Fig. 1(b). We trap a dumbbell (composed of two silica
spheres, nominal diameter 136 nm; for details on the chara-
cterization, see the Supplemental Material [33]) in a stro-
ngly focused laser beam (wavelength λ ¼ 1565.0ð1Þ nm).
The beam propagates along the z axis and is linearly
polarized along the x axis. The laser power in the optical

trap can be controlled with an electro-optical modulator. In
the forward direction, the light from the trap is collected
with a lens and divided at a beam splitter. Half of the signal
is sent to a center-of-mass (COM) motion detector [44].
The other half is sent through a polarizing beam splitter and
onto a balanced photodiode to detect the angular orienta-
tion of the dumbbell [19,20,45]. For small deviation angles
of the dumbbell relative to the polarization axis, our
detection scheme is sensitive to the angle θ of the dumbbell
relative to the x axis in the focal xy plane [46]. Furthermore,
the restoring torque generated by the light field on the
dumbbell is to first order linear in θ. The dumbbell is thus a
harmonic oscillator with a libration frequencyΩl, following
the equation of motion

Iθ̈ þ Iγ _θ þ IΩ2
l θ ¼ τfl; ð1Þ

with I the moment of inertia of the dumbbell, γ the damping
rate, and each dot indicating a time derivative. The
fluctuating torque τfl drives the librator. In this Letter,
we provide evidence that at low pressures τfl is dominated
by the vacuum fluctuations of the light field.
The measured power spectral density Sθθ of the ori-

entation angle θ at a pressure pgas ¼ 7.0ð7Þ mbar at room
temperature is shown in Fig. 1(c) in blue. The spectrum
resembles a resonant line shape, centered at 750 kHz,
flanked by two broad shoulders on either side. This spectral
shape has been explained as a consequence of the intricate
rotational dynamics of the dumbbell, where the thermally
driven spinning degree of freedom around the long axis of
the dumbbell gives rise to an interaction between the two
other orientational degrees of freedom [23,46]. We detail
the calibration procedure for our detector signal in the
Supplemental Material [33].
At pressures pgas < 10−4 mbar, the gas damping is

sufficiently low to apply effective feedback cooling to
the libration and the center-of-mass motion. For both types
of motion, we use the parametric feedback-cooling scheme
originally developed for COM cooling [11] and suggested
for libration cooling [46]. In this cooling technique, a
phase-locked loop tracks the detector signal to generate a
feedback signal at twice the oscillation frequency of the
measured degree of freedom. This feedback signal is
applied to the modulator controlling the power of the
trapping laser to generate a periodic modulation of the
optical potential. A spectrum Sθθ under feedback cooling at
pgas ¼ 1.1ð1Þ × 10−8 mbar is shown in Fig. 1(c) in black.
Under feedback cooling, the spectrum of the libration
reduces to a single line centered at Ωl ¼ 2π × 757 kHz.
The observed linewidth is limited by drifts of Ωl arising
from slow drifts of the laser power. The area under the peak
is a measure for the energy of the librator, and we extract a
value of E ¼ 0.24ð3Þ K. Note that throughout this Letter,
we normalize all energies by the Boltzmann constant to
have the unit Kelvin. This energy is a result of the balance

(a)

(b)

(c)

FIG. 1. (a) Pictorial representation of radiation torque shot noise.
An anisotropic scatterer in a linearly polarized light field experiences
a fluctuating torque that arises from the vacuum fluctuations,
illustrated as entering the unused port of the polarizing beam splitter
(PBS). (b) Schematic of the experimental setup. Inside a vacuum
chamber, we focus a laser beam (propagating along z, linearly
polarized along x)with an aspheric lens to form an optical trap. In the
forward direction, the light is collected and split into two pathswith a
beamsplitter (BS).Onehalf of the optical power is sent to a center-of-
mass (COM) motion detector. The other half is used to measure the
libration angleθ in a balanceddetection scheme.Themeasurement is
recorded with a data-acquisition card (DAQ). The intensity of the
laser beam (focal power P ¼ 1205ð23Þ mW) is modulated with an
electro-optic modulator (EOM) using feedback signals derived from
the COM and the libration detector, respectively. (c) The blue line
shows the measured power spectral density Sθθ of the uncooled
libration motion at a pressure of pgas ¼ 7.0ð7Þ mbar. The broad
spectrum is a result of coupling between the angular degrees of
freedom. The black line shows Sθθ at pgas ¼ 1.1ð1Þ × 10−8 mbar
andwith feedback cooling engaged forCOMand librationalmotion,
where the signal of the libration detector reduces to a single resonant
line. The additional peaks are electronic noise from our data-
acquisition card.
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of damping γ and heating by the fluctuating torque τfl
acting on the librator.
Reheating protocol.—To quantify the torque fluctuations

driving the levitated librator, we perform reheating experi-
ments [47]. Each measurement cycle starts with the librator
under feedback cooling. At time t ¼ 0, we turn off the
feedback for the libration (while center-of-mass cooling
remains engaged) and measure the energy in the libration
mode (extracted from the spectrum Sθθ) as a function of
time. The cycle repeats as we reengage feedback cooling of
the libration. Since each experimental run records one
realization of the stochastic reheating process, we repeat the
cycle 400 times. In Fig. 2(a), we show Sθθ averaged over all
cycles at pgas ¼ 1.1ð1Þ × 10−8 mbar at the beginning
(t ¼ 0 ms) of the reheating period, and in (b) at the end
(t ¼ 950 ms). We extract the energy of the librator (indi-
cated by the blue shaded area) by integrating the power
spectrum after subtracting the noise floor (gray area). The
resulting mean libration energy is shown as a function of
time in Fig. 2(c). The heating process for the mean energy
E follows the equation

EðtÞ ¼ E0 þ ðE∞ − E0Þð1 − e−γtÞ; ð2Þ

with E0 ¼ Eðt ¼ 0Þ and E∞ the energy the system is
equilibrating to. On a short timescale t ≪ γ−1, and for
E∞ ≫ E0, we find EðtÞ ¼ γE∞t. Thus, the slope of a linear
fit to the data in Fig. 2(c) yields the heating rate Γ ¼ γE∞.
Results and discussion.—Having established our proto-

col to measure the heating rate Γ of the levitated librator, we
now investigate the origin of the fluctuating torque driving
the reheating. To quantify the contribution from the
interaction with the residual gas in the vacuum chamber,
we plot the measured heating rate Γ as a function of gas
pressure in Fig. 3 as blue data points. At pressures above
10−7 mbar, the heating rate scales linearly with pressure, as
indicated by the dotted line. This scaling is expected, since

the fluctuating torque due to the gas scales linearly with
pressure. At pressures below 10−7 mbar, we observe a
significant deviation of the measured heating rate from the
linear scaling, and Γ approaches a constant value. We fit our
data with the function Γ ¼ a × pgas þ Γres, shown as the
solid black curve in Fig. 3, with the proportionality con-
stant a and the residual heating rate Γres as fit para-
meters. We obtain Γres ¼ 0.51 K=s. At a pressure pgas ¼
1.1ð1Þ × 10−8 mbar, the residual torque noise acting on the
dumbbell exceeds the thermal torque noise by a factor of 4.
The observation of the heating rate being independent of
pressure supports the hypothesis that Γres is dominated by
radiation torque shot noise.
Our second cross-check of this hypothesis is by com-

parison of Γres to the theoretical expectation. In a simple
model, treating the dumbbell as a lossless anisotropic
dipolar scatterer, the heating rate Γsn expected due to
radiation torque shot noise is given by [20,30–32]

Γsn ¼
1

2

�
Δα
αx

�
2

ℏ2
P

Iℏω
; ð3Þ

with P the power scattered by the dumbbell, αx its polar-
izability along the long axis, and Δα the difference in
polarizability of the long and short axes. Within this model,
we estimate the expected shot noise heating rate to be
Γsn ¼ 0.18 K=s, shown in Fig. 3 as the solid red line. The
value for the heating rate predicted by the model matches
the measured value to within a factor of 3. The discrepancy
between theory and experiment can be accounted for by the
accuracy of the calibration procedure. A detailed discussion

(a) (b) (c)

FIG. 2. Reheating experiment at pgas ¼ 1.1ð1Þ × 10−8 mbar.
(a) Cooled libration spectrum right after feedback cooling is
turned off. (b) Libration spectrum after 950 ms, just before the
feedback cooling is turned back on. (c) Libration energy (blue
circles) as a function of time. A linear fit to the data is shown as
the solid line.

FIG. 3. Heating rate (blue circles) as a function of pressure. The
solid black curve shows a linear fit with constant offset Γres
(dashed line). The dotted line indicates the contribution of the gas
to the heating rate. The red solid line shows the theoretical
prediction for the radiation torque shot noise heating rate Γsn. See
the Supplemental Material [33] for details on the model and error
estimates.
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of the model and its validity, as well as the errors, is
provided in the Supplemental Material [33]. The order-of-
magnitude agreement between theory and experiment
supports the hypothesis that the observed heating rate
arises from radiation torque shot noise.
Finally, we exclude classical laser noise as a source of the

observed heating rate at low pressures. To this end, we
introduce additional relative intensity noise (RIN) into the
system by adding white noise with a bandwidth of 50 MHz
and variable variance to the feedback signal entering
the electro-optical modulator. Without added noise, our
laser has a measured RIN of −146 dBc=Hz at Ωl and
−149 dBc=Hz at 2Ωl. A detailed analysis of the RIN can be
found in the Supplemental Material [33]. In Fig. 4, we
plot the heating rate measured at a pressure of 1.1ð1Þ ×
10−8 mbar as a function of laser RIN at 2Ωl (blue circles).
The heating rate remains constant up to a RIN of
−125 dBc=Hz and increases only for higher RIN values.
We therefore conclude that the influence of the baseline
RIN on the heating rates reported in Fig. 3 is negligible.
Conclusion.—Wehave cooled the librationalmotion of an

optically levitated dumbbell to a record low temperature of
240 mK. Furthermore, we have observed signatures of
radiation torque shot noise on a nanomechanical rotor for
the first time. In particular, we have demonstrated that the
heating rate of the librationalmotion of an optically levitated
nanodumbbell in high vacuum is independent of the
coupling to the thermal bath and of classical laser noise.
Comparison to the theoretical expectation further supports
the hypothesis that the observed heating rate is due to
radiation torque shot noise. Entering this regime generates
the opportunity to exploit engineering of the quantum
properties of light—for example, by polarization squeezing
[48]—to control rotational motion. Furthermore, in this
backaction-limited regime, it is possible to gain measure-
ment-based quantum control over optomechanical systems
[7] with the aim to test quantum mechanical effects in
rotating systems at amacroscopic scale [27,28]. Importantly,
we establish parametric feedback cooling as a powerful
technique to control rotational motion. Therefore, this work

brings ground-state cooling and quantum control of opti-
cally levitated librators firmly within reach.
Furthermore, our work is of significance for the develop-

ment of torque sensors based on levitated nanoparticles
[21] with potential applications for the characterization of
materials at the nanoscale [49–51] and for the detection of
angular momentum states of light [52]. Our experiments
constitute an important step toward operating those sensors
at the standard quantum limit, which requires careful
balancing of measurement backaction with intrinsic damp-
ing [14]. At this limit, levitated torque sensors hold promise
to provide access to currently elusive but deeply funda-
mental effects of vacuum friction [53–57].
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