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Levitated optomechanics has great potentials in precision measurements, thermodynamics, macro-
scopic quantum mechanics and quantum sensing. Here we synthesize and optically levitate silica
nanodumbbells in high vacuum. With a linearly polarized laser, we observe the torsional vibration
of an optically levitated nanodumbbell. This levitated nanodumbbell torsion balance is a novel ana-
log of the Cavendish torsion balance, and provides rare opportunities to observe the Casimir torque
and probe the quantum nature of gravity as proposed recently. With a circularly-polarized laser, we
drive a 170-nm-diameter nanodumbbell to rotate beyond 1 GHz, which is the fastest nanomechanical
rotor realized to date. Smaller silica nanodumbbells can sustain higher rotation frequencies. Such
ultrafast rotation may be used to study material properties and probe vacuum friction.

Levitated optomechanical systems provide a powerful
platform for precision measurements with great isolation
from the thermal environment [IH6]. Optically levitated
nano- and microspheres have been used to demonstrate
force sensing at the level of 102! N [7] and to search
for interactions associated with dark energy [§]. Opti-
cally trapped nanoparticles can also be driven to rotate
at high speed. Previously, a rotation frequency of about
10 MHz has been achieved [9HIT]. It is desirable to in-
crease the rotation frequency further for studying ma-
terial properties under extreme conditions [12] [13] and
probing vacuum friction [T4HI6].

Recently, a novel ultrasensitive torsion balance with
an optically levitated nonspherical nanoparticle was pro-
posed [I7], utilizing the coupling between the spin angu-
lar momentum of photons and the mechanical motion
of the nanoparticle [4, [I7H20]. Torsion balances have
enabled many breakthroughs in the history of modern
physics [21H24]. For example, the Cavendish torsion bal-
ance (Fig. [I[a)) determined the gravitational constant
and the density of the Earth [2I]. An optically levitated
nanoscale torsion balance can provide a rare opportu-
nity to detect the Casimir torque [25H28], and test the
quantum nature of gravity [29H31]. An essential step to-
wards these goals is to optically trap a well-defined non-
spherical nanoparticle in high vacuum. However, opti-
cally trapped nonspherical nanoparticles such as nanodi-
amonds and silicon nanorods in former experiments were
lost at about 1 torr due to laser heating [10, 17, B2H34].
Additionally, several years ago, levitated nanodumbbells
were theoretically proposed to study many-body phase
transitions [19]. To our best knowledge, however, there
was no report on optical levitation of a nanodumbbell in

vacuum prior to this work.

In this letter, we synthesize silica nanodumbbells with
two different methods and optically trap them in high
vacuum. With a linearly polarized laser (Fig. [1(b)),
we observe the torsional vibration of a levitated nan-
odumbbell in high vacuum, which is an important step
towards probing the Casimir torque [25H28] and the
quantum nature of gravity [29-31]. With a circularly
polarized laser, we drive the nanodumbbell to rotate be-
yond 1 GHz, which is the highest mechanical rotation
frequency reported to date.

In a linearly polarized optical tweezer, the long axis
of a nanodumbbell will tend to align with the polariza-
tion direction of the trapping laser (Fig. b)) This is
because the polarizability of the nanodumbbell along its
long axis is larger than the polarizability perpendicular to
its long axis. If the nanodumbbell is not aligned with the
polarization direction of the optical tweezer, it will twist
the polarization of the optical tweezer (Fig. [[b)), as an
analog of twisting the torsion wire by the lead spheres in
the original Cavendish torsion balance (Fig. [[[a)). If the
optical tweezer is circularly polarized, the nanodumbbell
will be driven to rotate at high speed. The torsional vi-
bration or rotation of the nanodumbbell can be detected
by monitoring the change of the polarization of the trap-
ping laser (Fig. [I|c)).

We have synthesized pure silica nanodumbbells using
chemical and physical methods. The interpenetration of
the two particles in a nanodumbbell is tunable. To syn-
thesize nanodumbbells with diameter D and length L
(inset of Fig. [I|(c)), we first synthesize silica cores with
a diameter of d = L — D by adding tetraethyl orthosili-
cate (TEOS) to a mixture of ammonia, pure water and
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FIG. 1. (a) A simplified diagram of the original Cavendish
torsion balance that has two lead spheres suspended by a cop-
per silvered torsion wire. (b) A nanodumbbell levitated by a
linearly polarized optical tweezer in vacuum. The linearly
polarized optical tweezer provides the restoring torque that
confines the orientation of the nanodumbbell. xr, yr, zr are
Cartesian coordinates of the trapping laser. xr is parallel to
the electric field E of the incoming linearly polarized laser,
and z7 is parallel to the wave vector k of the laser. zy is par-
allel to the long axis of the nanodumbbell. The angle between
zr and zn is 0. (c) A simplified diagram for detecting the
center-of-mass (COM) motion, the torsional (TOR) vibration,
and the rotation (ROT) of a levitated nanodumbbell. The
nanodumbbell is trapped at the focus of the lenses. The laser
beam is initially linearly polarized. A quarter-wave (\/4)
plate is used to control its polarization. BS: non-polarizing
beam splitter; PBS: polarizing beam splitter; A/2: half-wave
plate. Inset: A nanodumbbell with diameter D and length L
created by attaching two identical nanospheres.
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ethanol under stirring [35] [36]. Then acetone is added
into the solution to induce aggregation. Next, a small
amount of TEOS is added under stirring to grow the sil-
ica shells [35]. This chemical method can synthesize a
large quantity of silica nanodumbbells with a tunable as-
pect ratio [35], but is demanding. So we also develop
a physical method to assemble nanodumbbells. In this
method, we first prepare a colloidal suspension of silica
nanospheres in water. We then generate water micro-
droplets in air with an ultrasonic nebulizer [33]. By con-
trolling the concentration of silica nanospheres, a frac-
tion of water microdroplets (~ 5um in diameter) contain
2 silica nanospheres in them. Two nanospheres in the
same microdroplet will form a nanodumbbell as the wa-
ter evaporates. Fig. a), b) show SEM images of our
nanodumbbells with two different sizes. Their aspect ra-
tio is between 1.9 and 2.

To optically levitate a silica nanodumbbell in vacuum,
a 500 mW, 1550 nm laser is tightly focused with an NA

20 50 100 400 1000 0 50 100
Frequency (kHz)

150
Frequency (kHz)

FIG. 2. (a), (b): SEM images of silica nanodumbbells with
two different sizes. The scale bar is 200 nm in (a), and 100 nm
in (b). (c) Measured power spectrum densities (PSD) of the
torsional vibration (labeled by ‘Tor’) and the translational vi-
brations (labeled by ‘X’, €Y’, ‘Z’) of a 170 nm-diameter nan-
odumbbell optically levitated at 5 x 10™* torr. (d) Measured
PSD of the translational vibrations of the nanodumbbell lev-
itated at 10 torr. The black curves are Lorentz fits.

= 0.85 objective lens in a vacuum chamber. The laser
is initially linearly-polarized , and its polarization can be
controlled with a quarter wave plate (Fig. [Ifc)). Sil-
ica nanodumbbells are delivered into the optical trap at
atmospheric pressure with an ultrasonic nebulizer [33].
Once a nanoparticle is trapped, we evacuate the vacuum
chamber to below 0.01 torr, and then increase the pres-
sure back to desired levels for measurements. This pro-
cedure removes extra nanoparticles in the chamber. To
monitor the trapping process, a 532 nm laser is applied
on the nanoparticle and the scattered light is viewed us-
ing a camera. We verify the trapped nanoparticle is a
nanodumbbell by checking the ratios of damping coeffi-
cients for translational motions along different directions.
The motion of the levitated nanoparticle changes the di-
rection and polarization of the laser beam, which allows
us to monitor the motion of a nanodumbbell with the
same 1550 nm trapping laser (Fig. [[[c)) [17]. Fig. [c)
shows the power spectrum density (PSD) of both tor-
sional (TOR) vibration and center-of-mass (COM) vibra-
tion of a levitated 170-nm-diameter nanodumbbell in vac-
uum at 5 x 10~ torr. This is an important step towards
quantum ground state cooling of the torsional vibration
and testing recent theoretical proposals [25] 29H31].

A levitated nanodumbbell will have anisotropic damp-
ing rates for translational motions in air if its orienta-
tion is fixed. We use the direct simulation Monte Carlo
(DSMC) method to obtain the damping force and damp-
ing torque of a nanodumbbell in the free molecular flow
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FIG. 3. (a) The ratio of air damping coefficients for trans-
lational motions perpendicular or parallel to its long axis
(zn-axis) as a function of the aspect ratio (L/D) of a nan-
odumbbell. (b) Calculated normalized drag torque of the ro-
tation of a levitated nanodumbbell around zy axis as a func-
tion of the aspect ratio. (c) Effective susceptibilities of a silica
nanodumbbell parallel (x.) or perpendicular (xy) to its long
axis. (d) Calculated torque detection sensitivity of a levitated
nanodumbbell with D = 170 nm or D = 50 nm as a function
of air pressure. We assume L/D = 1.9 in the calculations.
The optical tweezer is assumed to be a focused 500 mW, 1550
nm laser with a waist of 820 nm.

regime [36H39]. In the simulation, molecules with uni-
form spatial distribution are launched from a spherical
surface enclosing the nanodumbbell [36]. The speeds of
these molecules satisfy a shifted Maxwell distribution to
include the effect of the motion of the nanodumbbell
[39]. Fig. [J(a) shows the calculated ratio of damping
rates of a nanodumbbell moving along (T';.) and perpen-
dicular (I'y) to its axial direction. The calculated ra-
tio is 'y /T, = T',/T, = 1.276 when L/D = 1.9, and
r,/I, =T,/T, = 1258 when L/D = 2. The measured
ratios for the data of a 170 nm nanodumbbell shown
in Fig. Pfd) are I'y,/Ty = 1.25 £ 0.01 and I'./T, =
1.27 4+ 0.02, which agree excellently with our theoretical
predictions. The DSMC method is also utilized to ob-
tain the drag torque T, on a nanodumbbell rotating at
speed Q. We then calculate the ratio T, /Tsphere, where
Tophere = auD*Q/(11.9765) is the drag torque on a
single sphere with diameter D rotating at the same speed
2 [39]. Here p is the viscosity of air, and A/ is the mean
free path of air molecules which is inversely proportional
to air pressure pg;-. The calculated results are shown in
Fig. b). The damping rate of the rotation or torsional
vibration around the z axis is Ty = T./(1,Q), where I,

is its moment of inertia.

When the size of a silica nanodumbbell is much smaller
than the wavelength of the trapping laser, the dipole
approximation can be applied. The complex ampli-
tude of the induced dipole of the nanodumbbell is p =
o BN + oy Bygn + o, E. 2y, where the complex am-
plitude of the electric field of the laser beam E is decom-
posed into components along the principle axes of the
nanodumbbell. Zx is in the direction along the long axis
of the nanodumbbell. The components of the optical
force F; and the optical torque M; acting on the nan-
odumbbell can be expressed as [40]: F; = $Re{p*-0;E}
and M; = %Re{p* x E};. The quasi-static polarizability
a? (j = x,y, z) of a nanodumbbell can be calculated as-
suming the electric field is static [41]. Fig. [B|c) shows the
effective susceptibilities x, = a2/(eoV), xy = af/(&V)
of the nanodumbbell as a function of the aspect ratio.
Here ¢ is the permittivity of vacuum, and V is the vol-
ume of the nanodumbbell. (x, — xy)/xy = 0.14 when
L/D = 1.9. The dipole approximation can be improved
by including the effects of radiation reaction due to the
oscillation of the electric field in a laser beam. Then the
polarizability is [40, 42, 43]: «; = af/[1 —ikja)/(6meo)],
where kg is the wave number. The real part of the polar-
izability Re[a;] ~ a? is responsible for optical confine-
ment and alignment, while the imaginary part Ima;] is
important for optically rotating a nanodumbbell.

With calculated damping rates and polarizabilities,
we can calculate the torque detection sensitivity of a
levitated nanodumbbell. The minimum torque that it
can measure limited by thermal noise is [44]: My, =
\/4I<:BT€MIZF9/A1§, where T,,, is the environmental
temperature. In ultrahigh vacuum, the thermal noise
from the residual air molecules becomes negligible and
the minimum torque it can detect will be limited by
the shot noise of the laser beam [25]: Myqq = (X2 —
Xy)kEVhy/J,/(3nAt). Here, J, = Iigser/(hwr) is the
photon flux. [Ij,ser is the laser intensity, and wy is
the angular frequency of the laser. As shown in Fig.
d), at pressures below 1078 torr, a nanodumbbell
with D = 170 nm and D = 50 nm trapped in a 500
mW laser will have a torque detection sensitivity about
10-2"Nm/vHz and 10~2°Nm/v/Hz, respectively. Re-
markably, a levitated nanodumbbell at 10~% torr is al-
ready much more sensitive than the current state-of-the-
art nanofabricated torsion balance, which has achieved
a torque sensitivity of 10722Nm/ VHz at room tempera-
ture, and 10~2*Nm/+/Hz at 25 mK in a dilution refriger-
ator [45]. The original Cavendish experiment measured
a torque of about 10~7 Nm caused by gravitational at-
traction [21].

While a nanodumbbell levitated by a linearly-polarized
optical tweezer can be an ultrasensitive nanoscale torsion
balance, it will become an ultrafast nanomechanical rotor
in a circularly-polarized optical tweezer (Fig. a)). The
frequency of the detected signal will be twice the rotation
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FIG. 4. (a) A nanodumbbell levitated by a circularly polarized laser will rotate. (b) Measured PSD of the rotation signal of
a nanodumbbell. It has a sharp peak near 2.2 GHz. (c) Measured rotation frequency of the nanodumbbell as a function of
pressure. (d) Calculated stress distribution of a nanodumbbell (D = 170 nm, L/D = 1.9) rotating at 1.2 GHz. (e) Calculated
ultimate rotation frequency as a function of the diameter of the nanodumbbell when L/D = 1.9. (f) Calculated ultimate
rotation frequency as a function of the aspect ratio of the nanodumbbell when D = 100 nm. The ultimate tensile strength is
assumed be 20 GPa (red solid line) or 10 GPa (blue dashed line).

frequency of the nanodumbbell due to the symmetry of
its shape. Fig. b) shows a PSD of the rotation of a 170
nm-diameter nanodumbbell at 7.9 x 1075 torr. The de-
tected signal has a sharp peak near 2.2 GHz. This shows
the nanodumbbell rotates at 1.1 GHz, which is much
faster than that from former experiments [9HII]. Re-
markably, the rotation is also very stable. The measured
linewidth of the signal is less than 20 kHz, limited by the
resolution of our spectrum analyzer, which leads to a ro-
tating quality factor of larger than 10°. The steady-state
rotation speed is determined by the balance between the
optical torque M, exerted on the nanodumbbell and the
drag torque T, from air molecules. Since drag torque is
proportional to the air pressure, the steady state rotation
speed €., is inversely proportional to the air pressure
Pair- Fig. c) shows the rotation speed as a function
of the air pressure. The experimental data agrees with
A/pair, where A is a fitting parameter. As the air pres-
sure decreases, the rotation speed increases. The maxi-
mum rotation frequency that we can measure is limited
by the bandwidth of our photodetector.

As the rotation speed increases, eventually the nan-
odumbbell will fall apart due to the centrifugal force.
The ultimate rotating frequency is determined by the
ultimate tensile strength (UTS) of the material. Thus
this experiment provides an opportunity to study mate-
rial properties under extreme conditions. The stress dis-
tribution of a nanodumbbell rotating at high speed can
be calculated by the finite element method. Figure [[d)
shows the stress distribution of a D = 170 nm, L/D = 1.9

silica nanodumbbell rotating at 1.2 GHz. We assume the
contacting point has a curvature radius of 5 nm. Re-
markably, the maximum stress of the nanodumbbell un-
der these conditions is about 13 GPa, which is 2 orders
larger than the UTS of a bulk glass. This shows that
our silica nanodumbbells is as strong as state-of-the-art
silica nanowires [46]. The finite element method can be
used to calculate the ultimate rotating frequency of sil-
ica nanodumbbells with different diameters and aspect
ratios. The range of ultimate rotating frequency is cal-
culated by setting the UTS to be in the range of 10-20
GPa, which agrees with our observation and the results
for silica nanowires[46]. Figure [4e) shows the calculated
ultimate frequency is in the range of 1.1 — 1.6 GHz for
D =170 nm, L/D = 1.9 nanodumbbells. The ultimate
frequency increases as the size of the nanodumbbell de-
creases. Figure f) shows that for a given diameter
D = 100 nm, the ultimate rotation frequency increases
when the aspect ratio decreases. Thus nanodumbbells
with smaller diameters and smaller aspect ratios can sus-
tain rotation frequencies beyond 10 GHz.

In conclusion, we have synthesized and optically
trapped nanodumbbells in high vacuum. When the laser
is linearly polarized, the torsional vibration of the levi-
tated nanodumbbell is observed, an important step to-
wards detecting the Casimir torque [25] and developing
a quantum Cavendish torsion balance for studying the
quantum nature of gravity [29-31]. With a circularly
polarized laser, 170 nm-diameter nanodumbbells were
driven to rotate beyond 1 GHz, which is the highest re-



ported rotation frequency for a nanoparticle. Such high
speed rotation may be used to study material properties
and vacuum friction [I2HI6]. Based on Ref. [I4] [16], a
100-nm-diameter SiC nanosphere rotating at 1 GHz near
a SiC surface at 1000 K with a separation of 150 nm will
experience a vacuum friction torque on the order of 1028
Nm, which seems detectable at 10~8 torr.
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