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Control of the potential energy and free evolution lie at the heart of levitodynamics as key requirements
for sensing, wave function expansion, and mechanical squeezing protocols. Here, we experimentally
demonstrate versatile control over the optical potential governing the libration motion of a levitated
anisotropic nanoparticle. This control is achieved by introducing the degree of polarization as a new tool for
rotational levitodynamics. We demonstrate thermally driven free rotation of a levitated anisotropic scatterer
around its short axis and we use the rotational degrees of freedom to probe the local spin of a strongly
focused laser beam.
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Introduction.—Levitodynamics is the science of control-
ling the motion of levitated mesoscopic objects [1]. The
field has received growing attention in the last decade as a
platform for force, torque, and electric field sensing [2].
Next to the translational degrees of freedom, the rotational
dynamics of levitated anisotropic nanoparticles (which are
similar to molecular orientation dynamics [3]) offer par-
ticularly promising opportunities. More specifically, new
functionalities demonstrated for optically levitated rotors
include controllable diffusion [4], gyroscopic stabilization
[5], spinning with GHz rotation rates [6–9], and the
realization of rotational “washboard potentials” by care-
fully trading off conservative and nonconservative torques
in elliptically polarized fields [4,10].
A particularly enticing prospect is to harness levitated

rotors as torque sensors [8], in applications ranging from
photonic torque microscopy [11–16], to seismology [17,18]
and space-based alignment procedures [19]. Another use
case are tests of quantum coherence at macroscopic scales
[20,21]. Significant progress has been made on cooling
libration motion using parametric [22] and linear feedback
cooling [23], aswell as via coupling to a cavity [24,25]. Once
the ground state is achieved, control over the depth and
inversion of the potential may enable the generation of large
delocalized orientational states [26,27] and the preparation of
mechanical squeezed states [28].
Therefore, to realize the full promise of levitated rotors, a

scheme is required to release a librator from the optical
potential pinning its orientation, allowing it to freely evolve.
In this state, the system becomes an optically suspended
gyroscope that is extremely sensitive to dc torques, in full
analogy to previously developed dc force sensing schemes
[29]. The open question is how to deactivate the optical
potential used to trap the levitated object’s orientation while
keeping the trapping potential for its center-of-mass (c.m.)
motion fully intact.

In this Letter we demonstrate control over the conservative
libration potential of an optically levitated particle. Our
scheme makes use of the degree of polarization of the
trapping field. We experimentally realize near-zero libration
frequencies up to the pointwhere the libration potential is too
shallow to trap the orientation, giving way to thermally
driven Brownian motion of the levitated rotor. Additionally,
for particles with cylindrical symmetry (dumbbells), we
observe the signature of the transverse spin of light locally
present in a strongly focused trapping beam.
Key concept.—Consider an anisotropic dipolar point

scatterer of polarizability α ¼ diagðα1; α2; α3Þ in the body
frame (spanned by unit vectors e1, e2, e3), with α3 >
α2 > α1, as illustrated in Fig. 1. The orientation of the
particle with respect to the lab frame is described by the
three Euler angles Φ, Θ, and Ψ (see Supplemental Material
[30]). In a field linearly polarized along x in the lab frame,
the particle will align with its axis of largest polarizability
e3 to the polarization axis x (Φ ¼ Θ ¼ 0), while it can
freely rotate by any angle Ψ around its long axis e3. Small
deviations of the long axis e3 from the polarization axis

FIG. 1. The orientation of an anisotropic particle’s body frame
(given by e1, e2, e3) relative to the lab frame (x, y, z) is described
by the three angles Φ, Θ, and Ψ.
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represent libration modes, i.e., harmonic oscillator degrees
of freedom, described by the angles Φ and Θ.
Let us now consider an unpolarized electric field, whose

field vector remains in the xy plane. Here, the particle will
“lie flat” in the polarization plane, i.e., align with its axis of
smallest polarizability e1 along the z axis. Deviations from
this alignment, i.e., tilts out of the polarization plane, again
represent two libration modes described by the angles Θ
and Ψ. At the same time, the particle can freely rotate by
any angleΦ, as the field vector has no preferred direction in
the xy plane. Accordingly, both in a linearly and in an
unpolarized field, one angular degree of freedom is free.
Importantly, in the unpolarized case, the free rotation is
measurable by available detection schemes [22,38] and
therefore highly attractive for torque sensing applications.
In the following, we experimentally investigate the dynam-
ics of a levitated rotor as it is transitioned from a linearly
polarized to an unpolarized trapping field.
Experiment.—At the heart of our experimental setup,

illustrated in Fig. 2(a), is an optical trap with variable
degree of polarization (DOP), formed by focusing a
trapping beam with a lens (NA ¼ 0.8) inside a vacuum
chamber (pressure 1.5 mbar). To vary the DOP, a laser

beam (wavelength 1550 nm) is split into two components
with orthogonal linear polarization, which are then fre-
quency shifted with acousto-optic modulators (AOMs) by
�80 MHz, respectively. The frequency-shifted polarization
components are subsequently recombined on a polarizing
beam splitter to form the trapping beam (power 450 mW),
which propagates along the z direction. Spherical silica
nanoparticles (nominal diameter 143 nm) are loaded into
the trap with a nebulizer. The dynamics of the trapped object
is detected using forward-scattered light. The c.m. motion is
recorded using a quadrant photodiode, and the libration
signal using a standard homodyne detection scheme [22].
In this Letter, we focus on two distinct classes of

anisotropic particles, identified by their characteristic
libration spectra shown in Figs. 2(b) and 2(c). The first
class are “clusters,” that is, objects composed of more than
two particles, described by a fully anisotropic polarizability
tensor (as the particle symbolically depicted in Fig. 1). The
cluster spectrum shown in Fig. 2(b) exhibits two modes at
390 and 425 kHz, respectively, which we associate with
the libration modes described by the angles Θ and Φ from
Fig. 1. The second class of anisotropic particles are
dumbbells (cylindrically symmetric objects composed of
two spherical particles in touching contact), characterized
by a sharp libration peak flanked by broad shoulders, as
shown in Fig. 2(c). This spectrum originates from two
libration modes that are coupled by the thermally driven
spinning around the symmetry axis [22,23,39].
Degree of polarization.—Having introduced the spectra

for linearly polarized light we now turn to fields of variable
DOP. In our setup, the tweezer field before the trapping lens
reads E ¼ ðExeiωxt; Eyeiωyt; 0ÞT , where the angular fre-
quency differenceΔω ¼ ωx − ωy ¼ 2π × 160 MHz is kept
constant, while the real-valued amplitudes Ex and Ey can be
controlled with the AOMs (see Supplemental Material for
details [30]). The instantaneous polarization state of the
trapping beam (before focusing) is described via the four
Stokes parameters [40].

S0 ¼ E2
x þ E2

y; ð1aÞ

S1 ¼ E2
x − E2

y; ð1bÞ

S2 ¼ 2ExEy cos ðΔωtÞ; ð1cÞ

S3 ¼ −2ExEy sin ðΔωtÞ: ð1dÞ

The DOP is defined as

P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hS1i2 þ hS2i2 þ hS3i2

q
=hS0i; ð2Þ

where h·i denotes the time average [41]. Since the optical
modulation frequency Δω is more than 2 orders of
magnitude larger than the libration dynamics, the cosine
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FIG. 2. (a) Simplified schematic of the experimental setup. The
two polarization components of a laser beam are separated and
each frequency shifted by �80 MHz, respectively, with an
acousto-optic modulator (AOM). The components’ amplitudes
Ex and Ey are varied by adjusting the driving powers of the
AOMs. After recombining the polarization components on a
polarizing beam splitter (PBS), the beam is focused in a vacuum
chamber with a high-NA lens to form an optical trap with variable
degree of polarization. The libration signal is detected in the
forward direction using a combination of a quarter-wave plate
(QWP), half-wave plate (HWP), a neutral density filter (ND), a
PBS, and a balanced detector (LD). (b) Power spectral density
(PSD) of a particle cluster in a linearly polarized trap. (c) PSD of a
dumbbell in a linearly polarized trap.
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and the sine terms average out and the DOP simplifies to
P ¼ js1j, where s1 ¼ S1=S0. The upper bound, P ¼ 1,
corresponds to fully linearly polarized light, while the
lower bound, P ¼ 0, denotes unpolarized light. The inter-
mediate regime, 0 < P < 1, describes partial polarization.
Results.—Let us discuss our experimental observations

for a cluster trapped in a beam with variable DOP. In
Fig. 3(a), we show in false color the power spectral
density (PSD) of the libration signal as a function of
frequency and P. For linearly polarized trapping light
(P ¼ 1), we observe the spectrum from Fig. 2(b), with a
feature composed of two closely spaced peaks near
400 kHz. As the DOP is reduced (P < 1), the two peaks
split and their frequencies decrease. Remarkably, for
unpolarized light (P ¼ 0) the frequency of one of the
modes vanishes, while the frequency of the second mode
approaches 300 kHz.
Our experimental observations for a trapped dumbbell,

shown in Fig. 3(b), strikingly differ from that of a cluster.
The single peak at 500 kHz (surrounded by broad shoulders)
observed in linearly polarized light (P ¼ 1), see Fig. 2(c),
splits in two as the DOP is reduced (P < 1). In contrast to
the cluster, the dumbbell exhibits one mode that shifts to
higher frequencies and settles at 680 kHz for unpolarized
light (P ¼ 0), while the second mode frequency tends
towards zero, where its signal strength vanishes.
Model.—To understand our observations, we model the

orientational dynamics of an anisotropic dipolar scatterer in

a field of variable DOP. Let the scatterer be characterized
by its polarizability α ¼ diagðα1; α2; α3Þ and its tensor of
inertia I ¼ diagðI1; I2; I3Þ, which are both diagonal in the
intrinsic body frame spanned by e1, e2, e3. We furthermore
assume α1 ≤ α2 ≤ α3 and I1 ≥ I2 ≥ I3. We calculate the
potential energy of a fully anisotropic scatterer in a field of
variable DOP as a function of the orientation angles Φ, Θ,
and Ψ and identify the global energy minimum (see
Supplemental Material [30]). Small deviations of the
orientation angles Φ, Θ, and Ψ from their equilibrium
values resemble, to first order, harmonic oscillator degrees
of freedom, whose characteristic libration frequencies are
given by

Ω1 ¼ A1

ffiffiffiffi
P

p
; ð3aÞ

Ω2 ¼ A2

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ P
2

r
; ð3bÞ

Ω3 ¼ A3

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − P
2

r
; ð3cÞ

respectively, where Ai ¼ ½ðjαj − αkjS0Þ=2Ii�1=2 and fi; j; kg
are permutations of f1; 2; 3g.
Equations (3a)–(3c) indicate that we can directly control

the libration potential governing the orientation of the rotor
via the DOP. Although our detection is only sensitive to

(a) (b)

FIG. 3. PSDs measured by the libration detector as a function of the DOP and the normalized Stokes parameter s1 of the trapping
beam. Each subfigure consists of 100 PSDs, where the first one (s1 ¼ −1) corresponds to y polarized trapping light and the last one
(s1 ¼ 1) to x polarized trapping light. In the case of s1 ¼ 0 the trapping beam is effectively unpolarized and the frequency corresponding
to libration in the xy plane tends to zero. Frequencies corresponding to translational c.m. motion are visible as horizontal lines in the
range between 40 and 150 kHz. (a) Cluster (nonrotationally symmetric particle). Red lines show theoretical prediction calculated from
Eqs. (3a) and (3b) using only libration frequencies measured at the linear polarization setting. (b) Dumbbell (cylindrically symmetric
particle). Black solid lines are precession frequencies calculated from the theoretical model including spinning of the dumbbell along its
long axis [30], with ωs=2π (proportional to the spinning rate) shown as a dashed black line.
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libration in the xy plane [38], the coupling between the
different libration modes [39] is responsible for the second
libration mode in the spectrum. Since our detection scheme
is not sensitive to the third libration mode, the frequencyΩ3

is not visible in the libration spectra. To compare our
theoretical prediction with our measurement, we plot the
calculated values for the libration frequencies Ω1 and Ω2

from Eqs. (3a) and (3b) as red lines in the measurement of
the trapped cluster in Fig. 3(a). The required parameters A1

and A2 are defined by the libration frequencies extracted at
P ¼ 1. The theoretical lines trace the observed libration
frequencies remarkably well, demonstrating that our model
correctly captures the rotational dynamics and providing
strong support for our initial assumption that the trapped
object is a cluster without symmetry. In a field with
P < 0.05, the cluster’s libration frequency Ω1 vanishes
as the libration potential is not deep enough to trap the
angle Φ at room temperature. In other words, the orienta-
tion angleΦ undergoes thermally driven Brownian motion.
Let us turn our attention to the dynamics of the trapped

dumbbells. Inspection of Eq. (3c) shows that for an object
of cylindrical symmetry A3 and therefore also Ω3 vanish.
This observation intuitively makes sense, since such a
scatterer can always freely rotate around its long axis.
However, for dumbbells, the libration frequencies as a
function of P, experimentally observed in Fig. 3(b), deviate
significantly from those predicted by Eqs. (3a) and (3b).
As has been pointed out before [23,39], the spinning of
the dumbbell at a stationary rate _Ψ0 around its axis of
symmetry couples the libration modes with frequencies Ω1

and Ω2 into precession modes with frequencies ΩA and ΩB
according to

ðΩA −ΩBÞ2 ¼ ω2
s þ ðΩ1 − Ω2Þ2; ð4Þ

with the coupling rate ωs ¼ μ _Ψ0 and the inertial coupling
constant μ ¼ ðI1 − I3Þ=I1. We interpret the salient libration
features in our data in Fig. 3(b) as the precession frequen-
cies ΩA and ΩB of the dumbbell, and fit their functional
dependence with Eq. (4), whereΩ1 andΩ2 are in turn given
by Eqs. (3a) and (3b). The fit [black solid lines in Fig. 3(b)]
describes our experimental observation very well and yields
a fitted coupling rate ωs, shown as the dashed black line in
Fig. 3(b) [30]. We conclude that the rate of spinning around
the long axis in our experiment reaches _Ψ0 ¼ 2π ×
200 kHz in the regime of unpolarized light P ¼ 0, where
we used the dumbbell’s length-to-diameter ratio of L=D ≈
1.8 [4] to estimate the inertial coupling factor as μ ≈ 0.375.
The actual value of _Ψ0 depends on the friction coefficient
[42] and the applied torque. We will explain the origin of
the torque driving this spinning motion in the next section.
Discussion.—Our results in Fig. 3 demonstrate that the

DOP of the trapping field allows us to control the libration
frequencies of the optically levitated particle. We stress the
fact that for a cluster in a field with vanishing DOP, the

libration frequency Ω1 vanishes. In other words, the cluster
becomes a free rotor regarding its orientation angle around
the optical z axis, while its two axes of largest moment of
inertia (I2 and I3) are harmonically trapped in the xy plane
of polarization. The situation is analogous for the dumb-
bell, whose long axis is harmonically trapped with char-
acteristic frequency ΩB in the focal xy plane in unpolarized
light, while the orientation of the long axis undergoes free
evolution within this plane. Thus, the DOP allows us, for
the first time, to tune the angular motion of a levitated
object from libration at several hundred kHz all the way to
thermally driven Brownian motion. This demonstration is
the main result of this Letter. We discuss the limitations of
this scheme in [30].
Let us now provide an explanation for the torque that

drives the trapped dumbbell into spinning motion around
its long axis. We note that this torque must lie in the focal
plane (which is the plane the dumbbell’s long axis is pinned
to). Strongly focused fields can indeed carry transverse spin
angular momentum [43,44], which gives rise to a torque
when transferred to a particle. In Fig. 4, we illustrate the
transverse part of the spin vector [45] in the focal plane of a
strongly focused y polarized Gaussian beam. The spin is
depicted as arrows whose direction (length) indicates the
spin’s orientation (magnitude). The spin points predomi-
nantly along the positive (negative) x direction in the range
y < 0 (y > 0). To understand how a dumbbell can be
exposed to the transverse spin, we consider a trap com-
posed of two polarization components. The optical power

I(x=0,y)

negative

spin 

positive

spin 

FIG. 4. Illustration of the spatial mismatch between the trap-
ping beam components leading to a dumbbell being trapped in a
region of nonzero transverse spin. A vector plot shows the
transverse spin pattern in the xy plane generated by a y polarized
strongly focused Gaussian beam [46]. Simultaneously, we show
the dumbbell (to scale) trapped in the intensity maximum of an x
polarized Gaussian beam (contour plot) of higher power, dis-
placed by 100 nm from y ¼ 0. On the right we plot the intensity
profile Iðx ¼ 0; yÞ, indicating regions with spin pointing in the
negative and positive x direction.
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of the x component is higher than that of the y component.
Therefore, the x polarized component (whose intensity is
illustrated as a color plot in Fig. 4) determines the position
of the particle’s c.m. and aligns the particle’s long axis
along the x direction. If we displace the x polarized beam
along the y direction then the transverse spin of the y
polarized beam will spin the dumbbell along its long axis,
as experimentally observed. Even though the torque along
the dumbbell’s long axis is very weak, the effect is visible
since the dumbbell is free to rotate along its long axis. We
can compare the maximum value of ωs=2π [reaching
600 kHz, see Fig. 3(b)] to the shoulders flanking the
libration peak forP ¼ 1 due to thermal spinning [which are
approximately 200 kHz apart, see Fig. 2(c)]. From this we
conclude that the maximum torque driving the spinning
motion exceeds the average absolute value of the fluctuat-
ing thermal torque by approximately a factor of 3.
We can thus explain the observed spinning motion of the

dumbbell as a signature of the transverse spin angular
momentum of light in a strongly focused field, together
with an inevitably imperfect alignment between the two
cross-polarized beams forming our trap with tunable DOP.
Effectively the trapped dumbbell locally senses the spin of
an additional light field. Note that, in contrast to dumbbells,
clusters are not driven into rotation along their long axis by
a weak transverse spin of light, since A3 ≠ 0 and the angle
of rotation around the long axis is restrained for P < 1
[see Eq. (3c)].
Conclusions.—We have demonstrated the complete tun-

ability of the libration frequencies of optically levitated
clusters of silica nanoparticles. This tunability is accom-
plished by the DOP and is independent of the c.m. trapping
potential. Our Letter is important for the development of
high-performance nanoscale gyroscopes and for the study
of macroscopic rotational quantum physics [24,47].
Furthermore, we have found that symmetric levitated rotors
respond to optical torques not only perpendicular, but also
parallel to their long axis. This feature may allow address-
ing open questions on gas friction for rotating bodies [42]
and holds promise to enable the full characterization of
three-dimensional Stokes parameters [11,48–50].
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