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Coupling between mesoscopic particles levitated in vacuum is a prerequisite for the realization of a large-scale array of
particles in an underdamped environment as well as potential studies at the classical–quantum interface. Here, we
demonstrate for the first time, to the best of our knowledge, optical binding between two rotating microparticles
mediated by light scattering in vacuum. We investigate autocorrelations between the two normal modes of oscillation
determined by the center-of-mass and the relative positions of the two-particle system. The inter-particle coupling, as a
consequence of optical binding, removes the degeneracy of the normal mode frequencies, which is in good agreement
with theory. We further demonstrate that the optically bound array of rotating microparticles retains their optical
coupling during gyroscopic cooling, and exhibits cooperative motion whose center-of-mass is stabilized.
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1. INTRODUCTION

A central theme in levitated optomechanics is the trapping and
control over all the degrees of freedom of mesoscopic particles
levitated in vacuum. Such particles offer unprecedented opportu-
nities for studies at the classical–quantum interface, enabled
by the absence of direct dissipation and any physical contact.
One of the primary goals is to bring an optically levitated particle
to the quantum ground state by cooling its center-of-mass (CoM)
motion via the light momentum transfer from the incident light
field to the trapped particle [1–3]. Though yet to be attained,
recent advances have shown a number of cooling mechanisms
at play, and sub/millikelvin temperatures have been reached
[4,5]. Importantly, such nano- and micromechanical oscillators
exhibit high quality (Q)-factors, offering a force sensitivity of
20 zNHz−1∕2, which is sufficient to sense ultra-weak interactions,
such as non-Newtonian gravitational forces [6,7].

While the majority of studies have focused on linear optical
momentum transfer through radiation pressure, we have previ-
ously shown the transfer of spin angular momentum (SAM) to
a trapped birefringent microparticle, “vaterite” in vacuum record-
ing rotation rates of up to 10 MHz [8]. By including the rota-
tional degrees of freedom, we have observed the effective cooling
of microparticles through the gyroscopic effect in the absence of
any “active” feedback method [8], in contrast to other recent stud-
ies [4,5]. Furthermore, a nanomechanical rotor with remarkably

high-Q has been demonstrated by optically levitating a silicon
nanorod and periodically driving its rotation with circularly
polarized (CP) light [9]. The nanorod’s motion is frequency
locked to the periodic drive, resulting in ultra-stable rotations,
with a stability close to that of the drive [10].

For a number of key studies, such as multiparticle entangle-
ment and vacuum friction [11,12], the ability to individually trap,
move, and rotate multiple particles at close proximity from one
another in vacuum is essential with complete freedom over the
transfer of both linear and SAM to each individual particle
and ability to vary the inter-particle spacing. Recently, we have
demonstrated the appropriate geometry for such a system using
a spatial light modulator (SLM) [13]. By trapping and
rotating two vaterite microparticles, we observed intensity modu-
lation of the scattered light at the sum and difference frequencies
with respect to the individual rotation rates. However, the key
step is to conclusively demonstrate that the two particles interact
and that their dynamical motion is inherently linked through a
process known as optical binding [14–17]. This is what we
present here with clear evidence of the optical coupling (binding)
of two such trapped particles in vacuum, each acting as a har-
monic oscillator. In our particular study, we make use of two ro-
tating vaterite microparticles placed in close proximity to one
another.
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The reason to explore the optical binding of rotating aniso-
tropic vaterite particles is twofold: first, if the particles are
non-rotating, the resulting light scattering, which generally
contains isotropic and anisotropic contributions, and associated
optical binding will be anisotropic and depend on the relative
orientation of the axes of the two birefringent particles (see
Supplement 1, note S1 and Fig. S1, and Visualization 1). In con-
trast, for rotating particles, the anisotropic contribution of the
scattered light can vanish upon temporal averaging, so that the
particles act effectively as isotropic particles from the perspective
of optical binding (see Supplement 1, note S1 and Fig. S2, and
Visualization 2). Treating the rotating particles as effectively iso-
tropic is valid as long as the rotation frequency far exceeds the
frequencies associated with the effective optical binding.
Second, a rotating body offers inertial stiffness, so the particles
act as micro-gyroscopes, which prevents the particle instabilities
that have been typically observed in optical traps operating at low
pressures [7,18]. This allows us to operate in vacuum without a
need for active feedback schemes.

Although considerable effort has been made in developing op-
tically coupled oscillators [19,20], such studies to date are based
on a clamped resonator, which imposes limits to thermalization
and routes for decoherence. In this paper, we demonstrate optical
binding between two rotating vaterite microparticles at close
proximity and levitated in vacuum. The aerodynamic cross-cou-
pling is greatly diminished when the mean-free-path (λmfp) of the
surrounding gas molecules becomes larger than the particle size
and approaches the inter-particle separation. At this gas pressure,
the cross-coupling is entirely mediated by light scattering. We in-
vestigate autocorrelations between the two normal modes of
oscillation, which are determined by the CoM and the relative
positions of the two-particle system. Our theoretical model pre-
dicts that the coupling removes the degeneracy of the normal
mode frequencies, which are measured by experiment and deter-
mine the cross-force coefficient. Furthermore, the optically bound
array of rotating microparticles exhibits cooperative motion
whose CoM is stabilized by gyroscopic cooling. Such an optically
coupled and cooled array of micro-gyroscopes in levitated opto-
mechanics may provide a future route for exploring multiparticle
entanglement and quantum friction.

2. METHODS

A. Sample Preparation

The synthesis of vaterite crystals and the protocol for micropar-
ticle levitation are described elsewhere [21,22]. Vaterite is a pos-
itive uniaxial birefringent material with a spherical morphology.
The particles have a mean radius of 2.2 μm� 0.02 μm (2σ) and
a surface roughness of 27.6 nm (2σ).

B. Experimental Setup

We trap and rotate two vaterite microparticles with two CP beams
(continuous wave 1070 nm) in air (∼103 mBar). A holographic
optical tweezers based on an SLM allows individual intensity con-
trol and three-dimensional positioning of two traps. Independent
polarization control of traps is also achieved by generating beams
of orthogonal polarization states that are subsequently combined
at a polarizing beam displacer (PBD, Thorlabs, BD27) [13].
Crucially, the magnitude of the trapping forces in the lateral di-
rection (xy plane) is much larger than the optical binding forces to

assure the particles do not escape from their traps. The trap
stiffness κ, however, is small enough to analyze the optical binding
strength ξ. In order to meet these criteria, the optical power is
maintained at a low level 25 mW, which is measured at the back
aperture of the microscope objective (transmission 58% at
1070 nm) and is equally shared between the two trap sites,
throughout the measurements. The chamber pressure is gradually
reduced from atmospheric pressure to 10−2 mBar, so that both
particles are rotating at rates (≥ 20 kHz), greater than their trap
frequencies (∼0.66 kHz).

C. Detection Scheme

In order to simultaneously record the CoM positions of two par-
ticles, we use a fast CMOS camera (Mikrotron, EoSens MC1362)
with a frame rate of 3493 fps synchronized with nanosecond laser
pulses of 532 nm. This allows obtaining stroboscopic images of
the two fast-rotating particles over a period of 1 s with a band-
width of 1747 kHz, which is greater than the trap frequency typ-
ically ∼0.66 kHz (see Visualization 3 rendered at 25 frames/s
(fps) from 3493 fps). CoM positions of each particle are sub-
sequently analyzed at each frame to determine the two normal
modes of oscillation. While the CMOS camera captures the trans-
lational motion, fast photodiodes (Thorlabs Inc., DET10C,
InGaAs) are used to record the forward scattered light intensity
from the two particles with a bandwidth >500 kHz. This allows
tracking their rotational and translational motion simultaneously
when reducing the chamber pressure. Due to the rotational
Doppler effect, we observe modulation frequencies at twice the
rotation rates, 2f r1 and 2f r2, of each particle [8]. In practice,
f r1 and f r2 are also detected because of the variation in the
photodiode signal induced by a small optical asymmetry on
any given particle.

3. THEORY

In order to model the correlated motion between two optically
bound microparticles, we employ the theoretical approach of
Meiners and Quake [23] and Bartlett et al. [24], which includes
the hydro-/aero-dynamic coupling between the particles, and we
extend the theory to include the optical coupling between the par-
ticles in the underdamped case [25]. The optical binding scheme is
shown in Fig. 1, where the two identical spheres (with mass of m
and radius of a ) are levitated by a pair of trapping beams propa-
gating along the z axis. Transverse optical binding (along the x axis)
perpendicular to the trapping beams is assumed to arise from the
light scattering by the two particles, which causes the radiation
pressure from one particle to the other and modifies each trapping
potential. The spheres of radius a are taken to have an equilibrium
particle separation R, and we label the deviations of the sphere cen-
ters from their equilibrium positions along the x axis by xj�t� where
j � 1, 2 refers to each of the particles.

As alluded to in the introduction, we assume that the micro-
particles are rotating sufficiently rapidly that they may be treated
as isotropic from the perspective of optical binding. Then further
assuming that the micro-gyroscopes are tightly bound in the plane
perpendicular to the beam propagation axis due to the light scat-
tering, we hereafter concentrate on the longitudinal motions
along the x axis. Adopting the notation of Bartlett et al. [24],
the Langevin equations of motion for small amplitude sphere dis-
placements including the inertial terms for the underdamped case
can be written in matrix form as
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��
f 1�t� − κx1 � ξx2
f 2�t� − κx2 � ξx1

�
, (1)

where A11 � 1∕�6πμa� and A12 � 1∕�4πμR� are the longi-
tudinal mobility factors with μ the residual gas viscosity. Here,
f j�t� are noise sources with correlation functions

hf j�t�i � 0, (2)

hf i�τ1�f j�τ2�i � 2δijλjkBT δ�τ1 − τ2�, (3)

which represent the fluctuating forces acting on the microparticles
due to Brownian and other noise sources, e.g., beam pointing
fluctuations, at effective temperature T .

The force terms proportional to the spring constant κ ≥ 0 re-
present the direct force on a chosen sphere when that sphere is
displaced while the other sphere is held fixed, and the force terms
proportional to ξ describe the cross-force that arises on the
chosen sphere at its equilibrium position when the other sphere
is displaced. The force acting on a given sphere, e.g., sphere 1, is
composed of two components along the x axis: a gradient force
directed towards the beam focus, and a cross-force arising from
the scattered light field caused by sphere 2 (see Fig. 1). Thus, the
cross-force coefficient ξ is positive when longitudinal optical
binding arises from the inter-particle scattering of the two spheres
at close proximity. Balancing of these two forces (gradient and
coupling) results in the equilibrium separation for the two opti-
cally binding spheres. If sphere 2 is displaced from its equilibrium
position, the scattered light field amplitude produced by sphere 2
will be modulated. Consequently, sphere 1 will move its position
to equilibrate the gradient and scattering forces along the x axis.
The cross-force thus tends to correlate the motions of the two
spheres.

To proceed, we introduce the normal mode coordinates for the
CoM and the relative motion as X 1 � �1∕ ffiffiffi

2
p ��x1 � x2� and

X 2 � �1∕ ffiffiffi
2

p ��x1 − x2�. Based on the Langevin equations of
motion for small amplitude sphere displacements, including
the inertial terms for the underdamped case, we obtain the
common harmonic oscillator form

d 2X j

d t2
� Γ

dX j

d t
� ω2

j X j �
�

F j

mA11

�
, j � 1, 2, (4)

where the damping coefficient Γ � 1∕mA11, and the oscillator
frequencies

ω2
1 � ω2

0

�
1 −

�
ξ

κ

��
�1� ϵ�, (5)

ω2
2 � ω2

0

�
1�

�
ξ

κ

��
�1 − ϵ�, (6)

with ω2
0 � κ∕m, and ϵ � A12∕A11 � 3a∕�2R�. The theory

developed here should be valid if the microparticle rotation rates
are much larger than these oscillation frequencies ω1,2. These
equations indicate that in the underdamped case, the two normal
modes will experience the same damping but have different
oscillation frequencies. In the extreme underdamped regime
Ωj ≫ Γ∕2, we can approximate Ωj � ωj, which leads to the cor-
relation functions

hX j�t1�X j�t2�i �
λjkBT

m2A2
11Ω2

j Γ
cos�Ωjjt1 − t2j�e−Γjt1−t2j, (7)

where the frequencies Ωj and the damping rate Γ may be deter-
mined from the experiment. Dividing Eqs. (5) and (6), and using
Ωj � ωj applicable to the low pressures of the experiment, and
rearranging, we obtain

ξ

κ
� ��1� ϵ�∕�1 − ϵ� − Ω2

1∕Ω2
2�

��1� ϵ�∕�1 − ϵ� �Ω2
1∕Ω2

2�
: (8)

Thus, determining the normal mode frequencies from the experi-
ment allows us to calculate the ratio �ξ∕κ�, and hence the cross-
force coefficient ξ if κ is measured for a single trapped particle.

4. RESULTS AND DISCUSSION

In practice, when two particles are trapped and rotating in vac-
uum at the same optical power, the rotation rate of each particle
can be different, depending on the particle size and mass, which
alters the axial position of the particle along the beam axis. This
variant modulates the optical torque as well as the Stokes drag
torque acting on each particle, which yields different rotation rates
typically within a factor of two. The beam separation R can be as
small as 6.4 μm, which equates to a distance of 2 μm between the
equators of the two particles, without loss of either of the particles
from their trap sites at atmospheric pressure. This minimum
distance, however, is dependent on the damping rate of the
residual gas molecules. In order to avoid a loss of particles in
vacuum, the beam separation is controlled within a range
of 8 μm ≤ R ≤ 11 μm. See Section 2 (Methods) for details.
Visualization 3 [rendered at 25 fps from a measured frame rate
at 3493 fps] shows two trapped vaterite microparticles
(a � 2.2 μm) with R � 9.8 μm at a vacuum pressure of
0.081 mBar. These particles are co-rotating at a rate ≥ 20 kHz.

Fig. 1. Schematic showing the two normal modes of the bound array.
(a) Stroboscopic image of two vaterite microparticles optically levitated
and rotated in vacuum. The scale bar shows 5 μm. (b) The two normal
modes of the bound array are depicted in the graphic, where R is the
equilibrium particle separation of the particle centers, and x1,2 indicate
small displacements from the equilibrium position of the two particles
along the x axis. The dashed line represents the potential related to
the CoM motion of the two-particle system. The spring between the
two spheres indicates the optical cross-interaction between the particles,
the relative motion of them within the system. (c) The array is formed by
the two foci of the trapping laser beams of 1070 nm propagating along
the z axis within a range of the inter-particle separation
(8 μm ≤ R ≤ 11 μm).
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A. Cross-Force Constant

Figure 2(a) shows the two normal modes of X 1 �
�1∕ ffiffiffi

2
p ��x1 � x2� and X 2 � �1∕ ffiffiffi

2
p ��x1 − x2� for the CoM

(green) and the relative motion (red) of the two particles trapped
with an inter-particle separation R � 9.8 μm at a chamber pres-
sure P � 0.081 mBar, at which pressure λmfp � 0.428 mm of
the residual gas molecules is more than two orders of magnitude
greater than the particle radius a and the separation R. At this gas
pressure, aerodynamic coupling between the two particles is pro-
gressively diminished, and optical coupling is the primary cause of
binding. Autocorrelation functions of each normal mode are com-
pared in Fig. 2(b), where they decay at nearly the same rate but
exhibit different oscillation frequencies [Figs. 2(c) and 2(d)]. The
power spectra of each autocorrelation function X 1 and X 2 indi-
cate their normal mode frequencies of F 1 � 729.2 Hz and
F 2 � 791.2 Hz, respectively. It is rather straightforward to obtain
ξ∕κ by substituting these frequencies in Eq. (8), where Ωj �
2πF j ( j � 1, 2), which yields ξ∕κ � 0.40. This means that
the binding force constant is 40% of the trap stiffness of each
particle.

B. Trap Stiffness

Based on the equipartition theorem, the trap stiffness of each par-
ticle is obtained by κ � kBT ∕hσ2i, where kB is the Boltzmann
constant, T the temperature, and hσ2i the mean square
displacement or σ the standard deviation of the particle position
distribution. Supplement 1, Fig. S3(a) shows the CoM position
fluctuations of x1 (green) and x2 (red) from their equilibrium
positions, where we obtain σ1 � 34.4 nm and σ2 � 42.4 nm
for each particle (see also Supplement 1, note S2). Previously,
we have determined the absorption coefficient of vaterite, which
is 1.59 × 10−5 for a particle with a radius of 0.42 μm, which leads

to the temperature rise of 4.2°CW−1 [22]. It is reasonable
to assume that T � 296 K kept at room temperature, given
the optical power of ∼7 mW at each trap site. Substituting σ
and T , we obtain κ1 � 3.51 pNμm−1 and κ2 � 2.30 pNμm−1,
respectively. As ξ∕κ � 0.40 in this experimental system, the bind-
ing force coefficient for each particle is ξ1 � 1.4 pNμm−1,
and ξ2 � 0.92 pNμm−1.

C. Rotational Dynamics

By trapping and rotating two vaterite particles in close proximity
in vacuum, we have observed inter-particle interactions, in the
form of sum and difference frequency mixing, encoded onto
the scattered light originating from the rotation of each particle
[13]. As the particles rotate, their form asymmetries and
optical anisotropies modulate, at the rotation frequency and
its harmonics, the incident light field akin to a macroscopic
Raman effect. Multiple scattering between the two particles fur-
ther delivers a heterodyne signal, which displays the variety
of parametric resonances that are observed in the previous
experiment [13].

Figure 3(a) shows the power spectral density (PSD) of the in-
cident light field scattered by two rotating microparticles with
R � 9.8 μm at P � 0.081 mBar. We identify all the individual
frequencies of rotational and translational motion of each particle
with the aid of stroboscopic images acquired by the fast CMOS
camera [see Subsection 2.C (Detection Scheme)]. It is evident
that rotational frequencies f rj ≥ 20 kHz are more than 30 times
larger than the translational frequencies f j ≥ 0.66 kHz. In such
case, the anisotropic light scattering due to birefringence is time-
averaged, and the particles are effectively isotropic from the view-
point of optical binding (see Supplement 1, note S1 and Fig. S2).
Figure 3(b) shows an expanded view of the power spectrum in the
frequency range from 10 kHz–100 kHz showing the rotational

0 0.01 0.02 0.03 0.04 0.05
−0.5

−0.25

0

0.25

0.5

Time (s)

P
os

iti
on

 (µ
m

)

P = 0.081 mBar

X
1

X
2

(a)

0 0.01 0.02 0.03 0.04

−1

−0.5

0

0.5

1

Time (s)

N
or

m
al

iz
ed

 a
ut

oc
or

re
la

tio
n (c)

0 0.05 0.1 0.15 0.2

−1

−0.5

0

0.5

1

Time (s)

N
or

m
al

iz
ed

 a
ut

oc
or

re
la

tio
n X

1

X
2

(b)

(c)

500 600 700 800 900 1000
0

0.05

0.1

0.15

0.2

Frequency (Hz)

P
S

D
 (

V
2 H

z−
1 )

X
1

X
2

(d)

F1 = 729.2 Hz
F2 = 791.2 Hz

Fig. 2. Two normal modes of the bound array and each autocorrelation function. (a) Position fluctuations for the CoM normal mode
X 1 � �1∕ ffiffiffi

2
p ��x1 � x2�, and the relative normal mode X 2 � �1∕ ffiffiffi

2
p ��x1 − x2�. (b) Normalized autocorrelation functions for X 1 (green) and X 2

(red). (c) An expanded view of (b) in the range of 0 s ≤ t ≤ 0.04 s. (d) Power spectral densities of X 1 and X 2 around their normal mode frequencies.
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frequencies f r1, f r2 of each particle and their second harmonics
2f r1, 2f r2 and the difference frequency generation (DFG) sig-
nal 2jf r1 − f r2j.

We further investigate a series of power spectra obtained from
two rotating microparticles at different residual gas pressures in
the range of 100 mBar–10−2 mBar, which is corresponding
to the damping coefficients Γ�P� � 8πμ�P�r3. Here, μ�P� de-
notes the viscosity and is measured using a single vaterite particle
with the same radius (a � 2.2 μm), rotating at a terminal
rate f r�P�. At this rotation rate, we have μ�P�f r�P� �
f r�Pair�μ�Pair� with μ�Pair� � 18.2 × 10−6 Pas the viscosity of
air. Figure 3(c) shows the rotational mode frequencies of the
two particles, namely, f r1, f r2, 2f r1, and 2f r2, and the DFG
signal 2jf r1 − f r2j, all of which are tracked at each power
spectrum at different damping coefficients, and are increasing
at the same rate as the chamber pressure is reduced.

D. Aerodynamic Coupling

The DFG is determined by the relative rotation rate of the two
particles. If the particles are independent of each other and their
rotation rates are dependent solely on the damping rate Γ
of the surrounding gas molecules, the normalized DFG signal
2jf r1 − f r2j∕f̂ r, where f̂ r � �f r1 � f r2�∕2 is the mean rotation
rate, must be constant over any Γ. The deviation from a constant
value indicates inter-particle interactions such as binding [13].
Figure 3(d) shows the normalized DFG (blue circles) and the ratio
of the cross-force coefficient ξ to the trap stiffness κ (orange
circles) over a wide range of Γ. Interestingly, there appears a kink
at a pressure around 1 mBar in the normalized DFG. This is due

to mechanical couplings between the translational and rotational
degrees of freedom of the trapped particles when the rotational
frequency f rj is resonant with the fundamental trap frequency
f j (a driven oscillator resonance) and with the second harmonic
2f j (a parametric resonance), where j � 1, 2 denotes the individ-
ual particles [8]. In this regime, both traps are unstable (i.e., T ≫
296 K while κj�1,2 remains the same) due to these resonant ex-
citations of the trapped particles. Beyond this transition, ξ∕κ de-
creases from 0.43 to 0.40 with a decrease in Γ from 10−4 pNμms

to 10−6 pNμms (over two orders of magnitude).
In Eq. (8), ξ∕κ depends both on the aerodynamic coupling (ϵ)

and the optical binding (Ω1∕Ω2) terms. It is assumed in the theory
that the two particles have the same mass m and hence the same
value of Γ � 1∕A11, which results in a constant value of
ϵ � 3a∕�2R�. However, this is not the case in general, as
m1 ≠ m2, which leads to slightly different damping rates Γj �
�m∕mj�∕A11 in Eq. (8), where j � 1, 2, and the mass is redefined
as m � �m1 � m2�∕2, and would reflect the weak dependence
of ξ∕κ on Γ. In the underdamped case, however, it is possible that
ϵ can be negligible, and Ω1∕Ω2 determines the total binding force.
Assuming κ remains constant over the Γ range examined, the frac-
tional change in ξ∕κ indicates a weak dependence of ξ on the aero-
dynamic coupling through residual gas molecules.

Although relatively minor compared to optical coupling, the
rate of the aerodynamic coupling clearly depends on Γ. We fur-
ther investigate the change in the relative position of the two
trapped particles at different Γ to understand its mechanical effect
(see Supplement 1, note S3 for details). Supplement 1, Figs. S4,

(a) (b)

(c) (d)

Fig. 3. Rotational and translational dynamics and ξ∕κ of two rotating particles with a � 2.2 μm and with R � 9.8 μm at P � 0.081 mBar. (a) Power
spectrum of the two rotating particles exhibiting their translational and rotational mode frequencies. (b) An expanded view in the frequency range of
10 kHz–100 kHz showing the two rotational frequencies of f r1, f r2 and their second harmonics 2f r1, 2f r2 together with their DFG signal 2jf r1 − f r2j.
(c) Rotational mode frequencies of the two particles for different damping coefficients Γ. (d) Normalized DFG signal 2jf r1 − f r2j∕f̂ r and ξ∕κ. The
dashed lines in (c) and (d) mark the parametric resonances between the rotational and translational motion of the particles.
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S5 indicate that the mean particle separation R � 9.8 μm
changes within a range 9.65 μm ≤ R ≤ 9.9 μm over pressures
from sub-atmospheric 100 mBar to 10−2 mBar. Intriguingly, R
exhibits its maximum at around 1 mBar, at which pressure both
traps are in the parametric resonance regime. Beyond this pres-
sure, the mean R decreases as the aerodynamic coupling or
binding diminishes with the further decreasing Γ, where
λmfp ≫ a ≈ R.

E. ξ∕κ and Particle Displacement

Optical binding can exhibit a long-range interaction force be-
tween microparticles [26]. It is intriguing to determine ξ∕κ as
a function of the inter-particle separation R. In this experiment,
the chamber pressure is maintained at 0.037 mBar while changing
the inter-particle separation in the range of 8.8 μm ≤ R ≤
10.8 μm by modulating the lateral position of one of the trapping
beams using an SLM. Figure 4(a) shows ξ∕κ (blue circles) and the
particle displacementΔd (green triangles) at different particle sep-
arations R. By assuming that the trap stiffness κ remains constant
for small displacements Δd , the cross-force constant ξ decays with
the particle separation R, which is the same behavior as observed
for Δd. It is evident that the particle displacement Δd increases
with the binding force constant ξ. Here we note that ξ akin to κ is
not the force per se but the spring constant for the cross-force for
small displacements Δd from a stable equilibrium inter-particle
separation Re and is always a positive quantity with units of
pNμm−1. ξ∕κ does not oscillate with R as the equilibrium sepa-
ration Re is changed. In contrast, the restoring force is measured
for small displacements Δd only from a certain equilibrium inter-

particle separation Re where the force is zero. In this case, the
restoring force oscillates withΔd due to the lateral optical binding
force [27].

The particle displacement induced by optical binding can
alter the optical torque on the rotating particles. Figure 4(b)
shows the rotation frequencies of �f r1, 2f r1� and �f r2, 2f r2�
of each particle, depending on the residual gas pressure. These
rotational mode frequencies scale inversely with the gas pressure
P [8,28]. When one of the rotating particles leaves the trap at
P � 0.037 mBar, the rotation rate of the remaining particle
has increased by 2.73 kHz (�5.9%) from f r2 � 46.39�
0.05 kHz �2σ� to f 0

r2 � 49.12� 0.05 kHz �2σ�. This is due
to the fact that the remaining particle has restored its original po-
sition at the center of one of the trapping beams, where the field
strength is larger than that at the position of the particle by the
presence of the other particle. It is evident that the rotational and
translational degrees of freedom of the trapped particles are
coupled to the modified light field due to optical binding.

F. Gyroscopic Cooling and Optical Binding

Previously, we have demonstrated that rotational degrees of free-
dom of a levitated microparticle can offer a unique potential for
cooling itself without any active feedback scheme [8], in contrast
to previous experiments [4,5]. Akin to the motion of a spinning
top, a rotating body offers inertial stiffness, which prevents the
body from drifting from its desired orientation. As a result, this
rotating sphere acts like a micro-gyroscope, stabilizing itself
around the axis of rotation, in effect cooling the sphere to 40 K
with respect to its CoM, where the CoM temperature T is
deduced from the particle’s Brownian dynamics.

We now progress to investigate if two rotating and optically
bound particles may be cooled co-operatively as a two-particle sys-
tem and still retain their optical coupling. We study the integral
of the PSD S�f � of the forward scattered light from the two
trapped and rotating particles, which ismeasured by the fast photo-
diodes [see Subsection 2.C (Detection Scheme)]. This quantity is
proportional to the mean square displacement of the particle hσ2i
and depends only upon trap stiffness κ and temperature T [8]:Z

∞

−∞
S�f �df � hσ2i � kBT

κ
. (9)

This is a well-established means of determining κ and T [8].
Crucially, the trap stiffness κ linearly scales with optical power
P, which is maintained at 25 mW (shared by the two traps)
throughout this experiment while reducing the residual gas pres-
sure from atmospheric pressure 103 mBar to 10−2 mBar. The
CoM motion T of the two-particle system is calibrated by asso-
ciating with the integral of the PSD measured at normal temper-
ature (296 K) and pressure (103 mBar) or at NTP.

Figure 5(a) shows a series of power spectra of the incident light
field scattered by two rotating particles (with an inter-particle sep-
aration R � 9.8 μm) measured at different residual gas pressures,
each of which presents different rotation rates and PSDs. We
monitor the CoM motion T of the two-particle system by inte-
grating the PSD as a function of the mean rotation rate of the
two particles [see Fig. 5(b)]. Due to parametric resonances, the
two-rotating-particle system is heated up to 480 K (or becomes
unstable) at around a pressure of 1 mBar [8]. Importantly, rota-
tion stabilizes the traps and maintains the particles within their
traps through this resonant transition. Beyond these resonances,
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Fig. 4. Particle displacement and rotational frequency shift induced by
optical binding. (a) ξ∕κ and particle displacement Δd as a function
of R at P � 0.037 mBar. Inset images show the particle displacement
Δd induced by the presence of the other particle with R � 9.8 μm.
(b) Rotational frequencies of the two rotating particles at different
residual gas pressures. The frequency shift is induced at 1∕P �
26.9 mBar−1 (dashed line) by removing one of the particles. Inset images
indicate the regimes of two-particle and single-particle systems.
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T is seen to decrease, reaching a minimum value of 43 K at a
mean rotation rate of f̂ r � 87 kHz corresponding to a back-
ground pressure of 10−2 mBar. This is a similar cooling rate
for a single rotating particle [8].

One can understand the cooling of the two-rotating-particle
system as the composition of the two individual rotating particles,
which are individually cooled due to the gyroscopic effect.
However, these two particles are no longer individual, as they
are optically bound and exhibit cooperative motion. This repre-
sents the first demonstration of a multi-particle system whose
CoM motion is cooled via the gyroscopic effect. We note that
it is possible to perform the experiment at a lower pressure down
to 10−3 mBar with the current system [13], where optical binding
and gyroscopic cooling will be maintained. Beyond that pressure,
however, thermal nonlinearities may lead to particle instability, or
heating may lead to particle loss [7]. This may limit the gyro-
scopic cooling (T ≥ 40 K) and may require a feedback scheme
for further cooling [4,29]. A more detailed future study will ex-
plore the interplay between binding and cooling of two or more
microparticles to see the exact influence of each particle upon
the other.

G. Electrostatic Forces

Finally, we briefly discuss electrostatic forces between charged
microparticles compared to optical binding forces. Dielectric
microparticles levitated in air/vacuum typically carry one to three
elementary charges [30]. Here, we assume that the same number

of N electrons Ne are evenly distributed on the surface of each
vaterite microparticle (a � 2.2 μm) with an inter-particle separa-
tion R � 9.8 μm. In an exaggerated case with N � 10, the
Coulomb force between two microparticles is 0.23 fN. We have
measured the mean binding force constant ξ̂ � 1.16 pNμm−1 �
0.05 pNμm−1 �2σ� [see Subsection 4.B (Trap Stiffness)] and the
particle displacement Δd � 0.33 μm� 0.03 μm �2σ� [see
Fig. 4(a)] for R � 9.8 μm, which yields 0.38 pN�
0.05 pN �2σ�. This optical binding force is more than three
orders of magnitude larger than the Coulomb force (0.23 fN)
between particles, carrying 10 charges each. Thus, the electro-
static forces are negligible in the present regime.

5. CONCLUSIONS

Optical binding of mesoscopic particles levitated in vacuum can
pave the way towards the realization of a large-scale quantum
bound array in cavity-optomechanics. Here we have demon-
strated for the first time, to the best of our knowledge, an optically
bound array of two micro-gyroscopes mediated by light scattering
in vacuum. We have investigated autocorrelations between the
two normal modes of oscillation, which are determined by the
CoM and the relative positions of the two rotating microparticles.
The inter-particle coupling removes the degeneracy of the normal
mode frequencies, which is underpinned by theory. Furthermore,
the optically bound array of two rotating microparticles exhibits
cooperative motion whose CoM is stabilized by gyroscopic
cooling.

We note that there are a number of experiments that our work
can facilitate, which can be performed without the preparation of
the particle in the quantum ground state. Quantum (or vacuum)
friction is a prominent example of such a study [12]. Such an
optically bound and cooled array of micro-gyroscopes may pro-
vide a platform for exploring multiparticle dynamics in under-
damped systems close to the classical–quantum boundary.
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