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Abstract
We perform an experimental and theoretical

investigation of the simultaneous optical trapping and
rotation of spherulite-like chiral microparticles. The
coupling of linear and angular momentum, mediated by
the light spin and the microparticles chiral reflectance,
allows for fine tuning of chirality-induced optical forces
and torques. This offers novel tools for optomechanics,
optical sorting and sensing, and optofluidics.

1 Introduction
The development of optical tweezers [1] (OT) brought

to the exploitation of optical forces and torques in several
areas as biophysics, nanotechnology, complex fluids,
microrheology and microfluidics [2]. In particular, several
methods have been used to induce optically controlled
rotations and alignment [3]. In optical manipulation
experiments, the radiation forces and torques exerted by a
circularly polarized (CP) beam are generally decoupled.
However, recent experiments involving chiral particles
have demonstrated the occurrence of polarization-
dependent radiation forces, opening a route for chiral
optomechanics [4,5].

In this work, we measure optical trapping forces and
torques on left-handed (L-)chiral microparticles. We
optically trap spherical, non-absorbing, spherulite-like
solid microparticles obtained by photopolymerization of
cholesteric liquid crystal (CLC) droplets (see Figure 1).
Correlation function analysis is used to measure
polarization-dependent trapping forces and torques
originating from the coupling between the transferred
linear momentum (LM) and angular momentum (AM).
From the ratio between the transverse trapping force
constants of the two light CP states and rotation frequency
measurements, we infer the onset of chirality-controlled
photonic effects that occur for specific ratio between the
particle radius and the inner helical pitch.

2 Optical trapping of chiral microparticles.
Chiral mirrors have been developed employing chiral

materials such as Cholesteric Liquid Crystals (CLC) to
provide additional degree of freedom for the design
processes via the chirality parameter. Such CLC mirrors

work differently from standard ones. In fact, depending on
the left or right handed chiral structure of the CLC
material, they display circular Bragg reflection, i.e., CP
light having the same handedness of the chiral
arrangement (parallel spin) and wavelength inside a
specific photonic band gap, is reflected maintaining
unchanged its spin state, while light having opposite
handedness (antiparallel spin) is transmitted unaffected.
This feature allows the transfer of angular momentum
upon reflection from the chiral mirror.

Optical trapping experiments are conducted using
spherical polymeric particles with spherulite-like
arrangement in which the inner structure consists of
supramolecular helices originating from the centre (see
Figure 1). The molecular director spontaneously twists
about a direction perpendicular to the long molecular axis
with a pitch, p, defined as the distance over which the
director rotates 2. This helicoidal arrangement leads to
Bragg reflection for light propagating along the helical axis
and wavelength within the stop band (Fig. 1a, inset).
Reflectance depends on the microparticles radius R0.

Optical trapping is carried out at different wavelengths
(=830 nm and =785 nm), both of them fulfilling the
selective reflection condition. The optical forces and
torques on trapped particles are measured by detecting the
thermal fluctuations and light-induced rotations by back
focal plane interferometry on a quadrant photodiode
(QPD). The particle tracking signals are then processed by
correlation function analysis [3]. The autocorrelation
functions (ACFs) of the signals give a full account of the
particle translational and rotational motion in the optical
trap. In fact, thermal positional fluctuations of the trapped
particle are described by a Langevin equation [3] and yield
a single exponential decay in the ACFs. Moreover,
rotations about the z-axis appear on the transverse
fluctuating signals on the QPD, yielding a cosinusoidal
modulation in the transverse ACFs [3]. Thus we have:

         BeTkAC i
iBii cos/ (1)

where i=i/ (i=x,y,z) are relaxation frequencies related to
the trap spring constants i and viscous translational
damping 06 R  , with =1.002 mPa s for water at 20

ME-11.1



LASER-LIGHT AND INTERACTIONS WITH PARTICLES AUGUST 25-29TH, 2014, MARSEILLE, FRANCE

°C. For rotating particles, the fit of ACFs with Eq. 1 gives a
direct measurement of the particle rotational frequency, ,
which is used to evaluate the averaged optical torque
transferred to the trapped particle. Since  is set by the
equilibrium between optical and rotational drag torques,
the optical torque modulus, rad , is equal to the rotational
drag torque on a sphere rotating in a fluid at low Reynolds
number,  3

08 Rdrag  [6].

Figure 1. a, Calculated reflection, R+, from an L-chiral layer
with pitch p and variable thickness, d (Eq. 2) and  measured
transmission spectrum of a polymerized CLC film for linearly
polarized light and a thickness 20 m (inset). The dashed lines
are trapping wavelengths used in the optical trapping
experiments. b, Sketch of a polymeric particle with spherulite-
like (radial) configuration of the helical structure. c, Optical
microscope image of the particle between crossed polarizers.

The dynamics of about twenty different micro-particles,
trapped by right-handed CP (RCP) and left-handed CP
(LCP) light, has been investigated as a function of their
size. We observe that for RCP light, the particles are
always trapped independently of their size and do not
rotate. When the polarization state of the trap is switched
to LCP, a size dependent behaviour occurs. In particular,
the particles with R0 >2 m are expelled from the trap;
when R0 <1 m they are trapped and do not rotate. For
1<R0<2 m the micro-particles are trapped and
simultaneously rotate. Thus, depending on the particle
size, two main phenomena originate from the interaction
between chiral particles and light carrying spin angular
momentum (SAM). The first one is related to the optical
forces, that can be attractive or repulsive depending on the
light spin state. The second one is related to the optical

torque that originates from chirality mediated transfer of
SAM.

We acquired five tracking signals for each trapped
particle and each polarization state, averaging the results
on all measurements made for each particle. In particular,
by applying ACFs analysis to each tracking signals we get
the transverse optical force constants for each spin state, +

(LCP) and - (RCP). Thus, the change in the averaged
transverse force constant, 2/)(   yx  , is obtained as
a function of particle radius.

Figure 2a shows the ratio 
  / as a function of the

particle radius normalized to the trapping wavelength.
This gives a direct evidence of the coupling between spin
and optical trapping forces. In fact, as the particle radius
grows and the selective reflectance increases, the trapping
force constants  lowers with respect to  due to the
consequent increase of the scattering force. In particular,
for particles with 1/0 R (corresponding to R0 < 1.6 p)
the chiral structure is just formed or even absent. Thus, the
reflectivity R+ is negligible (Fig. 1a) and we expect the
trapping forces to be independent on the light spin state,
i.e.    . On the contrary, when the particle radius
grows so that enough chiral layers are formed, photonic
effects become relevant and the net optical trapping force
exerted by LCP beam is lower than the one with opposite
spin. In fact, in the former case a portion of the impinging
power is selectively reflected increasing the detrimental
effect of the radiation pressure on the trapping itself. Thus,
the force constant degeneracy is lifted and   . In the
limit case of a perfect chiral photonic structure (R+=1, T+=0)
the total optical force of LCP light field becomes negative
because only the radiation pressure due to the reflected
light is present. Trapping of such particles with LCP light
beam is not possible [4,5]. Thus transmitted light transfer
only LM, and AM transfer occurs by the light reflected
from the L-chiral microparticles. This, in turn, causes a
torque on the particle itself, yielding a stable rotation. The
effect can occur only if the total LM exchanged preserves
the trapping action of the light beam. The size-scaling of
the ratio +/- (Fig. 2a) and the radiation torque displays
this behaviour, i.e., the onset of spin-dependent
optomechanics.

We model optical trapping forces in our experiments
using both a ray-optics approach [7] and exact
electromagnetic calculations based on the use of the
Maxwell stress tensor in the T-matrix formalism [8,9]. The
chiral polymer refractive indices, n and n, at each
trapping wavelength are evaluated by the Cauchy
formula. In the case of LCP light, the Fresnel reflection
coefficient (Fig. 1) near the centre of the stop band strongly
depends on the effective thickness of the chiral polymer
layer, d, so that the reflectance is:

  2tanh dR  (2)
where
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For radially isotropic particles the presence of the defect
in the centre of the precursor droplet breaks the photonic
structure. As a consequence, the thickness we need to
consider to correctly model the photonic effects for the
spherical particle is close to R0. Additionally, a form factor
of 2/3, related to the spherical shape, must be also
considered. Thus, R+ for the radial particles is evaluated by
using an effective thickness d=(2/3)R0 in Eq. 2. We used
these values of reflectance and transmittance to calculate
optical forces on the chiral particles in ray optics
calculations. Results are shown as the green dashed line in
Fig. 2a. The discrepancy between experiment and theory is
accounted for the inadequacy of the ray-optics approach
for a truthful description of optical forces [10]. A more
accurate approach is based on T-matrix formalism. For
RCP illumination, particles are modelled as homogeneous
dielectric with a real refractive index, 2/)( ||  nnn ,
whereas, for LCP illumination, they are considered as
core-shell particles46. In the latter case, the core has a real
refractive index nncore , while the reflecting properties of
the chiral microresonators are embedded in the thin shell
having a complex size dependent refractive index,

]1)[( 0 iRnnshell  , that is needed to model the size
dependent reflectance (based on Eq. 2) of the chiral
particles. T-matrix calculation gives a very good
agreement with experimental results (solid green line in
Figure 2a). In addition, the measured torque for LCP light
is compared with the torque calculated using the
reflectance from Eq. 2 and a T-matrix based calculation.
Again, the T-matrix approach gives a better agreement
with experimental data.

Figure 2 : Onset of chiral optomechanics. Lines are calculations
obtained by ray-optics (dashed green line) and exact T-matrix
(solid green line) modeling of optical forces on spherical particles.

3 Conclusions
In conclusion, we have reported an experimental

investigation of polarization-dependent optical forces and
torques on chiral microparticles. We have observed
optomechanical effects originating from the coupling of
transferred LM and AM mediated by the particle chirality.
We have shown simultaneous optical trapping and

rotation connected to light spin selective reflection
exhibited by the chiral particles and their control by means
of the particle reflectance and light spin. Chirality-
controlled optical trapping and manipulation opens novel
strategies for optomechanics and optical sorting. The
method used to create chiral microparticles allows for
embedding resonant nanoparticles at the central defect,
with prospects for microcavity optomechanics.
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