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Light-Induced Nonlinear Rotations of Nematic Liquid
Crystal Droplets Trapped in Laser Tweezers

Etienne Brasselet1,�, Tadas Balc̆iūnas2, Naoki Murazawa2,
Saulius Juodkazis2, and Hiroaki Misawa2

1Laboratoire CPMOH Université, Talence Cedex, France
2Research Institute for Electronic Science, Hokkaido University,
Sapporo, Japan

We report on optically induced rotations of nematic liquid crystal droplets. We
show experimentally that bipolar nematic liquid crystal droplets trapped in laser
tweezers having circular polarization can exhibit nonlinear rotational motion,
unlike optically trapped solid birefringent micro-plates. Such nonlinear rotations
are retrieved by analyzing the polarization dynamics analysis of the light beam
after it has passed through the droplet. The occurrence of complex dynamics is only
found for large enough trapping power and droplet diameter. The analogy with
optically induced nonlinear rotations in nematic liquid crystal films is briefly
discussed.

Keywords: laser tweezers; liquid crystal droplets; optical reordering; spin angular
momentum transfer

I. INTRODUCTION

Optical trapping and subsequent manipulation of matter have found
many applications since the pionneering work of Ashkin almost four
decades ago [1]. Indeed laser tweezers are used in the determination
of optical and mechanical properties of micro=nanoparticles and
materials as well as for their tracking, sorting, deposition or structural
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control as summarized in recent review articles [2–5]. Liquid crystal
(LC) materials are particularly well suited for optical manipulation
due to their high refractive index, high birefringence, and the easy
handling of spatially confined micro-systems such as droplets. Among
the various existing liquid crystals ordered phases, the optical trap-
ping, displacement and angular manipulation of nematic [6], smectic
[7], and cholesteric [8] droplets have been demonstrated. Liquid crys-
tal defects and structures are other classes of confined LC objects that
can be directly manipulated using laser tweezers. This has been
achieved in nematic [9], smectic [10], and cholesteric [11,12] LCs.

It is well-known that the polarization state of the trapping light
beam is an essential ingredient for optical manipulation of LCs, which
are birefringent materials. Indeed, similarly to earlier demonstration
using birefringent calcite particles [13], LC birefringent droplets can
be continuously rotated by light as a result of optical spin angular
momentum deposition [6]. However there are many possible mechan-
isms leading to rigid body rotation of a LC droplet using light such as
above-mentioned waveplate behavior, light scattering, or photon
absorption processes [14]. Less understood is the role played by optical
reordering inside LC droplets due to the large optical orientational
nonlinearities of liquid crystals [15], which are easily accessible to
standard optical trapping experiments using CW lasers. Such optical
nonlinear effects have been reported both in LC droplets [16] and
structures [12] in high trapping power regimes. There, the strong cou-
pling between light and the orientational order of LCs enriches much
the light-matter interaction as compared to the case of solid birefrin-
gent micro-plates where only regular rotational regimes have been
reported so far.

Recently, the laser generated dynamics of radial nematic liquid
crystal (NLC) droplets has been studied [17], and light-induced left=
right and radial symmetry breaking were demonstrated for linear,
elliptical, or circularly polarized tweezers. It follows that the role
played by the polarization definitely requires a specific attention once
optical reordering takes place. In addition, non-trivial nonlinear rota-
tional behavior was observed in large pitch cholesteric droplets under
linearly polarized tweezers [18], and intriguing photo-induced rota-
tional effects were theoretically predicted in the presence of a small
amount of dye added in a bipolar nematic droplet [19]. These
few examples emphasize the application potential of the nonlinear
behavior of optically trapped deformable materials for future micro-
manipulation applications.

In the present work we report on light-induced rotational motion of
bipolar nematic liquid crystal droplets trapped in circularly polarized
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laser tweezers. We show experimentally that nonlinear rotations take
place in presence of optical reordering inside the droplet. Such non-
linear regimes are retrieved by analyzing the polarization dynamics
of the trapping beam at the output of the droplet. Complex dynamics
is only found for large enough trapping power and droplet diameters.
Finally, the analogy with previously observed complex collective
molecular rotations in nematic liquid crystal films [20–22], where
the optical orientational nonlinearities are known to play a crucial
role, is briefly discussed.

II. EXPERIMENTAL SET-UP

Laser trapping and manipulation of liquid crystals droplets is carried
out using a Nd:YAG CW laser operating at wavelength k¼ 1064nm
and a microscope, as shown in Figure 1. The laser trap is set with high
numerical aperture objective lens (NA¼ 1.3) whose entrance pupil is
suitably fulfilled by the incoming beam by using a pair of collimation
lenses (see ‘collimation control’ box in Fig. 1). The beam spot diameter
is therefore of the order of the wavelength, namely 1 mm. The optical
trapping power is adjusted using a half waveplate combined with a
polarizer (see ‘power control’ box in Fig. 1) and is obtained from the

FIGURE 1 Experimental set-up. The optical trap is obtained from a CW
Nd:YAG laser radiation at wavelength k¼ 1064nm that is focused using a
microscope objective with large numerical aperture (NA¼ 1.3). M: mirror;
k=2: half waveplate; k=4: quarter waveplate; BS: beamsplitter; PBS: polarizing
beamsplitter; PDi: photodiode.
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photodiode (PD) PD1. The ellipticity and the position of the polarization
ellipse’s long axis of the incident light beam are controlled by a pair of
half and quarter waveplates (see ‘polarization control’ box in Fig. 1).
Finally, the droplets orientation dynamics is monitored (i) by imaging
the droplet under white light illumination through crossed polarizers
and (ii) by analyzing the polarization changes of the trapping beam
after at the output of the droplet (see ‘polarization analysis’ box in
Fig. 1). Taking z as the light propagation direction, photodiodes PD2

and PD3 measure respectively the power of the x- and y-polarized elec-
tric field components, from which the first reduced Stokes parameter is
deduced, s1¼ (V2�V3)=(V2þV3), where V2,3 are the voltage values
detected by PD2,3. Similarly, photodiodes PD4 and PD5 respectively
measure the power of the left- and right-handed circularly polarized
electric field components by placing a quarter waveplate at 45� of the
polarizing beam splitter main axes. The third reduced Stokes para-
meter is then deduced, s3¼ (V4�V5)=(V4þV5). Before any measure-
ment in presence of a trapped droplet, the apparatus is calibrated by
using well-defined input polarization ellipse orientation and ellipticity.
In addition, lenses (not shown on Fig. 1) are placed before each of the
large area photodiodes to prevent from spurious aperturing effects.

We used nematic liquid crystal 5CB dispersed in pure heavy water
(D2O) that leads to the formation of bipolar droplets due to a preferred
alignment of the NLC director parallel to the LC=water interface. The
D2O was used to avoid significant temperature rise due to high laser
power irradiation, which is approximately 10 times smaller than in
the H2O for the used wavelength. The incident beam polarization is
fixed as circular and a trapped bipolar droplet is expectedly put into
rotation around the light propagation axis [6,14]. In practice one
expects jsincident3 j ¼ 1 for perfectly circular polarization but a residual
ellipticity is always observed in practice. Typically we obtain
jsincident3 j > 0:95. Note that, in what follows, when looking at s3 values
at the droplet output, the sign of sincident3 is set as negative.

As an example, typical dynamics of Stokes parameters during
droplet rotation, s1(t) (solid line) and s3(t) (dashed line), are shown
in Figure 2 for a d¼ 3.4 mm droplet diameter and 400mW trapping
power. Introducing the notation si¼hsiiþ std(si), where h � i and std(�)
respectively denote mean value and standard deviation, we obtain
s1¼ 0.028� 0.660 and s3¼�0.211� 0.121. A regular rigid-body
rotation is expected to be characterized by hs1i¼ 0, std(s1) 6¼ 0,
hs3i¼ constant, and std(s3)¼ 0. In the present example, we observe
an almost zero mean value of s1 but the time dependence of s3 shows
oscillations. Such dynamics either indicates a time-varying birefrin-
gence Dneff or is the signature of a residual apparatus anisotropy

146/[1992] E. Brasselet et al.
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due to non-ideal optical elements. Nevertheless, assuming an ideal
situation with perfect polarization conditions, we can estimate the
corresponding effective birefringence changes from s3¼� cos/ where
/¼ 2pDneffd=k. This gives Dneff¼ 0.089� 0.006. Obviously, at least a
fraction of the few percent of the observed effective birefringence
oscillations could be attributed to experimental imperfections.
Therefore the unambiguous evidence of an optical reordering that
leads to nonlinear rotational motion requires the study of trapping
power and droplet diameter dependencies, which is the aim of the
next section.

III. NONLINEAR ROTATIONAL REGIMES

In this section, the rotational behavior of bipolar droplets is investi-
gated as a function of trapping power for different droplet diameters.
For this purpose, the orientation of the half waveplate used to control
the incident power is computer-controlled in order to have a linearly
increasing power from one measurement to another, as shown in
Figure 3(a). First, we checked that the polarization dynamics appara-
tus is independent of the input power. Consequently, although there is
residual imperfections, as previously mentioned, any departure from a
linear behavior of the rotation dynamics with power can safely be
attributed to interaction between light and LC orientation changes.
Hereafter, the dynamics of the Stokes parameters are measured for

FIGURE 2 Time evolution of the Stokes parameter s1 (solid line) and s3
(dashed line) for a 5CB bipolar droplet with diameter d¼ 3.4mm for circularly
polarized tweezers. Trapping power is 400mW.

Light-Induced Nonlinear Rotations of Nematic Liquid 147/[1993]
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40 successive steps with increasing power, up to 1.5W, followed by 40
additional steps with decreasing power as illustrated in Figure 3(a).

Three different droplet having diameters d¼ 1.4, 2.7 and 7.2 mm
have been investigated and Figures 3(b,c,d) show the Fourier spectra
of s1(t) for each case. For a solid birefringent micro-plate one expects
single-valued spectra having a linear behavior with respect to trap-
ping power, whose slope depends on the medium thickness. Clearly,
this is not the case whatever is the droplet diameter. For the smaller
diameter [see Fig. 3(b)] the spectrum is almost single-valued for all
powers but the droplet rotation frequency (which is half the peak fre-
quency of s1 spectrum) exhibits slight deviation from a linear behavior.
This is associated with a less effective overall spin angular momentum
conversion when the light beam power is increased. Within a solid
birefringent plate behavior picture [14], this would be related to a
decrease of the effective droplet birefringence. For larger droplet

FIGURE 3 (a) Optical trapping power as a function of the measurement
number; (b,c,d) Fourier spectra of the s1 Stokes parameter as a function of
measurement number for a droplet diameter d¼ 1.4 (b), 2.7 (c) and 7.2mm
(d), respectively.
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diameters the s1 spectrum is no longer single-valued and shows a
nonlinear behavior with power [see Figs. 3(c,d)] that is characteristic
of a complex optical dynamical internal reordering.

Complementary analysis is done by looking at the power depen-
dence of the mean Stokes parameters hs1i and hs3i. The results are
shown in Figure 4 for the same set of droplet diameters as in
Figure 3. In Figure 4, increasing and decreasing power are respec-
tively indicated by squares and circles symbols. For a solid birefrin-
gent plate behavior one expects hs1i¼ 0 and hs3i¼ constant. On the
one hand, the first condition indicates a regular rotational motion
or, more generally, a rotational motion that explores positive and
negative orientation of the effective optical axis of the droplet in the
(x, y) plane over many rotation cycles in a similar manner. On the

FIGURE 4 (a) Optical trapping power as a function of the measurement
number; (b,c,d) Mean values of the Stokes parameters s1 (black solid line)
and s3 (red dashed line) as a function of power for droplet diameters d¼ 1.4
(b), 2.7 (c) and 7.2mm (d), respectively. Increasing and decreasing powers are
indicated by squares and circles symbols, respectively.
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other hand, the second condition suggests a non-distorted droplet,
namely a constant effective birefringence. From Figure 4(b) we there-
fore conclude to a regular rotation regime for small droplet diameter,
d¼ 1.4 mm, but with an effective birefringence that smoothly decreases
with power. For intermediate droplet diameter, d¼ 2.7 mm, the rota-
tional motion is slightly perturbed as shown by the irregular behavior
of hs3i with respect to trapping power in Figure 4(c), which is reminis-
cent of the non single-valued s1 Fourier spectrum [see Fig. 3(c)]. How-
ever we still observe hs1i � 0 [see Fig. 4(c)]. For the largest droplet
diameter, d¼ 7.2 mm, the situation is qualitatively different since
hs1i 6¼ 0 and hs3i strongly varies with power and exhibits a hysteretic
behavior [see Fig. 4(d)]. In that case, it is clear that complex dynamical
optical reordering takes place and affects the spin angular momentum
transfer from light to the LC droplet. Qualitatively, the occurrence of
nonlinear dynamics for large droplet diameters can be understood by
noting that the larger is the droplet diameter, the smaller is the elastic
restoring torque, which scales as/ 1=d2, and more important is the
ability of the optical field to induce significant distorsions. However,
a quantitative description of three dimensional light-induced elastic
deformations and subsequent angular momentum changes is lacking.
Hopefully, recent theoretical developments on finite beam size non-
linear reorientation processes in LCs films in presence of light angular
momentum exchanges [17] will help towards a better understanding of
this non trivial problem.

Before to conclude, we note that the ratio d between the beam
diameter and the droplet diameter, here d� k=d, is d¼ 0.7, 0.4 and
0.15 for d¼ 1.4, 2.7 and 7.2 mm, respectively. In fact, it is known that
finite beam size effects can lead to complex rotational director
dynamics when a NLC film is illuminated by circularly polarized beam
having a diameter a few times smaller than the film thickness [20–22].
Interestingly, chaotic rotations were reported in the range d� 0.2� 0.4
[20–22]. Although these two different kind of systems (droplet vs. film)
cannot be compared abruptly, we notice the following general trends:
finite beam size effects are related with the occurrence of complex
light-induced reorientation dynamics when optical orientational non-
linearities are active.

IV. CONCLUSION

We experimentally studied the rotational regimes of bipolar 5CB
nematic liquid crystal droplets in circularly polarized laser tweezers.
For this purpose we implemented a dynamical polarization analysis
of the trapping beam after it has passed through the droplet and we
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demonstrated nonlinear rotational dynamics as a function of the
trapping beam power. The observed nonlinear behavior is more
pronounced for large droplet diameters and emphasizes finite
beam size effects to play an important role in the droplet optical
reorientation.
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