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ABSTRACT: We experimentally demonstrate reordering
throughout the inside of an individual bipolar nematic
liquid-crystalline microdroplet optically trapped by a highly
focused laser beam, when the laser powers are above a definite
threshold. The threshold depends on the droplet size and laser
polarization. A physical interpretation of the results is
presented by considering the nonlocal orientations of the
nematic liquid-crystal molecules in the droplets with the
dimensions on the order of the focal spot diameter or larger.
On the basis of the finite size approximation, we show that the
dependence of threshold power on the droplet size is
calculated to be in qualitative agreement with the experimental data.

1. INTRODUCTION
An optical trapping technique that utilizes a tightly focused
continuous-wave (cw) laser beam allows one to manipulate
micrometer- or submicrometer-sized objects.1,2 Therefore, this
technique becomes indispensable and has been widely applied
in particle deposition,3−5 particle aggregations,6,7 polymer-
ization,8 and crystallization.9−12 In particular, the optical
trapping-induced crystallization relates the focused light with
three-dimensional molecular alignment that may involve many
optical and physical phenomena, such as migration of
molecules or clusters from the surrounding area to the focal
spot and cooperative molecular realignment driven by the
focused light. For specific cases, such phenomena have been
demonstrated in the suspension of gold nanoparticles and in
liquid crystal (LC) thin film, respectively.13−15

We should note that over the past 2 decades, electric-field-
induced configurational transition of the LC droplet in polymer
matrixes has been studied in detail in terms of geometry, shape,
and temperature dependences.16−18 On the other hand, optical-
field-induced molecular reorientation of LC thin films as so-
called optical Freéderickscz transitions (OFT) has been
experimentally investigated,19 and this phenomenon has been
elucidated using an accurate quantitative theory20 and
numerical analysis21 of transverse reorientation by either an
infinite plane wave or a finite beam treatment. The optical
realignments have also been revealed in spherical LC droplets
with various kinds of self-organized configurations depending
on droplet−liquid boundary conditions in the medium in which
they were dispersed.22−28 Typically, the trapping beam at low
power densities can only induce conoscopic structures or
rotation of the birefringent nematic LC droplets.24,27 Similar
phenomena were also observed for optically trapped bipolar
nematic22,23 or cholesteric LC droplets.25,26

To exemplify the laser-trapping-induced realignment
throughout the inside of LC droplet, here we report how

reordering can take place in optically trapped bipolar nematic
LC droplets of 4′-pentyl-4-cyanobiphenyl (5CB) dispersed in
heavy water (D2O). In such a medium, the effects of local
heating around the focal spot due to laser-induced temperature
elevation can be suppressed as the temperature elevation in
D2O by 1064 nm laser irradiation has been reported to be 2.6
°C/W, an order of magnitude lower than that of H2O (24 °C/
W).29,30 We found that the reordering takes place only when
the laser power is above a definite threshold depending on the
droplet size and polarization state. Typically, the reordering was
observed as a transition from a Maltese cross to a ring pattern
in cross-polarization light imaging. This suggests that the likely
mechanism involves transverse nonlocal response of the
nematic alignment of LC molecules to a highly focused laser
beam. This phenomenon in LC thin films has been described in
detail by several groups,19 and the ring pattern has been
attributed to the self-phase modulation.31,32 We also confirmed
this mechanism by showing that the dependence of the
threshold power on the droplet size is in qualitative agreement
with the experimental observation.

2. EXPERIMENTAL SECTION

2.1. Optical setup. A 1064 nm cw beam from a Nd:YVO4
laser (Spectra Physics; J20I-BL-106C) was collimated and
focused down with an UPlanApo oil-immersing objective lens
(100×, NA = 1.35) at normal incidence into a sample cell,
which was mounted on the microscope stage of an inverted
microscope (Olympus IX71). The polarization state of the
trapping beam was controlled by a half-wave and quarter-wave
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plate. The beam waist of the focal spot was calculated to be
0.39 μm by using numerical analysis of Airy pattern. The laser
power after the objective lens was varied in the range of 0.1−
1.0 W. The laser-trapping-induced reorientation inside of the
LC droplet was analyzed conventionally by polarization optical
microscopy (POM), which was performed by passing visible
probe light from a halogen lamp (λ = 400−750 nm) through
the pair of polarizers sandwiching the sample cell. Trans-
mittance of the probe light was continuously detected by using
a charge-coupled device (CCD) camera (JAI; CV-A55IR E)
running at 30 interlaced frames per second. The elastic light
scattering from the trapping beam was completely eliminated
by a low-pass filter before the CCD camera.
2.2. Sample Preparation. The sample cell was assembled

from two cover-glass plates (Matsunami). The thickness of the
cell chamber (15−25 μm) was obtained by using the strips of
parafilms along the glass edges, and the chamber was filled with
5CB (Tokyo Kasei Co.; the ordinary and extraordinary
refractive indices are 1.54 and 1.74, respectively) suspended
in D2O (refractive index = 1.33) without the addition of any
surfactants. The immiscible 5CB in D2O spontaneously forms
nematic droplets due to droplet−liquid interfacial tension,28,33

and without the surfactant, the droplet adopts a polar-like
(bipolar) molecular arrangement.23,34 In the bipolar config-
uration, the molecules at the inside of the droplet are oriented
similarly to the nematic orientation in the bulk, while the
molecules at the droplet−liquid interface are oriented along the
surface due to the so-called anchoring effect. With POM
imaging, the droplets should be observed as the Maltese cross,
though such a cross-like image is not straightforward for the
distinct bipolar and radial structures because both molecular
orientations cause similar images particularly when the two

point defects of the bipolar structures are aligned along the
beam axis.22,23,28 The self-organized droplets are almost
perfectly spherical due to the interfacial tension, and different
sizes of the droplets were obtained by vigorous shaking of their
colloidal solution. Diameters of the droplets were determined
directly from image processing of their POM snapshots, and
they were within a few hundred of nanometers to a few
micrometers.

3. RESULTS

Due to their high refractive index, the droplets are highly
polarizable and easily trapped by the focused laser beam. In
Figure 1, panels (a) and (b) show POM images for a ∼2.5 μm
sized droplet upon irradiation by a linearly polarized beam with
different power densities. We found that laser powers of few
tens of MW/cm2 are enough to trap the droplet stably in the
focal spot, as reported by several groups in various
contexts.23,28,35,36 Under the trapping condition, the Maltese
cross stays unchanged, indicating that the intrinsic config-
uration inside of the droplet apparently remains intact. When
the laser power was increased to few hundreds of MW/cm2, we
observed that the POM images of the trapped droplet were
time-dependent; the pattern of the Maltese cross disappeared,
followed by the pattern of the rings, as shown in Figure 1b.
Typically, a small ring near the center and one or two larger
concentric rings showed up clearly on time scales of seconds to
a few tens of seconds depending on the laser power. Such time
evolution of POM images indicates unambiguously that
reordering inside of the optically trapped droplet takes place
under the high power of the laser beam. Upon the reordering,
one notes that tiny fluctuations of the droplet diameter were
observed. It is also important to stress that the transmittances

Figure 1. Sequences of time evolution of POM images of an individual bipolar nematic 5CB droplet optically trapped by a linearly polarized trapping
beam at (a) 130 mW (or 54 MW/cm2) and (b) 850 mW (or 360 MW/cm2) and by a circularly (left-handed) polarized beam at (c) 460 mW (or 190
MW/cm2) and (d) an orbit of a small droplet around the rotating optically trapped droplet (the time is in seconds after the droplet starts to rotate)
and at (e) 940 mW (or 390 MW/cm2). In panels (a−c) and (e), the trapping time (in second) is indicated in each snapshot, while the most left and
most right snapshot in each sequence is the image just before the laser trapping beam is switched on and just after the beam is switched off,
respectively. The red circles denote the focal spot area, and the scale bar of 3 μm is applied for all images.

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp308596h | J. Phys. Chem. B 2013, 117, 4536−45404537

http://pubs.acs.org/action/showImage?doi=10.1021/jp308596h&iName=master.img-001.jpg&w=311&h=256


of ring patterns are highly decayed or diminished, suggesting a
dramatic reduction in the droplet birefringence.
Figure 1c−e shows the POM images for a ∼3.5 μm sized

droplet optically trapped by a circularly polarized laser beam at
different powers. Notably, at low laser powers, the optically
trapped droplets are observed as a full-bright circular area in the
POM images, as shown in Figure 1c. As the image is a 33 ms
time-averaged picture, the full-bright circular area indicates the
high-frequency rotating droplet, giving uniform aspect on the
snapshot of the crossed-polarization light imaging. Associated
with this consideration, the droplet rotates continuously
without stopping within our observation window of 90 s. To
demonstrate the rotation, we observed the orbit of a small
droplet around the rotating droplet, as shown in Figure 1d. At
high laser powers, the full-bright circular area was observed
temporarily, indicating that the droplet rotates discontinuously.
As shown in Figure 1e, when the full-bright circular area
disappeared, darker ring patterns were observed similarly to
those of a droplet trapped by the linearly polarized light. The
reordering takes place in a few hundreds of milliseconds, and at
the reordering state, the droplet is no longer rotated.
For both linearly and circularly polarized beams above the

threshold, a higher laser power induces a faster reordering.
When the laser beam was switched off, the ring patterns
vanished immediately on the time scale of tens of milliseconds,
irrespective of the laser trapping power, restoring the pattern
related to the initial configuration inside of the droplet. Such an
immediate restoration indicates that the recovery of the
nematic configuration occurs without optical memory,
hysteresis, or storage effects. In this context, we can consider
that, when the optically controlled reorientation was removed,
the anchoring effect at the droplet−liquid interface readily
controlled the orientations of LC molecules on the surface and
the internal ordering.
By varying the laser power to trap an individual LC droplet,

we found that there is a clear threshold power, above which the
optical trapping is followed by reordering throughout the inside
of the droplet, as indicated by the formation of ring patterns
with or without prior rotations. To evaluate the dependence of
the threshold power on the droplet size and polarization state,
we have performed and repeated the laser trapping experiments
for different sizes of LC droplets by both linearly and circularly
polarized beams. We found that the threshold is higher for a
larger droplet. As far as reordering is considered, the threshold
for a circularly polarized laser beam tends to be only slightly
larger than that for a linearly polarized beam, as shown by the
plot of the threshold as a function of 1/Δ (where Δ = 2w0/D is
the ratio between the beam diameter (2w0) and the droplet
diameter (D) and w0 is the beam waist at the focal plane) in
Figure 2.

4. DISCUSSION
An interesting feature of the LC trapping experiment in this
study is the optically induced reordering throughout the inside
of the nematic LC droplet at high laser powers. To interpret
this fact, we should consider OFT phenomena by the finite
beam size of tightly focused light impinging on the LC thin
films, in which the optical transition should occur when the free
energy by the light field exceeds the Frank distortional energy.
In the corresponding LC thin films, the transverse reorientation
driven by optical nonlinearities has been analytically and
accurately described.19−21 In this case, the distribution of
incident intensity of the beam I(r) is considered. For an axial

symmetric Gaussian beam, the incident power and intensity of
the beam are correlated by P0 = 2π∫ 0

∞ I(r) dr = (πw0
2/2)I0,

where P0 and I0 is the incident power and intensity of the beam
at the focal center, respectively. On the other hand, the
intensity of the OFT threshold in the limit of the infinite plane
wave approximation for a homeotropic alignment of LC thin
films can be expressed as I∞ = π2cKne

2/d2no(ne
2 − no

2),37,38 where
c denotes the speed of light, d is the thickness of the LC film, ne
and no are the extraordinary and ordinary refractive indices, and
K is the average Frank elastic constant. The key feature of the
OFT in the finite beam size approximation is that the threshold
is determined by the ratio δ = 2w0/d between the beam
diameter and the cell thickness.20,21 The normalized intensity of
the OFT (defined as the ratio ρ = I0/I∞) has been analytically
and experimentally evaluated in terms of the beam diameter
and the cell thickness,19−21 and the normalized intensity of the
OFT threshold ρth can be written as21

ρ
πδ

= +
⎛
⎝⎜

⎞
⎠⎟1

2
th

3/2 2

(1)

By this quantitative point of view and by considering that the
diameter of the droplet is approximately equal to the thickness
of the LC thin film (Δ ≈ δ), in Figure 2, we show the
polarization-insensitive plot of ρth as a function of 1/Δ. As in
this case w0 is constant, the plot actually represents the
dependence of the OFT threshold on the droplet size. The
important finding is that the theoretical prediction is in
agreement with the experimental observation, in which a larger
OFT threshold power is required for a larger size of droplet,
although the estimated intensity threshold values are lower than
those observed in the experiments. For instance, a 2.5 μm
droplet (which is considered as a 2.5 μm thin film with K ≅ 10
pN) was estimated to have an intensity of the OFT threshold
that is approximately 24 MW/cm2, whereas the experimental
value is ∼360 MW/cm2. Noting that the droplets are curved or
bounded in the transverse plane, distinct to the corresponding
planar thin films, it is qualitatively reasonable that the threshold
intensity should be larger than the equivalent thin film
accounting for finite beam size effects. The results also clearly
indicate that the OFT film models have their limits when
compared to a three-dimensional object such as the LC
droplets.

Figure 2. Plots of the experimentally observed threshold laser power
density to induce the reordering in the optically trapped droplet (left
y-axis; in ×10 + 200 MW/cm2) and the normalized intensity of the
polarization-insensitive OFT threshold ρth (right y-axis; in MW/cm2)
as a function of 1/Δ. Data points denoted with filled rectangles and
open circles are for linearly and circularly polarized beams,
respectively.
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We recall that, as compared to the linearly polarized beam,
the circularly polarized beam induces only a slightly higher or
almost the same threshold for the same droplet size. This tends
to prove that light polarization is not the reorientation nature
because polarization dependence is basically expected in the
OFT description. From the experimental data, thermal effects
due to laser heating are likely involved in the laser-trapping-
induced reconfiguration of the LC droplets. The decayed
transmittance of the probe light also indicates a partial
transition to an isotropic state due to strong thermal effects,
convection, or deorientation. Further evaluations on those
effects, particularly the thermal effect in the reordering, is
desirable.
For the droplets with a diameter much larger than the beam

diameter, the theoretical prediction shows a larger increase than
that of the experimental observation. This fairly indicates that
the anisotropic director may change drastically upon different
sizes of droplets, resulting in such a deviation. The other
possible reason is that the optical reorientation of the LCs is
coupled with cooperative effects through dipolar interaction,
which may reduce the threshold power as cooperative effects in
the LC thin slab film result in a significant reduction of the
critical electric field at which the OFT effect takes place.39

Upon reordering of the droplet, the configuration of LC
molecules is still an open question. It is most probably an
equilibrium reorientation of LC molecules throughout the
inside of the droplet, although we consider that, as an
anchoring surface, the molecular alignment at the interfacial
layer should always remain intact. Though the surface
anchoring can always control the molecular ordering as well
as the coalescence and separation of the droplets,40 such a
boundary condition is involved in deformations represented by
their Frank constants when dealing with the Freéderickscz
transitions. We may note that because the birefringence and
symmetry inside of the optically trapped droplet are modified
by the reordering, the droplet center is spatially displaced with
respect to the focal center, and it is rotated due to an
unbalanced amount of angular momentum particularly when
the beam was operated in the circular polarization. The tiny
fluctuations of the droplet size upon the reordering can be a
clear indication for the axial displacement under the linearly
polarized beam, though one could also consider that it can be
due to the geometrical modification of the trapped droplet. In
comparison, such an axial displacement of an optically trapped
smectic droplet occurs under the laser trapping condition.28,36

5. CONCLUSIONS
We have presented laser-trapping-induced reconfiguration of
micrometer-sized bipolar nematic droplets of a liquid crystal
dispersed in D2O. The definite threshold laser power to induce
such a reconfiguration depends on the droplet size and
polarization state. The droplet size dependence can be
explained by considering the nonlocal optical trapping-induced
reorientations, the so-called optical Freéderickscz transitions, of
the nematic LC droplet. With the finite size approximation, we
show that the calculated threshold power as a function of
droplet size is in qualitative agreement with the experimental
data.
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