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ABSTRACT

We present laser trapping behavior of individual smectic 4'-n-pentyl-4-cyanobiphenyl liquid crystalline micro-droplet
dispersed in heavy water; in particular, laser trapping-induced molecular reconfiguration of the optically trapped droplet
when the laser trapping power is above a definite threshold. The reconfiguration undergoes throughout the inside of the
droplets even though their size is larger than the focal spot, and the threshold laser power depends on the droplet size.
We propose that the reconfiguration mechanism involves optical reorientation at the focal volume competing with the
droplet-liquid interfacial anchoring effect, leading to symmetry breaking throughout the inside of the optically confined
droplet. With this mechanism, we qualitatively described the existence of the threshold power and the dependence of the
threshold upon the droplet size.
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1. INTRODUCTION

A continuous-wave (cw) laser beam highly focused on micron- to submicron-sized target materials allows one to
trap and manipulate the target materials with a high precision.'” With its potential ability as a non-invasive tool, this
technique has become indispensable and has been widely employed in various research purposes.”* In recent years, there
have been more research efforts on optical trapping of particles,” polymers,”’ micelles,® J-aggregates,” and amino
acids.'""* In the latter case, the optical trapping has been demonstrated to control the nucleation, growth, and polymorph
of single crystals of the amino acids,'*'* realizing three-dimensional alignment driven by the highly focused laser beam.
This finding is therefore attractive for both fundamental sciences and applications. Soft materials such as liquid-crystal
(LC) droplets with their high refractive index, large birefringence, and various kinds of self-organization depending on
boundary conditions have also been the target materials, aiming to explore mainly reconfiguration inside the droplets
induced by the optical trapping beam.">"’

For radial or bipolar nematic LC droplets dispersed in water, linearly, elliptically, or circularly polarized laser
trapping beams not only confine the birefringent droplets, but also induce molecular reconfigurations leading to
conoscopic structures or rotations of the droplets.''*?° In contrary, at the similar level of laser powers, molecular
reconfiguration inside smectic LC droplets has never been observed, although the laser trapping beams can also confine
the droplets or induce wobbing rotation.'” Lamellar organization of LC molecules inside the smectic droplets has been
considered to induce large elastic rigidity, preventing the light-induced molecular reconfiguration inside the droplet.*'**
In all the cases, an equilibrium configuration inside the LC droplets in the presence of applied fields is considered, and
the optical transfer of torque to the droplets is understood to occur through wave plate behavior,''** light scattering,*
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absorption processes,'** or the optical realignment.'®'®

Here, we report laser trapping behavior of smectic 4'-pentyl-4-cyanobiphenyl (5CB) liquid crystalline micro-droplets
dispersed in heavy water (D,0) under highly focused cw laser beam. In particular, we show that the optically trapped
smectic LC droplet indeed undergoes a molecular reconfiguration. The reconfiguration occurs only when laser power
intensity of the linearly polarized beam is above a definite threshold level, which is dependent on the droplet size. We
propose that the likely mechanism of the molecular reconfiguration inside the smectic LC droplet involves local optical
reorientation at focal volume when the free energy by the light field exceeds Frank distortional energy, followed by
symmetry breaking throughout the inside of the confined droplet. The definite threshold power can be explained by the
total free energies of two coexisting processes, considering that the optical reorientation at the focal volume is competing
with the geometric alignment governed by the droplet-liquid interfacial anchoring effect.

2. EXPERIMENTAL

The experimental setup is schematically shown in Fig. 1. A continuous wave 1064 nm Nd:YVO, laser beam
(Spectra Physics; J20I-BL-106C) was expanded and collimated to ~7 mm in diameter and sent into an UPlanApo oil
immersing objective lens (100x, NA=1.35) in an inverted microscope (Olympus IX71). By using numerical analysis of
Airy pattern of the objective, the beam waist for 1064 nm was calculated to be 0.390 um. The laser power was varied in
the range of 0.1-1.0 W after the objective, and the laser polarization was controlled properly using a half-wave plate.
The beam was focused at normal incidence into a sample cell, which was placed on the microscope stage between two
orthogonal polarizers. The molecular configuration inside the LC droplet was conventionally analyzed by polarization
optical microscopy (POM), which was performed by passing visible probe light from a halogen lamp (A=400—750 nm)
through the pair of polarizers sandwiching the sample cell. The transmittance of the probe light was continuously
detected by using a charge-coupled device (CCD) camera (JAI; CV-ASS5IR E) running at 30 interlaced frames per
second. The elastic light scattering originated from the near infrared laser beam was completely eliminated by putting a
low pass filter before the CCD camera. All experiments were carried out at room temperature (23—24 °C).
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Figure 1. A schematic diagram of the experimental setup; BS = beam splitter, A/2=half-wave plate, LPF = low pass filter
with transmission edge at 900 nm. Inset: the cell containing an individually trapped smectic LC droplet by focused laser
beam.
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The sample cell was assembled from two cover-glass plates (Matsunami). The cell chamber with a thickness of
15-25 um was obtained by using strips of parafilms along the glass edges, and the chamber was filled with 5SCB (Tokyo
Kasei Co.) suspended in D,O without the addition of any surfactants. In such a condition, laser-induced temperature
elevation in the surroundings of the droplets can be suppressed, as the temperature elevation of D,O by 1064 nm laser
has been reported to be 2.6 °C/W, which is an order of magnitude lower than that of H,O (24 °C/W).”** In the absence
of surfactants, the LC was obtained in the forms of spherical droplets of smectic phase (schematically shown in Fig. 1)
due to droplet-liquid interfacial tension of immiscible SCB in D,0O. The LC droplet spheres were in the range of
submicron to several microns in diameter, which was determined directly from image processing of their optical
transmission.

3. RESULTS AND DISCUSSION

The self-organized smectic droplets consist of concentric layered LC molecules with a radially symmetric
configuration. The smectic phase of the micro-droplets was confirmed from their POM images. Upon introducing the
highly focused laser beam, the large refractive index mismatch between the LC droplets (the average refractive index =
1.61) with respect to surrounding heavy water (refractive index = 1.33) rendered them to be polarizable and easily
trapped by the steep gradient of the optical field. Therefore, in principle, an individual droplet with the radius being
smaller or larger than the beam waist can be optically trapped. As for a representative example, in Fig. 2(a) are shown
POM images for a smectic droplet of 2.5-um-diameter before laser irradiation and for the droplet optically trapped by the
focused laser beam at laser power intensity of few tens of MW/cm®. The POM imaging suggests that the droplet center is
located at the focal area, and the intrinsic lamellar configuration inside the droplet apparently remains intact. However,
we consider that optically controlling LC reorientation should occur initially at the focal spot inside the droplet, although
such local reorientation is too small to be detected by the POM imaging. The location of the trapping center being at the
center of mass of the droplet is supported by the absence of angular momentum transfer to the smectic LC droplet. This
so-called on-center optical trapping is commonly observed in optical trapping experiments of smectic droplets smaller
than 4 pm in diameter irrespective of laser power."”

When we increased the laser power to few hundreds of MW/cm?®, we observed that POM images of the optically
trapped droplet show the time evolution as shown in Fig. 2(b). The POM images showed clearly that the radially
symmetric configuration of the smectic droplet disappears, followed by transient ring patterns of transmitted probe light
passing through the trapped droplet. Typically, the ring patterns which consisted of a small ring near the center and one
or two larger concentric rings appeared on the time scales of seconds to a few tens of seconds depending on the laser
power. The time evolution of the POM images indicates unambiguously that molecular orientation inside the smectic
droplet is reconfigured under the high power of laser trapping beam. When the laser beam was switched off, the transient
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Figure 2. Sequences of time evolution POM images of an individual smectic 5CB droplet optically trapped by a highly
focused trapping beam; (a) at 130 mW (or 60 MW/cm?), and (b) at 850 mW (or 360 MW/cm?). The trapping time in second
is indicated in each snapshot; while the most left and most right snapshot is the image just before laser trapping beam is

switched on and just after the beam is switched off, respectively. The red circle denoting the focal spot area and the scale bar
of 3 pm are applied for all images.
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ring patterns vanish immediately on the time scale of tens of milliseconds, restoring the initial radially symmetric pattern
of a smectic droplet. The immediate restoration of the initial pattern is evidence for the existence of droplet-liquid
interfacial anchoring effect as well as for the absences of optical memory, hysteresis, or storage effects.

By varying the laser power to trap an individual smectic LC droplet, we found that there are two distinctive optical
trapping properties with a clear threshold power; (i) below which an individual droplet is optically trapped and its
intrinsic lamellar configuration remains intact, and (ii) above which the optical trapping is followed by molecular
reconfiguration throughout the inside of the droplet, as shown in Fig. 3(a). This finding suggests that optical trapping-
induced molecular reconfiguration does exist in the smectic droplet similarly to radial or bipolar nematic LC
droplets,'®**** although such reconfiguration in the smectic droplet takes place under the high laser powers. The
reconfiguration is always started at the beam center and once the reconfiguration starts it expands to outside focal area
throughout the inside of the trapped droplet, even though the droplet radius is a few times larger than the beam waist of
the focal spot. As the result, reconfiguration partially inside the droplet was never observed, even though the
reconfiguration can take several seconds to a few tens of seconds depending on the laser power and droplet size. As a
consequence of the reconfiguration, and hence a jump of the ordinary or extraordinary refractive index of the LC
molecules, the transmittance of probe light passing through the droplet in the POM images changes dramatically (as
shown in Fig. 2b). The transient ring patterns of the optical transmission indicate the temporal dependence in the
molecular reconfiguration inside the droplet, but no preferred LC reorientation along the laser polarization. The latter
may imply that reconfiguration is not solely due to the laser polarization, but also due to cooperative motions throughout
the LC molecules inside of the droplet. Thus, based on the POM images, we qualitatively interpreted the possible
structure of the reconfigured droplet, as shown in Fig. 3(a). In order to evaluate the droplet size dependence in the
molecular reconfiguration, we repeated the same experiments for different droplet sizes and we found that a higher laser
power threshold is required for a larger droplet, as shown in Fig. 3(b).

To interpret the optically induced reconfiguration in the smectic LC droplet, we first consider optical reorientation of
LCs, analogous to optical Fréederickscz transition (OFT) in nematic LCs. The optical reorientation should take place
when the free-energy by the light field exceeds intermolecular interaction energy, which is represented by Frank
distortional energy. In this case, one can also consider that the diameter of the droplet is equal with the thickness of a
corresponding LC thin slab analog,' in which optical reorientation in relation with Frank distortional energy has been
accurately described.’® Thus, by adopting the values of ordinary and extraordinary refractive index (1.54 and 1.74) and
Frank elastic constant (10 pN) of 5CB,*® with the conventional approximation we calculated the critical light intensity for
a droplet of 2.5-um-diameter to be approximately 2 MW/cm?, about two orders of magnitude lower than the threshold
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Figure 3. (a) Trapping behavior of a 2.5-um sized smectic droplet as a function of laser power showing two distinctive
regimes (with and without molecular reconfiguration). The threshold power is denoted by the dotted line. Inset: proposed
molecular reconfiguration under the laser trapping above the threshold. (b) Plot of threshold laser power intensity to induce
the molecular reconfiguration as a function of droplet radius.
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for the reconfiguration throughout the inside of the droplet (~320 MW/cm?). The low OFT threshold supports that the
optically controlled LC reorientation should take place locally at the focal spot when the laser power ranges from 2 up to
320 MW/em’.

Thus, we should consider a focused beam with laser intensity steeply distributed around the diffraction limited size.
The beam intensity above a definite threshold should not only generate the gradient force confining stably the
birefringent droplet, but it can also locally induce optical reorientation by adopting the preferred dipolar orientation. The
light-induced reorientation should be limited within the focal volume, not throughout the inside of the smectic droplet.
Considering that the center of a smectic droplet is the area with largest local directional anisotropy and birefringence,
and that the molecular density of 5CB is almost the same to D,O, the droplet must be optically trapped in such a
condition that its center is lying on the focal volume. This means that the local reorientation first takes place at the
droplet center directly by the polarized trapping beam. The local reorientations are strongly affected by the neighboring
dipoles leading to cooperative motions. However, as a self-organized structure, droplet-liquid interface energetic will
also control the molecular orientation inside the droplet through the interfacial anchoring effect. In this sense, the LC
droplet-liquid interface acts as the anchoring layer. Under the optical trapping at laser powers between the OFT and the
reconfiguration thresholds, the droplet may adopt a kind of intermediate configuration. Ultimately, at high laser powers,
an equilibrium configuration throughout the inside of the droplet is formed, though one can consider that the interfacial
layer should remain intact.

Since the light-induced reconfiguration always competes with LC droplet-liquid interfacial anchoring effect, just
like a system consisting of an optically controlled lattice site surrounded by the interface-controlled self-aligned
configuration, we evaluate qualitatively the threshold of light-induced reconfiguration based on the mean-field theory.

Here, we consider the trapping potential of the droplet by the focused Gaussian beam, as U(r,z) o —%aQI(r, z), where

a is polarizability, I(r,z) is the light field intensity as a function of the lateral () and axial (z) distance from the center of
the focal spot, and Q is dimensionless factor for the target materials in the geometrical optics regime.’' We also take into
account the surface free energy of the droplet-liquid interfacial anchoring effect, which is defined as the multiplication of
surface free energy per unit area () and the phase boundary area. Thus, the total energy to induce the molecular
reconfiguration is given by,

R 2 2
ok, Irz 5‘90 S-exp( 22kr 5 Ydr+R* <0 (D)
B o (kog+4z%) kop +4z

where I, is the laser intensity at the beam center, k is wavenumber in the surrounding medium, ©, is beam waist, and R is
the radius of the droplet.

From the solution of Eqn. (1), we show the total energy as a function of the radius of the droplet at different level of
laser power in Fig. 4. When aQIy/B is larger than 7.5 the total energy shows a local minimum, indicating clearly that at
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Figure 4. The total energy as a function of the radius of the droplet at different level of laser power.
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such the laser powers above the threshold condition, the trapping energy overcomes the surface free energy of the
droplet-liquid interface. The higher laser trapping intensity induces a deeper and larger local minimum, indicating clearly
that the larger droplet size undergoes the light-induced reconfiguration at higher threshold power. The qualitative
agreement between the calculated tendency and the experimental observation (Fig. 3b) reveals the relevance of our
proposed model.

Finally, we should also consider that once laser light is focused on the LC droplet, local heating is inevitable and
will result in the generation of lattice defects which could lead to a phase transition. However, under the 1064-nm laser
irradiation, at which 5CB is transparent,’* the temperature elevation is less than 2.5 °C/W at the center of focal spot.*®
With this level of temperature elevation, we can rule out the possible smectic—isotropic transition or an effect of local
heating directly on the laser trapping-induced molecular reconfiguration. Moreover, the discrete dependence of the
molecular reconfiguration on the laser power with a sharp threshold is in contrast to the local heating effect, which is
linearly correlated to laser power intensity. Despite such negligible direct effect, the current level of temperature
elevation can affect several other subtle physical properties of the droplets such as molecular density®® or interfacial
tension,”””® which may involve indirectly in the laser-induced molecular reconfiguration process.

4. CONCLUSION

We have presented the laser trapping behavior of micrometer-sized SCB liquid crystalline smectic droplets dispersed
in D,0. The highly focused laser beams traps an individual droplet at the focal spot and shows two distinctive power
regimes of optical trapping behavior with a definite threshold; (i) below which the intrinsic lamellar configuration of the
trapped smectic droplet remains intact, and (ii) above which the molecular reconfiguration undergoes throughout the
inside of the trapped droplet. Considering that the LC droplet is a self-organized structure with droplet-liquid interface
energetic controlling the molecular orientation inside the droplet, we proposed that the likely mechanism of the
molecular reconfiguration involves the optical reorientation (OFT effect) at the focal volume, competing with the
droplet-liquid interfacial anchoring effect, leading ultimately to symmetry breaking throughout the inside of the confined
droplet. With the proposed mechanism, we show qualitatively that the dependence of the threshold power on the droplet
size is in agreement with the theoretical prediction. Future experiments should also provide insights into the dynamics
molecular reconfiguration in three dimensional pictures for both further analyses and possible photonic applications.
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