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1. INTRODUCTION

The specific properties of liquid crystals (LCs) as a fluid with a
long-range order of anisotropy, large birefringence, and excellent
spatiotemporal cooperative motions are responsible for many
optical processes in LCs. The most fascinating process is optical
reorientations of nematic LC director in response to an applied
optical field of a conventional illumination light. In this process,
the optical field above optical Fr�eedericksz transition (OFT)
threshold (usually in the order of kW/cm2) reorients the LC
director by the optical Kerr alignment, and this has been well
documented since as early as 1973.1�3 Adding a small amount of
dye (1�2%) to the LCs reduces the threshold by 2 orders of
magnitude due to interaction of the dye molecules with the
surrounding LCs host.4�7 More recently, our group has reported
optical reorientation properties of planar nematic 40-penthyl-4-
cyanobiphenyl (5CB) thin film using a focused near-infrared
laser beamwith an intensity of 45MW/cm2.8 In this earlier study,
the tightly focused laser beam not only reorients local LC
directors around the focal spot area but also induces optical
trapping and manipulation of point or line (disclination) defects.
The latter finding demonstrates a gradient force exerted by the
focused beam on the defects in the homogeneous anisotropic
LCs, and this phenomenon is further documented by Smalyukh
et al.9,10 For a two-component system, focused laser beams with
low power intensity can be used as laser tweezers to trap
microsized colloids in nematic LCs.11�14 Laser trapping of the
colloidal particles with refractive index being lower than those of
the birefringent LC medium has been proposed to involve two
mechanisms; below OFT threshold, the laser trapping of the
colloidal particles is due to anisotropic dielectric interaction

between the polarized light and the inhomogeneous distribution
of director around the particle, and above OFT threshold, it is
mediated by interaction between the optically distorted region of
the elastic LCs and the particle.11,13 In other cases, a focused laser
beam has been demonstrated to trap spherical LC droplets
in nonmiscible host fluid (generally water), where conventional
laser trapping is addressed to their high refractive index and
birefringence.15�17 Interestingly, the radial symmetry organization
inside the birefringent droplets is broken by the optical tweezers,
leading to angular momentum transfer and laser-induced rotations
of the droplets.16�19

The richness of their optical trapping phenomena makes LCs
useful for laser-trapping measurements to decipher the interplay
between molecular reorientation and a tightly focused laser beam,
similarly to laser-trapping crystallization.20,21 Such alignment con-
trol of the trapped molecules enabling crystal polymorph control
by the laser beam has attracted great attention,21,22 and it is one of
key information, together withmolecular diffusion and convection
flow from surrounding area to the focal point,23,24 to understand
the laser-induced crystallization process. Moreover, optical Kerr
alignment with induced-dipole interaction energy being in the
order as small as 10�4 kBT (where kB is the Boltzmann constant
and T is the Kelvin temperature) cannot be attributed to laser-
induced crystallization process, which takes place on short time
scales.25�27 Instead, mutual cooperative motions due to dipolar
interactions have been proposed to play a key role.26,27 Therefore,
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ABSTRACT:We report on observation of optical reorientation
of homogeneous nematic liquid crystals (LCs) thin slab of 40-
penthyl-4-cyanobiphenyl induced by a tightly focused near-
infrared laser beam. We found that for laser beam with intensity
higher than 56 MW/cm2 the optical reorientation unusually
transforms to a new metastable domain, which grows with laser
irradiation time up to a dimension much larger than that of the
focal spot. The optically reoriented LCs with refractive index
mismatch compared to the surroundings can act as a micro-
meter-sized “ghost particle”, leading to the generation of optical
trapping and manipulation of the optically reoriented LCs. By
using confocal Raman microspectroscopy, we show that the dichroic ratio in the confined focal volume changes upon the domain
formation with an increase in the total Raman intensity, indicating that microscopic depolarization leading to deorientation or
nematic f isotropic phase transition and possible microscopic densification takes place by the tightly focused laser beam.
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such fundamental study of introducing a highly focused laser beam
in a homogeneous LCs is of great significance andwill provide new
insights into reorientational motions in LCs.

We have previously reported that laser beam with intensity
above the primary OFT threshold focused at normal incidence in
a nematic 5CB thin slab (Scheme 1) can induce collective
molecular reorientation locally around the focal spot area.8 In
this work, we report on experimental observations of optical
reorientation of the LCs and its transformation to a new
metastable domain induced by a tightly focused laser beam with
higher power intensity. The domain nucleates at the focal spot
and grows with irradiation time up to a dimension much larger
than that of the focal spot. This experimental finding provides
some information about local laser manipulation in planar
nematic LC slab by a focused laser beam. We consider qualita-
tively that the domain is formed by optical reorientation of the
LCs with refractive indexmismatch compared with the surround-
ings, acting as a micrometer-sized “ghost particle” and generating
gradient force exerted by the focused beam, and the gradient
force is balanced by interfacial tension and elastic forces from the
nematic surroundings. Further we have determined both the
power density and polarization dependences of the domain

formation and characterized themolecular alignment and density
at the beam center using polarized Raman microspectroscopy
and imaging.

2. MATERIALS AND METHODS

The LC cell was assembled from two cover-glass plates
(Matsunami; 40 � 24 cm, thickness 120�170 μm), which were
spin-coated with poly(vinyl alcohol) (PVA) thin layer and
rubbed with lens tissue along one direction. The thickness of
the cell chamber (∼16 μm) was obtained by using strips of
parafilms along glass edges, and the chamber was filled with 5CB
(Tokyo Kasei Co.). The LC cell was put and fixed on sample
stage between a pair of orthogonal polarizers on an inverted-
microscope (Olympus IX71) system.

The experimental setup is schematically shown in Scheme 1.
A continuous waveNd:YVO4 laser beam (λ = 1064 nm) (Spectra
Physics; J20I-BL-106C) acting as a trapping beam was focused at
normal incidence into the LC cell through an objective lens
(UPlanApo; magnification = 60�, 1064 nm transmittance =
60%, and NA = 0.90). The beam waist (ω0) and focal beam cross
section were calculated to be 1.44 μm and 1.63 � 10�8 cm2,
respectively. Power of the 1064 nm laser beam was varied in the
range 0.4�1.4 W after the objective lens, and its polarization
state was controlled properly using half-wave or quarter-wave
plate. The vertical position of the focal volume in the LC cell was
controlled precisely (with a resolution of 0.1 μm) by adjusting
the longitudinal position of the objective lens using a stepping
motor, while the LC cell is fixed on the sample stage.

The optical reorientation of the LC director was analyzed
conventionally by detecting the transmittance of visible probe light
from a halogen lamp (λ = 400�750 nm) passing through the
crossed polarizers by using a charge-coupled device (CCD)
camera (JAI; CV-A55IR E) running at 30 interlaced frames/s.
The elastic light scattering of the laser beam was cut by putting a
short pass filter (with the transmission edge at 900 nm) before the
CCD camera. The optical reorientation was also monitored by
detecting Raman scattering light of excitation beam (532 nm, 40
mW) in the backward direction. The excitation beam was intro-
duced into the LC cell through a confocal unit and the objective
lens. The confocal Raman scattering signal from a confined focal
volume as small as 4.65 μm3 was passed through a notch filter for
suppressing the Rayleigh scattering and then through a confocal
pinhole onto a single grating by an optical fiber. The signal was
then detected using a CCD-coupled polychromator (Princeton
Instruments; SpectraPro 2300i).With 532 nm laser excitation, 600
lines/mm grating, and 1340 pixels, spectral resolution of Raman
spectrum was in the range 2.4�3.4 cm�1. The signal was also
detected by a photomultiplier tube, and it was converted into
Raman image by Olympus FV300 software. All experiments were
carried out at room temperature (23�24 �C).

3. RESULTS

3.1. Polarized-Light Microscopy Image. In order to char-
acterize the initial phase of the 5CB thin film in the LC cell, before
introducing the 1064 nm laser beam, we have measured the
transmittance of visible probe light at different angle between
rubbing direction and analyzer by rotating the sample stage. The
intensity of the transmitted light within the detection area of 100�
70 μm has been well fitted with a sinusoidal function (data not
shown), confirming that the 5CB slab adopts a homogeneous

Scheme 1. (A) Schematic Diagram of the Experimental Se-
tup,a (B) Schematic Diagram of the LC Cell Assembled from
Glass Plates Coated with PVA Thin Layer, and (C) Chemical
Structure of 5CB

aBS = beam splitter, λ/2 = half-wave plate, λ/4 = quarter-wave plate,
LF= line filter, and LPF= short pass filter with transmission edge at 900 nm.
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nematic state with the director being parallel to the rubbing
direction. The sample stage was then fixed with a configuration
where the rubbing direction of the LC cell is parallel to the analyzer,
allowing us to have a dark background before laser irradiation.
We found that a static single spot of transmittance around the focal

area was observed at laser power intensity of 0.7W (or 43MW/cm2)
in accordance with our earlier report.28 Upon focusing laser beam
with high power intensity at 1.2 W (or 73.6 MW/cm2), the LC thin
film indeed shows unusual dynamics of spatiotemporal photore-
sponse as indicated by time evolution of transmittance in the cross-
polarization microscopy images as shown in Figure 1A. For linearly
polarized laser beam with the electric field being parallel to the
rubbing direction (Figure 1A; first row), nonsymmetric shape of
transmittance was observed in the area up to the distance of∼10 μm
around the beam center (see snapshots at 0.07�2.5 s). The
transmittance shows temporal dynamics in the shape and size, and
it ultimately converts into a single spot at the beam center on a few
seconds time scale (see snapshots at 4.5 s and longer times). The
single spot grows continuously with the laser irradiation time as
shown by the continuous spatiotemporal image depicted in
Figure 1B, where it reaches themean diameter of 24μmat irradiation
time of∼100 s. The single spot also shows spatiotemporal dynamics,
where its transmittance at the focal point is the brightest at around 9 s,
and it decayswith the growthof the single spot.The appearance of the
dark area around the beam center is clearly observed at irradiation
times longer than 25 s, as shown in the snapshot at 30 s. When the
laser beam is switched off, the single spot disappears immediately into
the initial nematic phase with a characteristic relaxation time of

∼70 ms. This relaxation time was obtained by fitting the decrease of
the spot size with a single-exponential decay function, as the
orientational free relaxation is governed by a simple exponential
law.5 Reproducibility of the formation and annihilation of the domain
were observed repeatedly by switching on and off the laser beam,
respectively.
To investigate the effect of polarization state, we then exposed

the sample to the equal intensity of laser beams with linear
polarization having a light electric vector being perpendicular to
the rubbing direction or with circular polarization. We used the
same LC cell to ensure the identical morphology of the sample
before irradiation. The focal point is located at the same position
in the LC cell; therefore, the focal position effect for the different
polarization beams can be neglected. As shown in the sequences
of time evolution snapshots in Figure 1A, the different polariza-
tion state readily induces different dynamics of transmitted probe
light from the early irradiation time, indicating that polarization
state is crucial to determine the degree of optical reorientations of
LCs at the focal volume and its vicinity in the early irradiation
time as well as in their further dynamics.
At the early irradiation time, the intensity of transmitted probe

light is always higher when the LC thin film was irradiated by
linearly polarized laser beam with light electric vector being
perpendicular to the rubbing direction, as compared to those
under the other polarization states. This indicates that the optical
fields polarized perpendicular to the rubbing direction lead to an
initial in-plane rotation of the nematic directors, resulting in
greater transient transmission through crossed polarizers. There-
fore, the degree of optical reorientation and birefringence effect are
highly induced under such a configuration. In comparison, the
circularly polarized beam gives weaker but wider area of transmit-
tance. The latter is most probably due to the rotated light electric
vector, which can induce nonlinear rotations leading to transverse
nonlocal effects in the LC thin slab.29,30 At irradiation times shorter
than 15 s, domains of the transmittance with the polarization
dependence of brightness, shape, and size are observed in all
polarization states, and at longer irradiation times, ultimately the
domains show almost similar brightness and shape.
3.2. Laser Power Dependence. By varying the laser power,

we found that the formation of the dynamic transmittance is only
observed when the laser power is above 0.9 W, corresponding to

Figure 1. (A) Sequences of time evolution snapshots obtained by
crossed polarization microscopy, showing dynamic optical reorientation
of nematic 5CB thin film induced by a tightly focused laser beam with
different polarization state as indicated in the left column of each
sequence. Each column is taken at the same irradiation time. The power
of the near-IR laser trapping beam was 1.2 W. The red circle in each
image represents the focal spot, and it has been omitted in the snapshots
at 30 s for the sake of clarity. The scale bar of 10 μm is applied for all
images. (B) Spatiotemporal images showing the optical reorientation at
the focal spot and its surroundings, followed by the formation a single
spot at the center of the laser beam under continuous irradiation of
linearly polarized laser beam with light electric field vector being parallel
the rubbing direction.

Figure 2. Plot dependence of the size of the single spot at long
irradiation time (100 s) as a function of the laser power intensity for
the case of linear polarized laser beam with light electric field being
parallel to the rubbing direction.
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laser power intensity of 56 MW/cm2, as shown in Figure 2 for the
light electric field parallel to the rubbing direction. The increase in
the laser power intensity, above the threshold, results in nonlinear
increase in the dimensions of the single spot, but when the laser
power reaches the saturation level (∼76MW/cm2), the single spot
is no longer increased, suggesting a limit of the single spot
dimension in the LC thin film with the particular thickness. Upon
changing the polarization state, the threshold is almost the same and
reproducible within 56�58 MW/cm2 for all polarization states.
3.3. Raman Microspectroscopy. Raman spectra from the

confined focal volume of the 5CB thin slab before irradiation and
those after the formation of the single spot are depicted in

Figure 3A. The spectra represent the peaks intensities within
300�3300 cm�1 as a function of the polarization of incident
Raman excitation beam, i.e., Aparallel and Aperpendicular for excita-
tion beam parallel and perpendicular, with respect to the rubbing
direction. All the spectra show themajor characteristic bands of 5CB
with Raman shifts at 404, 637, 815, 1179, 1283, 1519, 1603, 2223,
2889, and 3057 cm�1. In general, the frequency positions and
relative intensity of the bands are consistent with those reported in
the literature.31�34 Those bands have also been assigned to out-
of-plane and in-plane vibrational modes of the aromatic rings
(637, 815, 1179, 1283, 1519, 1603 cm�1), out-of-plane and
stretching vibrations of CN cyano group (404 and 2223 cm�1),

Figure 3. (A) Raman spectra for the polarization of the excitation beam parallel (Aparallel; red lines) and perpendicular (Aperpendicular; black lines) to the
homogeneous anisotropic 5CB before irradiation (left panel) and after the formation of the metastable domain measured at 100 s after the laser
irradiation (right panel). All spectra were accumulated for 2 s. (B) Anisotropy-free Raman spectrum calculated as (2Aperpendicular þ Aparallel)/3 before
irradiation (black line) and after the formation of the metastable domain (gray line). (C) Raman image (left) of the formation of metastable domain
measured at 100 s after the laser irradiation and the crossed polarization microscopy image (right) taken at the same time of laser irradiation. The Raman
image was collected for 2.5 s. The red circle representing the focal spot size and the scale bar of 10 μm apply for both images.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200721f&iName=master.img-004.jpg&w=361&h=459
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and stretching CH vibrations of the alkyl group (2889 cm�1) and
the aromatic rings (3057 cm�1).32 The dichroic ratio (Aparallel/
Aperpendicular) of the in-plane vibrational bands of the aromatic and
CN cyano group in the fingerprint region before irradiation is ∼3,
indicating that they have a strong dichroism and in good agreement
with the published data.31,35Wenote thatwithout the 1064 nm laser
irradiation the Aparallel, Aperpendicular, and the dichroic ratio are
constant, ensuring that the Raman excitation beam does not induce
optical reorientation in the 5CB slab.
One can find that such a strong dichroism disappears and the

dichroic ratio becomes ∼1 at the focal volume at the extended
irradiation times. Importantly, the anisotropy-free spectrum at
the focal volume shows an intensity increase and spectral
reshaping as compared to that before irradiation, but no fre-
quency shift is observed, as depicted in Figure 3B. The increase is
observed particularly for the in-plane vibrational bands of aro-
matic and CN cyano group in the fingerprint region. We should
stress that such a total Raman intensity is enhanced only under
the focused laser beams with high power intensity, or otherwise it
remains substantially unchanged at low intensity laser beams. As
shown in Figure 3C, shape and size of the domain observed by
using Raman imaging agree with those observed by using
crossed-polarization microscopy. The anisotropy-free Raman
image clearly shows an intensity distribution around the domain,
displaying higher intensity inside the domain, in contrast to lower
intensity near the edge extending to the outer area.

4. DISCUSSION

4.1. Optical Reorientation at Early Laser Irradiation. The
transmittance of probe light in the cross-polarization microscopy
images can be attributed to laser-induced local director modula-
tion or optical reorientation in the anisotropic 5CB thin slab as a
response of 5CB to be parallel to the light electric field due to its
positive optical dielectric anisotropy.2,36,37 The intensity of
transmittance is related explicitly to local optical reorientation
and photorefraction efficiency of the 5CB thin film.38 The
optically induced reorientation of a nematic LC slab by a focused
laser beam has been investigated theoretically and experimentally
by Khoo et al.,39 where by taking into account the balance
between the generated optical and preexisting elastic torques
(bend, splay, and twist) of the LCs, they have demonstrated that
reorientation transverse profile is dependent on the ratio be-
tween the beam waist (ω0) relative to the thickness of the slab
(d) and light electric field.39 Using the relation between the width
of reorientation andω0/d,

39 we estimated that forω0 = 1.44 μm
and d = 16 μm the width of reorientation to be about 3.7 μm.
This value is comparable to our single spot size (3.8 μm) of
transmittance for the static reorientation at laser power intensity
of 43 MW/cm2. Thus, the nonsymmetric shape of transmittance
at the early irradiation time, as shown in Figure 1A, can be
considered as the transverse profile at the higher laser power
intensity. The large variations of the transverse profile are due to
the different polarization state, which determines the degree of
optical reorientation.
4.2. Domain Formation at Long Irradiation Time. At first

glance, the sequences of crossed polarization microscopy images
indicate the spatiotemporal dynamics of optical reorientation
induced by the focused laser beam in the anisotropic 5CB thin
slab. From the optical viewpoint, such orientational deformations
can be considered as nonsingular defects in a uniaxial 5CB
monocrystal. In the other words, a spatially inhomogeneous

refractive index pattern is induced in the anisotropic alignment
from the early irradiation time. The local effective refractive index
within the optically destabilized area can jump from ordinary to
extraordinary refractive index, or it can be varied within some
fraction of optical anisotropy depending on both the polarization
state and the actual local director.40 Considering that the effective
refractive index in the elastic deformation of anisotropic LC
might be modulated up to the scale of micrometers, the abrupt
change of LC directors is not preferred in terms of the elastic free
energy.41 Such local optically reoriented LCs with refractive
index mismatch compared to that of surroundings should also be
regarded as laser-induced defects, although they are readily
different from point defects or disclinations which exist in many
nematic structures due to misalignment. Therefore, we may
consider that they can act as a microsized “ghost particle”,
similarly to that particular particle proposed by Mu�sevi�c et al.11

for the optically induced distortion or local decrease of the order
parameter of a birefringent nematic LCs containing colloids.
The highly focused laser beam then can induce axial trapping

or generate repulsive force on the ghost particle at the focal point
with both the magnitude of optical gradient force and interaction
energy being determined by the changes in the local refractive
index and the laser power intensity.9,42 For an axially symmetric
Gaussian laser beam, the particle can be trapped at the focal point
in a similar way to high-refractive index nano- to microsized
colloidal particles when their index are higher compared to
surroundings and when the necessary energy condition for
optical trapping is satisfied,14,43�45 or it may also be trapped
unconventionally as a consequence of either the interaction
between the ghost particle and distorted surroundings in the
elastic medium11,13 or faster shape alteration of the particle than
its expulsion out of the focal point due to its deformability.46

Attractive or repulsive force on the ghost particle should be
accompanied by further reorientation in the surrounding area
through elastic dipolar interactions tominimize the free energy of
the system. Therefore, under continuous intense laser irradia-
tion, the optical reorientation, the generated attractive or repul-
sive force, and elastic torques due to intermolecular dipolar
interactions lead the LCs to complicated reorientation dynamics
at the focal point and its vicinity. We note that the dynamic
reorientations must induce fluctuations in spatial distribution,
intermolecular spaces, and dipolar attractive interactions. This
issue, in principle, has been shown in recent work on singular
birefringent patterns in homogeneous LCs induced by light
beams.47

The dynamic orientational transitions induced by linearly
polarized light at normal incidence to the layer of nematic LCs
have been studied theoretically based on the balance of torques
acting on the director, where above a bifurcation the unsteady
dynamics settles to a new stationary distorted state.48 Since the
experimental geometry is similar to our experiment, we may
consider qualitatively that the optical reorientation and gener-
ated trapping or repulsive force on the ghost particle in the focal
volume, in principle, is equalized by elastic forces, viscosity, and
interfacial tension from the surroundings as well as the anchoring
effect of the rubbed polymer surface, resulting ultimately in a new
equilibrium state. The similar brightness and shape of domains at
long irradiation times under different polarization state may also
suggest that the LCs organization in the domains is not deter-
mined solely by the polarization direction, but it is rather
determined by the interplay between those forces in the equi-
librium state, minimizing the elastic free energy inside the
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domains and its surroundings. Such an equilibrium state can also
be therefore considered as a local minimum with a total free
energy lower than that of the optical reorientation but higher
than the nematic alignment. Thus, the equilibrium state, which
nucleates at the focal volume, tends to grow through cooperative
motions, leading to its volume polarizability enhancement and
greater optical gradient force49 and allowing this state to propa-
gate out of the focal volume with the irradiation time.
The disappearance of the domain upon switching off the laser

beam can be attributed to the restoring the initial nematic
alignment by anchoring effect of the polymer surface coated on
the substrates and by bulk elastic torques of the nematic
environment. Reproducibility of the formation and annihilation
of the metastable domain upon switching on and off the laser
beam implies the absence of memory after the irradiation. It is
worth mentioning that this feature is similar to the laser-induced
manipulation of a disclination line and texture in LCs,8,9 but it is
in contrast to the destabilization of nematic structure of LC thin
films containing photochromic compounds, which require
photoinduced back-isomerization to achieve the recovery of
the initial anisotropic phase.50,51

4.3. Possible Microscopic Densification. Since the in-plane
vibrational modes of the aromatic and CN cyano group in the
fingerprint region are oriented predominantly parallel to the
molecular dipole, and since the intensity of Raman band is
proportional to the square of the induced dipole, polarized
Raman bands of 5CB have been used to characterize molecular
alignment of the LC thin film.31,34 Using similar alignment
analysis, the strong dichroism of the Raman bands before
irradiation (Figure 3A) suggests that the local LC director is
parallel to the rubbing direction, supporting the result of
polarization microscopy (see section 4.1). The changes in the
dichroic ratio indicate the optical reorientation, and when the
ratio is equal to 1 (at long irradiation times), it suggests plausibly
that depolarization ultimately takes place at the beam center.
In Figure 3B, the anisotropy-free Raman spectrum is shown to

have a spectral reshaping and an intensity increase when the
domain is formed. The spectral reshaping ismost probably due to
modifications of dipole distribution, particularly those of the out-
of-plane bending (400�900 cm�1) and in-plane stretching
vibrations (2800�3300 cm�1) of CH bonds of the alkyl and
aromatic groups, as they are sensitive to intermolecular forces
and internal rotations.34 Since sufficiently high temperature
accompanying phase transition can induce spectral shifts in
5CB32,34 or high pressure can induce similar effect in other
aromatic compounds,52 the absence of spectral shifts caused by
the laser beam at the focal point suggests that the effects of local
temperature and pressure elevation can be neglected.
To estimate the local temperature elevation, we have taken the

linear relation between local temperature increase (ΔT) at the beam
center and the incident near IR laser power (P), as given byΔT/P =
Aabs/2

√
πkr0,

53,54 where Aabs = Rz0/2.3 is the total absorption of
5CB at 1064 nm,R is the extinction coefficient, z0 is the axial size of
the focal volume (z0 = 1.4 � λ � n/(NA)2 = 2.85 μm for the
average refractive index of 5CB, n = 1.55), k is isotropic thermal
conductivity, and r0 is the beam radius (r0 = 0.5w0 = 0.61� λ/NA =
0.72 μm). From the reported values of R≈ 0.01 cm�1 8,55 and k =
1.96 � 10�3 W cm�1 �C�1,56 we estimated the temperature
elevation at the focal spot to be 2.5 �C/W. This means that it is
3 �C by the focused laser beam with the power of 1.2 W. On the
other hand, themagnitude of photon pressure exerted on the 5CB is
typically within a few hundreds of pN depending on the refractive

index mismatch.12,14 Thus, the photon pressure at the waist of the
trapping beam is calculated to be within the order of kPa, which is
much lower than that to induce frequency shifts of Raman bands.57

Importantly, since average molecular polarizability of 5CB in
different phases from nematic to isotropic is almost unchanged,58

and since the nonresonant 1064 nm laser irradiation does not
induce any molecular conformational changes in 5CB, the
anisotropy-free or total micro-Raman intensity can be therefore
related to the local density in the confined focal volume.59 Thus,
we proposed that the enhancement of the total Raman intensity
is attributable to densification. Such a possible densification most
probably provokes (i) the internal rotations of the aromatic rings
and alkyl group, rather than conformational changes such as in
the photoinduced contractions of LC elastomers containing
photochromic azobenzene,60 and (ii) spatial LCs deorientation
or displacement within the domain and its outer area. However,
one may consider that there must be modifications of the optical
path and transmittance of the Raman excitation beam due to the
changes in molecular orientation and local birefringence upon
the domain formation, leading to enhancement of the Raman
scattering efficiency. These lens effects will be examined and
made clear in the future work by measuring the total Raman
intensity as a function of the distance from the focal point.
4.4. Laser Power Dependence of the Domain Formation.

It has been established that the laser trapping properties can be
controlled by several ways, such as changing the beam polariza-
tion, varying the laser power, etc.21,22 For the anisotropic LCs, we
found that although the polarization state determines the degree
of optical reorientations, the new metastable domain is formed
almost at the same time under the same power of continuous
laser irradiation. This strongly suggests that the optical trapping
is generated by all those polarization states, and gradient force is
generated depending on the optical field intensity (see Figure 2).
Since the OFT threshold of the nematic 5CB thin slab with a
thickness of 16 μmwould be in the order of a few hundreds kW/
cm2, considering the OFT threshold of 0.16 and 2.2 kW/cm2 for
250 and 65 μm, respectively, reported in early studies,2,3 the
definite optical intensity threshold to generate the domain is
more than 2 orders of magnitude larger than the OFT threshold
for all the polarization states. This also indicates that the domain
is generated by the high optical field involving the optical
reorientation and gradient force, which leads to optical trapping
and reorganization of the LCs as described in section 4.2, rather
than simply the optical Kerr reorientation. Thus, one possible
qualitative explanation for high threshold power for the domain
formation could be the minimum free energy of the attractive
force to overcome interfacial tension and bulk elastic force
exerting on the domain formation, similarly to that demonstrated
in laser-induced phase separation.61 We also consider that in the
anisotropic LCs the reorientation energy should be polarization
dependent, and thus, the equilibrium condition, in which the
attractive force is balanced by interfacial tension, viscosity, and
bulk elastic force, should depend on the polarization state of laser
beam. However, in this case, though early dynamics in fact is
polarization dependent (Figure 1A), the equilibrium condition is
accidentally independent of the polarization state, as indicated by
the comparable optical intensity threshold under laser irradiation
with different polarization states. This may further indicate that
the equilibrium condition is achieved through cooperative mo-
tions and reorganization of the LCs in vicinity of the focal
volume, which are not directly optically reoriented. Another
possible explanation is that if the longitudinal field is most
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important in governing reorientation outside the focal volume,
particularly the longitudinal field should be small for the highly
focused beams under the polarization conditions employed; the
threshold for the domain formation therefore appears artificially
at high power intensities.
4.5. Depolarized Alignment at the Beam Center.While the

metastable domain grows with the irradiation time, its clear
interface suggests that molecular alignment inside it is distinct
from the surrounding phase. The dark area around the domain
center can be attributed either to restoring the nematic align-
ment, to orientation f deorientation, or to a microscopic
nematic f isotropic transition. Considering that the dichroic
ratio is equal to 1 after long irradiation times, restoring the
nematic alignment at the focal point is highly unlikely to occur,
but in contrary, the dichroic ratio strongly indicates depolariza-
tion leading to deorientation or a nematicf isotropic transition,
particularly around the beam center. Since the trapping beam
induces the temperature elevation at the beam center as high as
3 �C from the room temperature (23�24 �C), as mentioned in
section 4.3, this finding reveals the possibility of local nematicf
isotropic transition for 5CB around the beam center that occurs
below the normal phase-transition temperature (34�35 �C).32,62
We consider that this is due to either the complicated geometry
of the condensed beam at the focal point,63 reshaping wavefront
profile of the laser beam because of the spatially nonuniform
refractive index patterns after the first optical reorientation or the
elastic torques from the surroundings in the equilibrium state.
This finding clearly shows the qualitative difference in the
behavior to that of solute�solvent systems, where phase transi-
tion or phase separation in the two-component systems, such as
aqueous solution of glycine, triethylamine, or sodium dodecyl
sulfate/xylene/1-pentanol, is thermodynamically and directly
driven by radiation pressure of the laser trapping beam without
any effects of the solvent.23,28,61,64

From the nonzero transmittance in the surrounding area of the
beam center in the polarizationmicroscopy images of the domain
(Figure 1A), we can draw a conclusion that the order parameter
of local 5CB directors out of the center area are not zero, or in
other words, they are locally nematic alignments with various
order parameters. Since such a polarization microscopy also does
not show an image of a typical radially symmetric LC
droplet,17,65,66 one of the possible configurations inside the
domain is a rotational symmetry with respect to the beam center,
though the detail molecular configuration is still an open ques-
tion and might be a subject of future study.

5. CONCLUSIONS

We have presented a study of optical reorientation of homo-
geneous nematic 5CB thin slab induced by a highly focused near-
infrared laser beam. The optical reorientation behavior shows
unusual behavior when laser power intensity is higher than 56
MW/cm2, as the optically reoriented LCs shows the spatiotem-
poral dynamics and ultimately transforms to a new metastable
domain, which nucleates at the focal spot and grows with the
irradiation time up to the diameter of a few tens times larger than
the focal size. We consider that the optically reoriented LCs with
refractive index mismatch compared with the surroundings can
act as a microsized “ghost particle”, and for this reason an optical
gradient is generated and exerted on the particle in the focal
point, leading to its optical trapping and manipulation. Laser
trapping process is supported by the unique intensity increase in

the anisotropy-free Raman spectrum and imaging at the confined
focal volume. This finding may be an indicative of a possible
microscopic densification by the tightly focused laser beam. The
change in dichroic ratio at the beam center from 3 to 1 at long
irradiation time can be attributed to depolarization leading to
local orientation f deorientation or isothermal microscopic
nematic f isotropic phase transition. The nucleation and
growing of the micrometer-sized metastable domain is a unique
merit of the optical reorientation of 5CB thin slab induced by a
highly focused laser beam, providing experimental evidence of
optical control of a great number of molecules in a single-
component system by the focused laser beam.
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