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Optical manipulation has achieved special interest in the
studies of LCs both because of the immense experimental
capabilities of optical tweezers to probe these systems at
the micron scale [29–40] combined with the richness of
phenomena observed in LC media, with as well as without
the presence of colloidal inclusions. Various LC-based
systems have been studied using optical tweezers such as
colloidal dispersions in LCs [41–51], LC defects and director
structures [52–56], defects in Langmuir monolayers [57–62]
and LC droplets [63–72
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Table 1. Properties of studied nematic LCs.

Material/property K11 (pN) K22 (pN) K33 (pN) ne no �n

MLC-6609 17.2 7.51 17.9 1.551 1.473 0.078
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Figure 1. Integrated holographic optical trapping and confocal microscopy set-up. The trapping system is integrated with the inverted IX-81
microscope (Olympus) through the right-side laser port and contains: lenses L1 (focal length f1 = 100 mm), L2 ( f2 = 250 mm), L3

( f3 = 850 mm) and L4 ( f4 = 400 mm) which are plano-convex lenses with anti-reflection coating for 1064 nm; P is a glan-laser polarizer
optimized for 1064 nm; SLM is the spatial light modulator; HWP is a half-waveplate; DM is the dichroic mirror; PR is a ferroelectric
LC-based polarization rotator; MO is the microscope objective. The confocal excitation and detection unit integrated with the inverted
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Figure 3.
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high neff spot in the RIC wing (outside the particle). All the
trapping locations are stable, even the ones outside the particle
(figure 4—cases 2 and 4), as the high refractive index regions
in the RIC are surrounded by low-index regions. Since the
particle and the RIC are mechanically coupled to each other
due to the LC elasticity, they follow each other when either
the bead or RIC is translated using the laser trap. Another
interesting consequence is the ability to manipulate particles
with refractive index lower than the surrounding medium,
i.e. even if np < no < ne. There are two mechanisms
at work under different scenarios: below the Freederickz
transition, the trapping is made possible by the RIC formed
around the particle which has regions of higher refractive index
surrounded by those of lower index. For a particle with dipolar
N(r) and with np such that ne > no > np, there are two
stable trapping points outside of the particle for a laser’s linear
polarization orthogonal to N0. Thus even a particle with np

lower than the surrounding medium can be trapped for certain
laser polarizations because of the refractive index pattern that
the bead creates around itself via the distortion of N(r). In
contrast, for a particle with np > ne > no, there is only one
stable trapping point, that within the particle, although it is
not necessarily located at its center (as commonly observed for
colloidal spheres in isotropic fluids). The number and positions
of the trapping points thus depend on the relative refractive
index of the particle as well as the shape of the RIC it generates
around itself. A particle with quadrupolar RIC can be trapped
at its center, or at two high-neff points in the RIC or even at
four different points in the RIC, depending on the value of np

as well as the laser trap’s polarizations (see figure 2 for the
shapes and polarization-dependent refractive index patterns of
the RICs).

At trapping laser powers above the so-called Freederickz
transition (an optical analog of the electric-field-induced
realignment of N(r) commonly utilized in LC information
displays), the trap produces elastic distortion in the LC.
Thus, trapping assisted by the optical gradient forces is
accompanied by elastic interaction of the particle with the
optically distorted region of LC to minimize the elastic energy
given by equation (1) [46, 47, 49]. Therefore, optical trapping
and manipulation in this case are determined not only by the
typical combination of optical gradient and scattering forces
but also by the elastic forces between the laser-induced elastic
distortion and that due to the colloidal inclusion. We give a
more detailed account of properties of optical trapping in this
regime in section 6.

3.3. Multistable trapping and particle dynamics in LCs

Particle dynamics in LC media differs from that in isotropic
ones. This is due to the anisotropy of both visco-elastic and
optical trapping properties in LCs [49]. Even when no laser
traps are present, video-microscopy of the Brownian motion
of the particle reveals the anisotropic angular patterns of the
particle’s displacement, showing that the mean displacement
along and perpendicular to N0 are different, see figure 5(a).
When such a particle is trapped, the anisotropic pattern of
displacements changes upon varying the laser power. The

Figure 4. Trapping of colloidal particles with dipolar N((
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Figure 5.
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LCs. The value of np is between that of no and ne
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Figure 7. Quantitative characterization of quadrupolar and dipolar colloidal interactions in LCs. (a) Direct probing of the angular dependence
of interaction between two quadrupolar particles (3 μm diameter) separated by the initial distance of 7.5 μm: one particle is held trapped at
the position x = y = 0 while the other is released at different locations so that the inter-particle separation vector makes different angles with
respect to N0; the motion trajectories obtained for different initial locations of the particles are shown using different colors. The two insets
show schematic N(r) and force directions for the cases of attractive and repulsive interactions. (b) Orientation dependences of the force vector
for different interparticle separations. (c) Experimental dependence of the attractive force on distance for θ = 30◦ compared with the
theoretical prediction. The inset shows the initial particle positions and respective N(r). (d) The distance dependence of the force of attraction
between two particles of diameter 3 μm with dipolar N(r) and parallel dipole moments positioned as shown in the inset. For more details, the
reader is directed to [48, 53].

of anisotropic elasticity-mediated pair-interaction forces and
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Figure 8.
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Figure 9. Particle-assisted defect manipulation and measurement of their line tension in a nematic LC. (a)–(c) Manipulation of a disclination
of half-integer strength (m = −1/2) using a particle with tangential surface anchoring. The particle adheres to the defect line as it is brought
closer and pushed along the direction transverse to the disclination length. Eventually, the particle and the defect separate (c), with the defect
line straightening to minimize its total energy. (d) Schematic representation of a particle with tangential anchoring and two boojum defects
adjacent to an m = −1/2 disclination; note that the initial positions of the boojums ((a), (d)) are along the vertical direction and that (c) they
reside in the horizontal equatorial plane after the laser-induced manipulation and when the particle is located in the part of the sample with
in-plane N(r). ((e)–(g)) A particle with tangential surface anchoring used to manipulate a disclination of strength m = +1/2. In this case, the
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Figure 10.
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Figure 11. Manipulation of defect structures in a cholesteric LC confined into different cell geometries. (a) Polarizing microscopy image of a
sample containing a uniform domain (in the thin part of a cholesteric LC cell, on the left) and 180◦-twisted domain, on the right. (b) N(r)
pattern in the vertical plane corresponding to the texture shown in (a). (c) PM texture of the so-called ‘cholesteric fingers’ of the third type in a
homeotropic cholesteric LC cell [56
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Figure 12. Optical manipulation of nanorods in ((a)–(c)) non-twisted and ((
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