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We demonstrate optical trapping and manipulation of defects and transparent
microspheres in nematic liquid crystals (LCs). The three-dimensional director
fields and positions of the particles are visualized using the Fluorescence Confocal
Polarizing Microscopy. We show that the disclinations of both half-integer and
integer strengths can be manipulated by either using optically trapped colloidal
particles or directly by tightly-focused laser beams. We employ this effect to mea-
sure the line tensions of disclinations; the measured line tension is in a good agree-
ment with theoretical predictions. The laser trapping of colloidal particles and
defects opens new possibilities for the fundamental studies of LCs.
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1. INTRODUCTION

The study of topological defects is important for understanding defect-





2. EXPERIMENT

2.1. Materials and Cell Preparation



embedded in the spheres in the spectral range 585–650 nm, channel
#2). We used Olympus Fluoview BX-50 confocal microscope, modified
by a linear polarizer bPP that sets polarization bPPekbPP of the excitation
beam and the polarization bPPf kbPP of the detected fluorescent light. The
excitation beams of a 488 nm Ar laser and a 568 Kr laser are focused
by a high NA objective into a small (<1 mm3) volume in the LC cell.
The fluorescent light from this volume is detected by two photomulti-
plier tubes that collect light in the spectral ranges 510–550 nm for
channel #1 and 585–650 nm for channel #2 as selected by the inter-
ference filters. A 100 mm wide pinhole discriminates against the regions
above and below the selected volume, which allows for the diffraction-
limited resolution along the optical axis of the microscope. The strong
orientation dependence of measured fluorescence signal allows us to
decipher the 3D orientation pattern from the FCPM observations.
The resolution of the FCPM is �1 mm in both radial (in plane of the
LC cell) and axial (along the cell normal bZZ) directions.



director field bn



isotropic phase. The trapping force Ft is calculated using the Stoke’s
law Ft¼3pDa4Ve, where Ve is average escape velocity, and the effec-
tive viscosity of the LC is approximated by the Leslie coefficient a4

[1,25]. The Reynolds numbers are verified to be low enough (�10�5)
to justify the use of the Stokes law [1,13,14]. We determine the average
escape velosity Ve and calibrate the trapping force Ft for different laser
powers, Figure 3; this calibration we will use for the measurement of
defect line tensions in the Section 3.3 below.

FIGURE 3 Trapping force vs. laser power (a) and depth of trapping (b) in
liquid crystals ZLI2806 and E7 as compared to water. A 100� immersion oil
objective with NA¼1.3 is used in the experiment.
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FIGURE 4 Vertical FCPM cross-sections with the fluorescent signal from
(a) BTBP-doped LC and (b) Rhodamine B labeled particle (gray) and (c) sche-
matic drawing of the director field with the bead in the vicinity of a disclina-



FCPM technique to map the 3D director around the disclination which
allows us to determine the strengths of defect lines. Imaging of the
director field associated with disclination is illustrated on the example
of a straight disclination with its ends pinned at two spacers that were
used to set the cell thickness, Figure 4. FCPM vertical cross-section
obtained with linearly polarized probing light, Figure 4(a), reveals
the director reorientation by p around the disclination as one circum-
navigates the core once, Figure 4(a). This director configuration is
assisted by the type of anchoring in the cell, which was tangential
degenerate at the top plate and homeotropic at the bottom plate. As
it is revealed by the two-channel FCPM imaging, both the disclination
and the colloidal particle that can be used to manipulate the defect line
are located in the nematic bulk, Figure 4(a–c). The co-localization of
the fluorescent signals from the dye-doped LC (Fig. 4a, represented
using a color-coded intensity scale) and the Rhodamine B stained
MR particle (Fig. 4b) shows that the particle is located in the close
vicinity of the defect core, Figure 4(c). The defect lines studied below,
Figures 5–8, look similar under the polarizing microscope; the visible
difference which is usually used to distinguish them is that the
half-integer disclinations, Figures 7 and 8 are thinner than the
integer-strength disclinations, Figures 5 and 6 (compare the thickness
of the defect lines to the diameter of the 3 mm beads). Using the FCPM
technique and mapping bnnð~rrÞ around a defect as described above, we
determined not only the absolute value of the disclination strength
m but also its sign (the strengths of disclinations are marked in
Figures 5–8).

The strong director distortions and the associated gradients of the
effective refractive index in the vicinity of the disclination cores allow
for trapping and manipulation of these defects using laser tweezers.
To illustrate this we use a straight horizontal m¼1 disclination that
joins two glass spacers in a flat cell, Figure 5. The disclination can
be stretched by manipulating the laser beam focused at the disclina-
tion midway between the spacers, Figure 5. The local director
bnnð~rrÞ in the center of the m¼1 disclination is along the defect line,
Figure 5(d), (e), making the defect core non-singular, i.e., escaped into
the 3rd dimension. For a laser beam polarized along the disclination,
the effective refractive index in the center of the defect line is
neff ;core�ne, which is larger than the effective refractive index of the sur-
rounding LC�no (here no¼1:48 and ne¼1:52 are ordinary and extra-
ordinary refractive indices of the used ZLI2806, respectively). The
refractive index difference between the core of the m¼1 disclination
and the LC around it is close to LC birefringence, Dn�0:04, and is suf-
ficient for manipulation of the disclination using laser tweezers, Figure 5.
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As one can expect, the disclination is trapped when the laser beam is
polarized along the defect line, Figure 5; the defect is repelled from the
focused laser spot if the laser beam is polarized orthogonally to the
disclination as in this case the effective refractive index difference
between the defect core and surrounding LC becomes negative. In a
similar way, the effective refractive index difference between the
defect core and surrounding LC allows one to optically trap and
manipulate other types of disclinations using tightly focused laser
beams. We note that in addition to the mechanism of disclination trap-
ping described above, the trapping and manipulation of disclinations
might be also influenced by the LC realignment under the intense
laser radiation. If laser power exceeds some critical value (about
30–50 mW in the case of ZLI2806) and the direction of linear light
polarization differs from the local director bnnð~rrÞ, we notice spots of



those observed in Ref. [19]. The effect of light-induced LC realignment
on the manipulation of disclinations increases with laser power.
Because of the nonlinear optical effects such as LC reorientation at
laser irradiation, quantitative characterization of laser trapping of
disclinations with high-power laser tweezers is difficult.

A disclination can be also manipulated by using an optically trapped
polymer bead, Figure 6. A particle with a diameter much larger than
the anchoring extrapolation length of the particle-LC interface can be
either attracted to or repelled from the defect core, depending on the

FIGURE 6 Manipulation of the m¼1 disclination using an optically trapped
polymer particle with tangential anchoring: (a–h) polarizing microscopy
images of a disclination being stretched by a 5(ed(a)-47.7(a)-48g)-sn0.4(wity)-4m
tweezers; (i) a schematic illustration showing that a particle can not penetrate
through he disclination core because of he tangential anchoring conditions
on its surface that are not compatible wity strong director distortions in the
vicinity of he defect.

90=[290] I. I. Smalyukh et al.



type of disclination and surface anchoring conditions at the particle’s
surface. For example, pulling the MR spherical particle with the
tangential anchoring conditions into the defect core of the m¼1
disclination with a nonsingular defect core would require strong

FIGURE 7 Manipulation of the m¼ �1=2 disclination using a particle with
tangential anchoring by pulling the bead in the direction perpendicular the
defect line: (a, c–h) polarizing microscopy textures and (b) schematic drawing
of the director field. The disclination that (a, b) was originally separated from
the particle with tangential anchoring is (c) adsorbed at the particle surface
and becomes a surface disclination with energy lower than that of the defect
line in the bulk; (d–g) as the optically trapped bead is moved farther from
the position of unstretched disclination, (h) the bead separates from the bulk
m¼�1=2 disclination that straightens up to minimize its total energy and
returns to its original position.
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director transformation, Figure 6(i); this is associated with an ener-
getic barrier and explains why the optically trapped bead can not easily
penetrate through the m¼1 defect line. One might wonder why the
disclination does not leave the particle and passes over the top=bottom
bottom of the bead. The most plausible reason is pinning at the surface.
Similar effect of pinning of disclination ends has been demonstrated in
the experiments of Ref. [5] in which the disclinations joined two plates
that were rotated with respect to each other. Despite the fact that the
alignment at the plates was tangentially degenerate, the ends moved
with the plates (thus stretching the disclinations themselves) demon-
strating the effect of pinning [5]. By manipulating a particle, the discli-
nation with its ends pinned at glass spacers can be stretched similarly
to the case of an elastic string, Figure 5. When laser light is switched
off, the disclination straightens up and pushes the bead. This is natural
as the energy of a straight disclination is proportional to its length and,
in first approximation, also the energy of the curved defect line is
proportional to its length [1]. Therefore, a curved defect line has a
tendency to straighten, in order to decrease its length and total elastic
energy. This tendency can be described in the terms of a line tension,
defined as a ratio of the variation of elastic energy to the variation in



of the bulk elastic constant K and the surface anchoring coefficient
W; l ¼ K=W, which is normally in the range 0:1�1 mm [1,28]. The
energy of the disclination at the surface of the particle can be lower
than the energy of a disclination in the bulk, as discussed by R. B.
Meyer [28]. The disclination located sufficiently close to the surface
of a particle might transform into the surface disclination, i.e., into
the line which core is located at the surface and is thus of the size
l >> rc. In the end of this manipulation process the particle and
m¼�1=2 disclination separate; the defect line quickly straightens
up and returns to its original location.

3.3. Measurements of the Disclination Line Tension

Since the elastic constants in most nematics are �10 pN, the optical
trapping approach [17] is also well suited for the quantitative study
of line tension of defects. This we demonstrate below on an example
of a m¼1=2 disclination. Neglecting the difference in the values of
Frank elastic constants, the line tension of the topologically-stable
half-integer disclination is approximated as [1]:

Td ¼
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