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Abstract: Stable optical trapping and manipulation of high-index particles
in low-index host media is often impossible due to the dominance of
scattering forces over gradient forces. Here we explore optical manipulation
in liquid crystalline structured hosts and show that robust optical
manipulation of high-index particles, such as GaN nanowires, is enabled by
laser-induced distortions in long-range molecular alignment, via coupling of
translational and rotational motions due to helicoidal molecular
arrangement, or due to elastic repulsive interactions with confining
substrates. Anisotropy of the viscoelastic liquid crystal medium and particle
shape give rise to a number of robust unconventional trapping capabilities,
which we use to characterize defect structures and study rheological
properties of various thermotropic liquid crystals.
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1. Introduction

Optical trapping is a non-contact manipulation technique broadly used in science fields
ranging from condensed matter physics to biology and biomedicine, as well as for various
technological applications [1-3]. Stable manipulation typically uses tightly focused laser
beams that exert optical gradient forces and pull particles towards the maximum-intensity
region of the focal plane and overcome scattering forces that tend to push the particle along
the light-propagation direction [4]. This imposes restrictions on the refractive indices of the
particles with respect to the fluid host media, specifically that the refractive index of particles
has to be modestly higher than that of the medium. Particle shape is another factor that
determines trapping stability, orientation, and possible rotation/motion of particles within the
trap [1-9]. For example, colloidal cylinders with dimensions comparable to or smaller than
the wavelength of the trapping laser spontaneously align along either the beam propagation or
linear polarization directions [7,8] while larger anisotropic microparticles can be trapped in
desired orientations using multiple traps [10-12] or optical vortex beams [13]. Some of the
remaining challenges include stable trapping of particles with a refractive index much larger
than that of the surrounding host medium, manipulation of non-spherical particles while
aligning them in desired orientations, as well as robust control of colloidal inclusions in
anisotropic fluid hosts such as liquid crystals (LCs).

In our work, we explore optical manipulation of high-index GaN nanowires infused in
nematic and cholesteric LCs in the regime when optical gradient forces are much weaker than
scattering forces. We show that stable non-contact optical manipulation of these particles is
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still possible because of the structured LC self-organization and its response to laser beams.
Laser manipulation properties are studied as a function of laser power, structure of long-range
molecular alignment (described by the director field N(r)), and LC confinement conditions.
This robust structure-assisted trapping allows us to characterize three-dimensional (3D) defect
morphology and local rheological properties of LCs.

2. Optical setup

Our setup (Fig. 1) combines holographic optical tweezers (HOT) [14] with fluorescence
confocal polarizing microscopy (FCPM) [15,16] and allows for simultaneous optical 3D
manipulation and imaging of a variety of systems. The HOT is built around an electrically
addressed liquid-crystal spatial light modulator (LC-SLM) with 512 x 512 pixels (BNS XY
series P512-1064, with each pixel being 15 pm x 15 um). Two telescopes, one before and
another after the SLM, resize the beam to overfill the active area of the SLM and image the
SLM on the back-aperture of the objective, respectively. While trapping is performed at 1064
nm, the sample imaging in 3D is done via dye excitation at 488 nm and fluorescence
detection in the range of 505-525 nm. Both the HOT and the FCPM use the same oil
immersion objective. The used objectives with 60 x and 100 x magnification had numerical
aperture of 1.42. In addition to laser manipulation and confocal microscopy, this setup allows
us to perform conventional polarizing optical microscopy (POM) studies.

® Transmission d&  Polarized microscopy illumination

illumination = Trapping laser (1064 nm)
@ e Exitation laser (488 nm)
= Fluorescence signal (from focal plane)

— i i
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< Condenser

<

Sample ==

MO

PR

Collector lens

Pinhole
e ——1 Analyzer
Excitation
laser
1

Camera

Fig. 1. Integrated HOT and FCPM setup. The HOT part of the setup is composed of a laser (A
= 1064 nm), plano-convex lenses L, (focal length 100 mm), L, (250 mm), L3 (850 mm), and L4
(400 mm) with anti-reflection coating, a Glan-Laser polarizer (P), a half-wave plate (HWP), a
dichroic mirror (DM), a polarization rotator (PR), and a microscope objective (MO). The
FCPM consists of an excitation laser, a dichroic filter (F), a beam-splitting cube (C), a pinhole,
and a photomultiplier tube (PMT). The setup also allows for POM imaging.

3. Sample and cell preparation

Figures 2(a), 2(b) shows representative GaN nanowires grown via molecular beam epitaxy
[17]. The method yields nanowires with a hexagonal cross-section of ~300 nm in width.
Ultrasonic removal of the nanowires from the growth substrate into a solvent (isopropanol)
results in a fairly monodisperse solution with a typical nanowire length of ~10 um. Our study
utilized LC mixtures such as the nematic LC (NLC) E31, and a cholesteric LC (CLC)
composed of an NLC host (e.g., E7, ZLI-3412, or ZLI-2806) mixed with a chiral agent (CB-
15) [15,18]. E31 is a mixture of cyanobiphenyl homologs, with elastic constants of bend,
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splay, and twist being K33 = 25pN, K;; = 17.5pN, and K,, = 8.5pN, respectively [19]. For
FCPM imaging, our samples were doped with a tiny amount (0.01 wt. %) of a fluorescent dye
n,n’-bis(2,5-di-tert-butylphenyl)-3.4,9,10-perylenedicarboximide (BTBP, Aldrich) that yields
a strong fluorescence signal without affecting LC properties [20]. LC cells are fabricated with
two glass substrates sandwiched together by the use of UV curable glue (Norland optical
adhesive NOA-63). Silica spheres mixed with glue set a cell gap ranging from 10 um to 60
pm. Spin-coated thin films of polyvinyl alcohol (PVA) are used as surface alignment layers;
PVA coatings on the opposite inner surfaces of confining glass plates are rubbed in the anti-
parallel fashion before cell assembly to provide unidirectional planar surface anchoring. The
nanowire solution is mixed into an LC sample via solvent exchange, after which the solvent is
evaporated. This nanowire-LC dispersion is then infused into the cell in its nematic phase by
means of capillary forces. Finally, the cell is sealed with fast curing epoxy.

4. Optical manipulation of nanowires in nematic liquid crystals

In a planar-aligned NLC, nanowires tend to align themselves parallel to the uniform far-field
director Ny to minimize elastic energy, Figs. 2(c)-2(e). Due to a director pre-tilt induced by
anti-parallel surface rubbing of the PVA alignment layer, nanowires commonly tilt out of the
(x-y) plane at an angle < 8 degrees. POM images indicate that the nanowires weakly distort
the director field, with areas of the strongest distortions occurring at their ends, Fig. 2(c).
Heating of the surrounding LC during optical manipulation of nanowires is negligible because
of their low absorption coefficient of ~80 cm™" at the laser wavelength of 1064 nm.

Fig. 2. Nanowires in NLCs. (a) and (b) SEM micrographs of (a) the side-view and (b) cross-
sections of GaN nanowires. (c) Schematic of (N)(r) around a hexagonal facetted nanowire in
an aligned NLC. (d) Micrograph and (e) schematic of (N)(r) around a nanowire in an aligned
NLC. (f) Micrograph and (g) schematic of (N)(r) around a nanowire under the influence of a
laser trap (light is propagating in the positive z-direction) centered at one of nanowire ends.
The dotted lines in (e) and (g) indicates the image plane used to capture the micrographs
shown in (d) and (f).

A laser beam of power < 25 mW initially attracts a nearby nanowire. However, once the
nanowire overlaps with the focused laser beam, it is pushed along the light propagation
direction, indicating that the high refractive index contrast between the nanowire (ng.y = 2.4)
and the LC (n; ¢ =1.5) precludes stable 3D trapping. This is true regardless of trap position
and beam polarization relative to the director or nanowire. This hypothesis is supported by
numerical simulations, using the T-matrix method and a discrete-dipole approximation
[21,22], yielding a strong force of 30—80 pN in the positive z-direction. A trap positioned on
one end of the nanowire rotates the nanowire out of the (x,y)-plane to an angle at which the
optical torque, due to scattering force acting on one of the nanowire’s ends, is balanced by the
elastic torque tending to align the nanowire along Nj. Its initial orientation is restored when
the beam is turned off. Elastic distortions around the rotated nanowire are of monopole type
and mediate repulsive elastic interactions of the colloid with the strong surface boundary
conditions of the confining substrates. These interactions can be modeled using the method of
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images, analogous to that used in electrostatics [23]. Interactions between elastic monopoles
induced by rotated nanowires with their image monopoles on the opposite sides of the LC-
substrate interfaces are repulsive [23] and are expected to slowly decay with distance d from
the substrate as oc1/d”. This assures that the optical scattering force is balanced by the elastic
force of nanowire’s repulsive interaction with the confining plates that tend to localize it in
the cell midplane. Once the focused beam is removed, the elastic torque acting on the
nanowire aligns the nanowire such that it returns to its initial orientation, again parallel to Ny,
Figs. 2(d), 2(e).

Using an optical power of up to 20 mW, we have measured a maximum nanowire tilt
angle of ~10 degrees from Ny, yielding an estimate of the axial optical force consistent with
our numerical calculations. Thus, an optically tilted nanowire can be stably localized in the
LC cell close to its midplane, due to the balance of scattering and gradient forces augmented
with elastic repulsive forces between a rotated nanowire and confining plates. On the other
hand, when a trap is positioned in the middle of the nanowire rather than at one of its ends,
there is no elastic torque, and the weak elastic distortions around the colloid remain
quadrupolar (Fig. 2(e)). This results in much weaker nanowire-substrate elastic interactions
(with the force decaying as oc1/d®) and an apparent pushing of the nanowire to the opposite
substrate of the cell by the optical force. Thus, this type of elasticity- and confinement-
assisted trapping has a number of limitations on cell thickness and trap position along
nanowire for which stable 3D trapping is achieved.

At optical powers of about 35 mW and higher, laser traps realign the local director N(r)
[16]. Thus, in addition to particle manipulation by optical forces, it is also possible to utilize
the ensuing elastic forces to enable stable trapping of a GaN nanowire. Such trapping is
accomplished when the trap polarization is orthogonal to Ny and the trap is turned on after
being centered on the nanowire. By the use of this type of trap activation, multiple traps can
be used to manipulate the nanowire at any point along its length. On the other hand, traps
activated in close vicinity of the nanowire do not result in a stable trapping as the particle is
repelled from a trap. These observations may be understood by considering the elastic energy
cost of a laser-induced elastic distortion in the NLC, which is minimized when a trap is
centered on the nanowire due to the volume of NLC with laser-induced distortions excluded
by the presence of the nanowire. Due to tangential surface boundary conditions along the
length of the rather long nanowire, it is typically repelled from the laser trap located nearby,
again to minimize the elastic free energy. Clearly, this behavior at high laser powers is very
different from that at low powers discussed above.

Figure 3(a) shows a nanowire manipulated by a single trap with laser power higher than
the realignment threshold of 35 mW positioned at its left end. The trap, and consequently the
end of the nanowire, is translated orthogonal to Nj at a constant rate of 0.5 pm/s, while elastic
forces retain its alignment along N,. Figure 3(b) shows a similar experiment, where in
addition to the moving trap, a stationary trap is positioned at the right end of the nanowire. As
the left side trap is translated nearly orthogonal to Ny, the two traps are strong enough to
overcome elastic forces, resulting in an in-plane rotation f,. At B, ~13 degrees, the right
end of the nanowire escapes the trap and the nanowire rotates back to become parallel to Ny
under the action of an elastic torque exerted by the NLC medium. The escape angle is
experimentally observed to increase with increasing laser power, and is expected to depend
on elastic and viscous properties of the NLC, and the angular velocity of trap motion, because
both elastic and viscous torques oppose rotation of the nanowire away from the equilibrium
alignment direction.
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Fig. 3. Manipulation of a GaN nanowire in an NLC using high-power laser traps. (a) Nanowire
manipulated by a single trap positioned at its left end (Media 1): at elapsed time t; = 5.0 s, the
trap starts moving with a constant velocity. The inset shows a frame from the movie; Ny is
along the x-axis. (b) Nanowire manipulated using two traps, one at each of its ends (Media 2):
at elapsed time t; = 2.1 s, the left trap starts moving with a constant velocity while the right-
end trap is immobile. At elapsed time t, = 7.0 s, the right end of the nanowire escapes its trap
due to the elastic torque exerted by the NLC. Inset shows a frame from Media 2 at elapsed
time 7.0 s; Ny is along the x-axis. In (a) and (b) graphs show nanowire's left end position yny
and rotation angle S,y vs. time. The black solid line in (b) is obtained by the use of the model
and parameters K = 13 x 10712 N, #=045P, L,y = 10 um, and R, = 150 nm. The cell gap is
60 um.

Relaxation of the nanowire toward N is determined by the balance of elastic restoring and
viscous drag forces, while inertial effects are negligible. The angular motion of the nanowire
with a viscous drag of Stokes-sphere-equivalent volume is [24,25]

ﬁ(t):cle’“, (1)

where ¢, is determined by the escape angle and y is the relaxation time constant:

4 K r %
7§—LJ[WJ ’ @

[*In| 2=
o2

where K is the Frank elastic constant of the NLC in the “one-constant approximation”, L and
R are the length and radius of a cylinder circumscribing the hexagonally-shaped nanowire,
respectively, and # is an effective viscosity. Figure 3(b) shows the fit of this model to our data
for known values for K and 7, and experimentally measured L and R. The good agreement of
our experiment shown in Fig. 3(b) with this model for known material parameters [19]
suggests that simple manipulation of optically trapped nanowires can allow for
microrheological measurements of Frank elastic constants and viscosities. These
measurements might be done locally in sample regions of interest, e.g. in NLC droplets and
near or within defect lines [26-28].

5. Optical manipulation of nanowires in cholesteric liquid crystals

A cholesteric LC infused into a cell with parallel surface rubbing results in a helical director
structure that induces a strong coupling between a nanowire’s z-position (z,y) and its in-plane
rotation angle (8,), Fig. 4(a). An optical beam focused on the center of a nanowire not only
pushes the nanowire along the light-propagation direction but also forces it to rotate along the
helical structure, as shown in Figs. 4(a)—4(f). The helical structure and CLC elasticity prevent
the nanowire from tilting out of the (x,y)-plane, even when the trap is positioned at one of its
ends. Since the z-component of the optical force (along the CLC helical axis) is balanced out
by elastic forces preventing the nanowire tilt toward the helical axis, and since the rotations
around and translations along the helical axis are mechanically coupled, optical manipulation
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of the ends of a nanowire allows for robust manipulation of the nanowire in 3D. For
controlled displacement of a nanowire within the (x,y)-plane, at least two focused laser beams
are moved while the orientation of their center-to-center separation vector is kept fixed. For
movement along the z-direction, one or two traps are positioned at each end of the nanowire
and used to rotate the nanowire, resulting in a screw-like translation along the helical axis; it
is somewhat easier to translate the nanowire along the direction of optical scattering force
(away from the microscope objective) rather than opposed to it. This rotation-translation
coupling allows for precise measurement of the local cholesteric pitch p, as shown in Fig.
4(g). Best fit of the experimental data of vertical z-position vs. the in-plane orientation angle,
measured using a previously described method [15,16], yields cholesteric pitch of p = 40.4 +
0.25 um [15,16], which is consistent with the equilibrium pitch of the CLC used in our study.
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Fig. 4. Manipulation of GaN nanowires in a CLC. (a) Schematic of an equilibrium director
structure in a CLC cell with pitch p. (b)—(e) Frames from Media 3, in which a single focused
optical beam, initially positioned on the center of a nanowire, forces the nanowire to rotate
away from the microscope objective. The optical beam is then blocked, refocused, and
unblocked at elapsed times of unblocking 4.5 s and 35.0 s. (f) Nanowire in-plane angle f,,, and
z-position zyw vs. time as extracted from Media 3; Frames shown in (b)—(e) correspond to
elapsed times indicated with red circles in (f). (g) Measured nanowire position z,y as a function
of the in-plane rotation angle . The cell gap is 60 um. A laser beam power of 50 mW at the
sample plane was used in these experiments.

6. Trapping-assisted characterization of 3D defect morphology

There is a great interest in measuring and characterizing anisotropic properties and structure
of LCs. Optical manipulation techniques demonstrated above give a simple and robust means
for such measurements and also allow for mapping of complex director fields [15]. Figure 5
shows a nanowire manipulated in a CLC sample containing an “oily streak” defect at which
cholesteric layers are discontinuous. By means of low-power manipulation, we have probed
the CLC structure with a manipulated nanowire being used as a “compass” that always points
along N(r). To demonstrate this, we have translated the nanowire above and below the oily
streak defect along the x-direction, as shown in Fig. 5(d). The nanowire was also translated
along a bent layer passing through the core of the oily streak, Fig. 5(c), revealing the director
field in the vicinity and within this complex defect core. Similar non-contact manipulation
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reveals the layered structure of the cholesteric LC sample and presence of various nonsingular
and singular disclinations within the oily streak defect core (Fig. 5).
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Fig. 5. GaN nanowire translated within and around an oily streak in a CLC. (a) FCPM vertical
cross-section of the sample with an oily streak. (b) Schematic of the director structure around
the defect with the nanowire translation trajectory (red line); the three rotated screws each
indicate a 180° clock-wise rotation of the nanowire. (c) Frames from Media 4 (sped up 2
times), Media 5 (sped up 2 times), and Media 6 (sped up 4 times) showing the nanowire being
moved from position #1 to #2 in (d), the dislocation prohibiting the nanowire from moving
across one of the broken layers, position #5 in (d), and the nanowire being pushed between
positions #8 to #9 in (d), respectively. (d) Layered structure obtained using FCPM images
shown with co-located nanowire positions measured using either in-plane FCPM images (red
circles) or video microscopy frames (blue squares).

7. Conclusions

We have presented new approaches for unconventional structure-assisted optical
manipulation of high-index nanowires in nematic and cholesteric liquid crystals. Stable 3D
manipulation in these approaches is enabled by augmenting the optical gradient and scattering
forces with forces due to trap-induced elastic distortions or by coupling of translational and
rotational motions due to intrinsic helicoidal structures, or by elastic repulsive interactions
with confining substrates when traps rotate nanowires and induce elastic monopole-like low-
symmetry structures. Robust optical manipulation by above methods enables characterization
of director structures, defect morphology, and local rheological properties of liquid crystals.
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