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We use nanowires with faceted sidewalls for mapping of the patterns of three-dimensional orientational
order and defect structures. In chiral nematics, the nanowires follow the local average orientation of
rod-shaped molecules. When spatially translated by use of holographic optical tweezers in three

dimensions, they mediate direct nondestructive visualization of the helicoidal ground-state structures,
edge and screw dislocations, and kinks, as well as enable non-contact manipulation of these defects. We
probe interactions of faceted nanowires with different defects and demonstrate their spontaneous self-

alignment along the cores of singular defect lines.

1. Introduction

Defect structure and dynamics often determine material prop-
erties and their practical applications,’** being also critically
important for fundamental phenomena ranging from super-
solidity to phase transitions, and to early universe cosmic strings.
Edge and screw dislocations are common defects in the long-
range or quasi long-range translational ordering of solid crystals
and a number of soft materials such as cholesteric liquid crystal
(CLC) fluids. Colloidal crystals and anisotropic fluids such as
CLCs are routinely used as model systems to provide insights
into the defect-related processes occurring on the length scales
ranging from atomic to cosmic."**1%1® Simultaneous direct
three-dimensional (3D) structural characterization and non-
contact control of the defects are in a great demand but rarely
achievable at the level of individual defects.'*2°

In this work, we use holographic optical tweezers*! to
manipulate GaN nanowires®* in CLCs and locally probe spatial
patterns of 3D orientational order and core structure of defects
such as dislocations. CLCs have a twisted ground state with
helical configuration of the director n, a unit vector with non-

polar symmetry (n = —n) that specifies the local average
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orientation of the anisotropic constituent molecules. CLCs with
short pitch p (distance along the helical axis corresponding to
twist of n by 27t) have elastic properties of lamellar phases with
p/2 being the thickness of an elementary “lamella.” Dislocations
frequently appear in CLCs as a result of temperature quenching
from the isotropic phase, applied fields, and surface boundary
conditions. The used nanowires are visible in a regular optical
microscope and provide a direct visualization of the local average
orientation of the surrounding liquid crystal molecules and n
when placed into the CLC regions of interest (such as disloca-
tions) by use of the non-contact optical manipulation. Further,
the elasticity-mediated self-alignment of optically manipulated
nanowires with n allow for the non-contact control and 3D
visualization of CLC structures and defects. We also observe that
the used nanowires with faceted sidewalls self-align and spon-
taneously assemble into singular cores of disclinations, with the
faceted sidewalls being parallel to the line singularites; this may
provide novel means of fabrication of CLC-based nano-
composites of interest for a number of new photonic, meta-
material, and electro-optic applications.?*

2. Experimental
2.1. Materials and sample preparation

The CLC mixtures were formed by mixing nematic hosts E7,
Z11-3412, or ZLI-2806 with the chiral agent CB15. The refrac-
tive index and elastic properties of the used materials are
provided in Table 1. For the fluorescence confocal polarizing
microscopy (FCPM) imaging, the samples were doped with
0.01 wt% of the fluorescent dye n,n'-bis(2,5-di-zerz-butylphenyl)-
3,4,9,10-perylenedicarboximide (Aldrich?*) giving strong polar-
ized fluorescence signals without changing the CLC structure
and properties.”® We use GaN nanowires with a hexagonal
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Table 1 Material parameters of the used nematic hosts and chiral additives

Material/property Ki1/pN K> /pN K33/pN An Hyrp of CB-15/pm™!
E7 (from EM Chemicals) 10.4 7.4 16.6 0.22 7.3
ZLI-3412 (from EM Chemicals) 14.1 6.7 15.5 0.078 6.3
ZLI1-2806 (from EM Chemicals) 14.9 7.9 15.4 0.045 6.1

cross-section having ~150 nm wide sides and length-width aspect
ratios ~30 (Fig. la). These nanowires were grown?>** on thin
AIN buffer layers on Si(111) substrates by molecular beam
epitaxy under conditions of high substrate temperature (810—
830 °C) and high nitrogen plasma flux at a chamber pressure of
~2.6 mPa. Under these growth conditions, the nanowires
nucleate spontaneously. The growth rates were from 0.1 to
0.2 pm h~'. The used nanowires were Si-doped and had an
absorption coefficient of ~80 cm ' at 1064 nm, which causes only

negligible heating of the surrounding LC when the nanoparticles
are manipulated. The long axis of the nanowires follows the
c-axis (0001) of their wurtzite crystal structure, with the sidewalls
all being m-planes [(1100) family], and thus they are hexagonal in
cross-section. The ~10 um long GaN rods with ~150 nm sides of
the hexagonal cross-section were first dispersed in isopropanol
and then transferred into the CLC by solvent exchange. Typi-
cally, ~10 pL of isopropanol containing nanowires was stirred
with ~60 pL of CLC after which the vial was left for ~10 hours

=-h

Ta

,B0fcB0fGeRNgoROFo

Zw (um)

720
Py ()

Fig.1 Nanowires as nanoscale probes of the long-range molecular alignment in LCs. (a) SEM micrographs showing GaN nanowires as grown on a thin
AIN buffer layer on a Si(111) substrate; the scale bar is 5 pm. The inset in (a) shows that the nanowires have hexagonal cross-sections; the scale bar is 500
nm. (b, ¢ and d) Polarizing optical microscopy images showing that orientations of nanowires (having appearance of 4-10 um dark lines) provide
visualization of temporal evolution of n(r) as nematic defects annihilate; the elapsed time is marked on the images; the scale bar is 50 um. The colors
result from interference of polarized light passing through the sample of slightly varying thickness. (¢) Schematic of the structure around the GaN
nanowires in the LC with the uniformly aligned far-field director. (f) Vertical position z,,, along the helix is a linear function of ¢, visualizing the
helicoidal n(r) (solid line); the reading error of £0.5 pm is shown by error bars. The insets show (left) FCPM vertical cross-section and schematics of the
uniform cholesteric structure and (right) representative images corresponding to different vertical positions of a nanowire.
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to evaporate the isopropanol at ~40 °C on a hotplate. The final
mixture consisting of dye-doped CLC and rods was stirred just
before the CLC cell preparation to improve the quality of
dispersion. FCPM and polarizing microscopy textures show that
the GaN nanowire exerts tangential surface boundary conditions
on the liquid crystal director, aligns parallel to it, and minor
additional local director distortions appear only at the rod’s ends
(Fig. 1b and e) while the studied structures and defects remain
unperturbed.

To promote appearance of dislocations in cholesteric lamellae,
wedge CLC cells with a small dihedral angle o < 2° and planar
cholesteric structure were fabricated by use of 0.15 mm thick
glass plates. The substrates were spin-coated with ~1 wt%
solution of poly-vinyl-alcohol (PVA) in deionized water at 5000
rpm followed by baking in an oven for 1 h at 100 °C. Two types
of cells were used: for some cells the PVA-coated substrates were
assembled with no further treatment, while for the most cells the
PVA-coated substrates were unidirectionally rubbed with
a velvet cloth to force the liquid crystal molecules to align parallel
to the rubbing direction. Wedge-shaped cells were prepared by
using 80 um spacers on one edge of the cell and no spacers on the
opposite edge. The cells were then filled with a liquid crystal and
sealed with epoxy. The confinement of the CLC into the wedge-
shaped cells promoted facile appearance of defects such as
dislocations and disclinations, which we have imaged by means
of FCPM and classified according to the scheme of Kleman and
Friedel.’ In the so-called A-disclinations, the material n-director
field is non-singular because of n being parallel to the defect line
in its core, so that the singularity is observed only in the imma-
terial director fields of CLC helical axis % and t orthogonal to
both nand y. In the t-disclinations, the t-field is non-singular but
n and y director fields are singular. In yx-disclinations, the
singularities are found in n and t director fields but not in the
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2.2. Integrated optical setup for imaging and manipulation

To manipulate nanowires, we have utilized holographic optical
tweezers (HOT).'>2* In the HOT setup (Fig. 2), a collimated 5 mm
beam from a linearly polarized Ytterbium-doped fiber laser (IPG
Photonics, A = 1064 nm) is resized by a telescope to slightly overfill
the active area of the phase-only spatial light modulator (Boulder
Nonlinear Systems). We have used laser trap powers of 35-250
mW, smaller than the CLC realignment threshold. After being
reflected off the SLM, the beam is coupled into the back aperture
of a 60x oil-immersion microscope objective (NA = 1.42, ~60%
transmission at 1064 nm) by using a second telescope. The second
telescope (in the so-called 4-f arrangement) also images the phase
profile encoded by the SLM to the back focal plane of the
microscope objective. The holograms displayed on the SLM
create trap patterns in the focal plane of the microscope objective.
A dichroic mirror (Chroma) reflects the trapping laser beam into
the microscope objective while transmits visible light used for
imaging. By displaying holograms on the SLM, the phase of the
reflected light is controlled between 0 and 27t at each pixel. In total
the SLM has 512 x 512 pixels, each of size 15 x 15 um? New
holograms can be displayed on the SLM at a rate of 10-30 Hz. The
positions of the traps defined by the calculated holograms are
controlled by HOT software (Arryx, Inc.). Bright-field imaging
with visible light is performed using a charge-coupled device
(CCD) camera (Ptgrey, Flea 2, IEEE 1394b). A half-wave plate is
used to control the beam’s linear polarization direction. The
spatial positions of traps are computer-controlled and optical
manipulation of GaN nanowires is achieved by using one or two
traps positioned at the ends of a nanowire.

The HOT setup is integrated with an inverted optical micro-
scope (IX-81, Olympus) and is capable of working in parallel
with imaging in a regular brightfield mode and in the FCPM
imaging mode enabled by the confocal scanning unit FV300

I Trapping laser (1064 nm)

Excitation laser (488 nm)
_ Fluorescence signal

Polarized microscopy illumination

Fig.2 Schematic of integrated HOT and FCPM setup. L; (f; = 100 mm), L, (> = 250 mm), L; (f3 = 850 mm), and L4 (f4 = 400 mm) are plano-convex
lenses with antireflection coating for 1064 nm. P is a Glan-Laser polarizer for 1064 nm; SLM is the spatial light modulator; HWP is a half-wave retarder
plate; DM is the dichroic mirror; MO is the microscope objective; C is a beam-splitting cube; F is a dichroic filter; PMT is a photomultiplier tube. Lp;

represents the effective lens in the microscope objective.
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Fig. 3 Angular distributions of orientations for a nanowire due to thermal fluctuations around the equilibrium orientation (a) in a nematic, (b) in the
CLC of equilibrium pitch p = 50 um, and (c), in the CLC with a pitch of p = 5 um. The distribution data were obtained by use of the particle tracking
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video microscopy (see, for example, ref. 23).

(Olympus).’>?%25 In the FCPM imaging mode, the linearly
polarized excitation beam (488 nm Ar laser) is focused by the
60x oil-immersion objective to a small (<1 um?) volume within
the sample. This 3D orientational imaging is based on the use of
anisotropic dye molecules and linearly polarized excitation and
detection. The FCPM technique links the orientation of n to the
intensity of the measured fluorescent signal.'®** The fluorescence
intensity in the FCPM images depends on the angle y between
the linearly polarized excitation light and the dye transition
dipole following n, according to Igcpm = cos* v.'* For the
FCPM probing light polarization along the y-axis (orthogonal to
the image plane), the maximum-intensity stripes in the images
correspond to n being along the y-axis. FCPM provides inde-
pendent means of 3D imaging that we use for a comparative
analysis of the CLC director structures and defects visualized by
optically manipulated nanowires.

3. Results and discussion

In a liquid crystal, GaN nanowires spontaneously orient with
their faceted sidewalls along n and provide visualization of the
spatio-temporal changes of the director field n(r,?), such as those

due to annihilation of defects after cooling the sample from
isotropic to nematic phase (Fig. la—d). This alignment is
enforced by the medium’s elasticity favoring the orientation of
rod-like inclusions along n. Because of the tangential boundary
conditions, n is parallel to the six large-area side faces of the
hexagonal nanowire (Fig. le), so that the elastic energy due to the
particle-induced elastic distortions is minimized. Assuming that
the Frank elastic constants for splay (Ki;), twist (K3;), and bend
(K33) are equal to the average elastic constant K = (K;; + K>, +
K33)/3, the free energy cost of rod realignment from its equilib-
rium orientation (6 = 0) to an angle § can be estimated as that for
a cylinder of radius R circumscribing the hexagon’s edges
AF pasiic = 2KO*L/n [2L/R].? For typical nanowire dimensions
and K = 10 pN (Table 1), one finds AF,,gic = 107'%6* J.
Therefore, thermally driven angular fluctuations in a nematic
host are elasticity-suppressed so that # is less than 0.5°, in
agreement with the experimental Gaussian distribution of
nanowire orientations (Fig. 3a). This confirms that the physics of
the self-alignment of the nanowires due to the elastic properties
of the liquid crystal is reminiscent to that reported in the pio-
neering work of de Gennes and Brochard® and several early
experimental works®”?® that focused on the use of ferromagnetic
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Fig. 4 Direct probing of the Burgers vector and core structure of a dislocation. (a—f) Confocal vertical cross-sections (obtained for the FCPM probing
light polarization orthogonal to the images) showing sequential translation of the nanowire along a Burgers circuit containing points 2-7 in (a—f): (a)
starting at the point #2, (b) the nanowire was continuously translated beneath the dislocation to the location #3 and then (c) rotated 180° CCW with the
corresponding translational shift upward for one cholesteric layer; pushing the nanowire to the right on the image revealed that the layer is discontinuous as
the dislocation resisted the nanowire motion; (d) the rod was rotated 180° CCW again while shifting one layer upward; (e) the nanowire was moved above
the dislocation to the position #6 and then (f) rotated 180° CW while shifting one layer downward and closing the Burgers circuit. The scale bar in (a) is 10
um. (g) Layers displacement around the edge dislocation obtained from FCPM images (black dots) and nanowire positions corresponding to (a—f) shown
by red filled circles. (h) Schematics of the reconstructed core structure of the b = p/2 dislocation with the Burgers circuit and nanowire trajectory (red).
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Fig.5 Probing the Burgers vector conservation at a node of defects. (a) A node of screw and edge dislocations and an elementary oily streak; the screw
dislocation extends between the cell surface and the node. (b) Vertical position of the nanowire as a function of the nanowire’s in-plane angular position
Bnw [marked in the inset of (b)]. The nanowire was kept oriented along the y-axis and moved around the screw dislocation by varying its angular position
Baw- (c—€) FCPM vertical cross-sections obtained for the polarization parallel to the y-axis along the (c) circular trajectory and (d and e) straight lines
marked in (a). The scale bar in (c) is 10 pm. (f) A model of the observed node of defects in the layered structure with the Burgers vector values marked
next to the defect lines. (g) Schematics of the molecular alignment with the nonsingular A-disclinations in the defect cores forming dipolar structures in
the core of dislocations and a quadrupole of A-disclinations in the core of an elementary oily streak.

rod-shaped or needle-shaped nanoparticles aligning with the
director to enhance the response to external magnetic fields.
Similarly, elasticity-mediated alignment of nanorods in CLCs
with optically tunable cholesteric pitch allowed for achieving
rotation of colloidal rods by means of optical illumination.? In
contrast to these studies, rather than exerting torques on the
liquid crystal host by rotating rod-like particles or exerting tor-
ques on such particles by means of rotating n as in ref. 27-29, we
use holographic optical tweezers to translate GaN nanowires in
3D without significantly perturbing n or equilibrium orientation
of the nanowire. This non-contact spatial translation of the
nanowire probe mechanically coupled to the orientation of n
allows us to map the complex 3D patterns of the director field
that would be impossible to decipher by use of colloidal probes
without such 3D manipulation.*®

An important property of the studied faceted colloidal inclu-
sions in the liquid crystal host is that the only minimal local
elastic distortions of n appear at the ends of the nanowire
(Fig. le). This is a natural result as the lateral size of the used
nanowires is comparable to the so-called surface anchoring
extrapolation length /. = K/W,, > R, where W, = 107° J m~ is
the estimated polar surface anchoring coefficient. Therefore, the
competition between the surface anchoring and bulk elastic
energies favors minimum bulk elastic distortions at the nanowire
ends while adopting the equilibrium orientation of the nanowire
along n. Consistent with this analysis, bright-field transmission-

mode optical microscopy (typically used to mediate visualization
of liquid crystal defects based on light scattering>'%2%) and
FCPM imaging reveal no point or line singularities in the liquid
crystal bulk next to the colloid or at the interface of liquid crystal
and the nanowire. We point out, however, that surface point
defects such as the so-called “boojums” and other defects may be
induced by colloids of similar shape but with larger transverse
size or stronger tangential or vertical surface anchoring. Because
of the submicron lateral size, weak surface anchoring, and the
large length-to-width aspect ratio, the GaN colloidal inclusions
exhibit equilibrium alignment and weak elastic distortions in the
surrounding liquid crystal that are very different from those due
to polygonal platelet particles (including hexagonal platelets),?
although the common feature is that the large-area faces align
parallel to n in both cases. Furthermore, despite the fact that the
transverse size of GaN nanowires is comparable to the size of
150-500 nm spherical colloids with strong vertical boundary
conditions studied by Skarabot and Musevié (that induce strong
elastic distortions),?! the weak tangential boundary conditions
enable minimum-distortion director configuration shown in
Fig. le. This is consistent with the other known literature
examples demonstrating that spherical and cylindrical colloids
can induce strong or weak distortions of the surrounding director
field depending not only on the size and shape of colloids, but
also on the strength and type of the surface anchoring boundary
conditions.?*’

6308 | Soft Matter, 2011, 7, 6304-6312

This journal is © The Royal Society of Chemistry 2011



Downloaded by University of Colorado at Boulder on 11 March 2012
Published on 03 June 2011 on http://pubs.rsc.org | doi:10.1039/C1SM05170A

View Online

When dispersed in CLCs, the nanowires orient along n(r) of
the equilibrium helicoidal structure (Fig. 1f). As the cholesteric
pitch decreases from infinity (nematic) to the used relatively short
pitch values of 5 pm with the addition of the chiral dopant (Table
1), the angular distribution of nanowire orientations broadens
(Fig. 3), although the width of the distribution remains a fraction
of degree even for the CLC with p = 5 pm. The reason for the
distribution broadening is likely that the transverse size R of the
nanowire corresponds to a certain angular twist of the equilib-
rium helicoidal structure of the CLC (360R/p, ~10 degrees for
p = 5 um). This results in a weaker elastic suppression of the
angular thermal fluctuations of the nanowire in the CLC matrix
as compared to the case of the nematic, although the colloidal
nanowire still aligns parallel to the local n(r) corresponding to the
center of the nanowire.

We control and probe 3D nanowire orientations and positions
in the CLC by use of a combination of holographic optical
tweezers working at A = 1064 nm, optical transmission micros-
copy, and a stepper motor controlling the sample’s vertical
position relative to the focal plane of an objective with 10 nm
precision. For optical manipulation, one or two laser traps are
positioned at the ends of a nanowire and then used to rotate and
move it in 3D. In CLCs, nanowire orientation and position along
the helical axis are coupled to each other: translation across the
“cholesteric layers” is possible only via rotation following
the helicoidal n(r) (Fig. 1f and Video S1t). The handedness of the
helix and the rotation direction determine whether the nanowire
moves upward or downward; its translation away from the
microscope objective is typically easier than toward it, due to the
scattering forces originating from the large nanowire-CLC
refractive index mismatch. The measured vertical position z,,, of
a nanowire along the helix is a linear function of its in-plane
orientation angle ¢, (Fig. 1f), consistent with the n(r) of the
equilibrium helicoidal structure n(z) = {cos (27z/p), sin (27z/p),
0}. From the linear fit of the experimental data shown in Fig. 1f
by Zpw = ¢uw P/(27), the measured effective pitch is p = 5.3 +
0.3 pm, matching that obtained from the FCPM cross-section in
the same location (top left inset of Fig. 1f).

In order to apply our technique to imaging of complex 3D
director structures and defects, we have constructed wedge
cholesteric cells with a dihedral angle about 2° and strong surface
anchoring that keeps near-surface cholesteric layers parallel to
substrates. Elementary edge dislocations perpendicular to the
direction of the thickness gradient introduce additional chole-
steric lamellae, in accord with increasing thickness of the wedge
(Fig. 4). These dislocations have their cores split into disclination
pairs and are often accompanied by other cholesteric defects,
forming complex 3D configurations of n(r).

Although the non-destructive 3D imaging of n(r) around
defects can be achieved by means of holographically manipulated
nanowires alone, we use FCPM imaging for the comparative
analysis of nanowire positions and orientations relative to n(r).
In the vertical FCPM cross-sections, the nanowires oriented
orthogonally to the confocal image give rise to a dark triangular-
wedge spreading upward from the position of the rod (Fig. 4a—f),
which is due to the scattering of the FCPM excitation light by the
high-index GaN nanowire (ng.n = 2.4, much larger than the
effective CLC indices within 1.5-1.7). Optical translation of
a nanowire serves as a single-particle probe of n(r), allowing one

not only to measure the equilibrium pitch but also to map
changes in its effective value due to defects, yielding results that
are in agreement with FCPM imaging (Fig. 4). The confocal
vertical cross-sections in Fig. 4 show sequential translation of the
nanowire along a Burgers circuit with the translation across the
cholesteric layers implemented by rotating the nanowire. The
attempted optical translation of a nanowire across the disloca-
tion (discontinuity) in a layered CLC structure results in
stretching of the dislocation resisted by its line tension (for
example, when moving the nanowire from point #4 in Fig. 4c to
the right we observe that as the dislocation eventually moves to
the right and stretches when the nanowire approaches the defect
core). A combination of rotational and translational motion
along the so-called Burgers circuit (Fig. 4) reveals the Burgers
vector’s magnitude |b| = b = p/2 and that the dislocation core is
split into the so-called A- and t-disclinations forming a A*2¢~'?
pair (Fig. 4h).** Furthermore, for a fixed nanowire orientation,
optical translation of the nanowire provides direct visualization
of the CLC layer displacements and the layered structures
(Fig. 4g). As the nanowire is translated at a constant orientation
within curved cholesteric layers displaced upward or downward
with respect to the flat orientation parallel to the confining glass
plates (i.e., due to the dislocation defects), the nanowire shifts
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Fig. 6 Self-alignment and self-positioning of a nanowire in the core of
an edge dislocation. (a) A nanowire positioned orthogonally to the
dislocation; the scale bar is 5 pm. (b) The nanowire escapes from the laser
traps and self-rotates to become co-localized with the singular z-dis-
clination. (c) Defect core structure visualized by the FCPM vertical cross-
section along the c—c line marked in (a) and obtained for FCPM polar-
ization orthogonal to the image. (d) Two optical traps moving in opposite
directions rotate the nanowire, allowing one to manipulate the defect line
that follows the nanowire orientation. (e) Schematics of the core structure
of the studied b = p/2 dislocation with the nanowire self-positioned in the
core of the singular t-disclination. (f) Schematics of the defect manipu-
lation by the means of a nanowire pinned to the defect core shown in (d);
the optical trapping forces (F) in opposite directions orthogonal to the
initial orientation of the defect line are exerted at the nanowire ends.
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upward or downward in accord with the displacement of the
layers to preserve its orientation parallel to the local n(r).
Therefore, one can probe layer displacements by directly
measuring the relative vertical position of the nanowire by means
of a combination of bright-field optical imaging and holographic
positioning of the nanowire or, alternatively, by vertical trans-
lation of infinity-corrected objective with a piezo-drive (Fig. 4).
The reconstructed layer profiles (Fig. 4g) match those obtained
from the FCPM images (Fig. 4a—f) and are consistent with the
layer displacement field around a dislocation in a lamellar liquid
crystal predicted by the nonlinear elastic theory.*® Importantly,
the complete 3D structure in the vertical cross-section of the
sample can be deduced from regular brightfield images similar to
those shown in the insets of Fig. 1f and is generally consistent
with the results of FCPM imaging (Fig. 4a—f).

We have also probed a screw dislocation that forms a node
with an edge dislocation and an elementary oily streak (Fig. 5).%
A nanowire was moved around the screw dislocation while
keeping its in-plane orientation constant (Fig. 5a and b). The
measured change of the vertical z-position along the helix reveals

y [N :.‘n’r!l‘..

that the Burgers vector of the screw dislocation is b = p.
Furthermore, similar nanowire-assisted probing of the other
defects connected at the node reveals that the total Burgers
vector at the node is conserved as the b = p screw dislocation is
connected to a b = p edge dislocation and an elementary oily
streak of b = 0 (Fig. 5). An interesting feature of these inter-
connected defects is that their cores are split into nonsingular A-
disclinations of opposite signs forming dipoles in cores of
dislocations and a quadrupole in the core of an elementary oily
streak. The disclinations smoothly transform between the cores
of the defects (Fig. 5g).

Several recent studies have demonstrated that colloidal
inclusions in liquid crystals can interact with defects to mini-
mize free energy,*—*¢ although these effects have been explored
mostly only for spherical and cylindrical colloids. We have
studied interactions between the nanowires with faceted side-
wall surfaces and CLC defects and observe that the strength
and nature of these interactions strongly depend on whether
the defect core is singular or nonsingular. To demonstrate this,
we use a b = p/2 dislocation having both singular and
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Fig. 7 Nanowire-controlled motion of a dislocation kink that shifts an edge dislocation across the layers. (a) FCPM in-plane cross-section showing
a nanowire next to a kink of an elementary b = p/2 dislocation. (b and c¢) Confocal vertical cross-sections along the b-b and c—c lines [marked on the
image in (a)] show the dislocation at different positions across the layers; the FCPM polarization is orthogonal to the images in (b) and (c). (d and e)
Snapshots from a movie (Video S41) showing that the dislocation kink is displaced along the edge dislocation as the nanowire is shifted to the left by use
of optical traps. (f) Schematics of a kink of the manipulated b = p/2 dislocation; the inset shows the defect core structure of an edge dislocation. The scale
bars in (a) and (c) are 5 pm. Note that the optically manipulated nanowire visible in (d and e) is nearly orthogonal to the two fragments of the edge
dislocation inter-connected by the dislocation kink because it aligns with the local director corresponding to its location across the vertical section of the
sample (intermediate between the vertical positions of the edge dislocations), as schematically depicted in (f).
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nonsingular disclinations in its core split into the A*'?t ~'2
pair. When the nanowire is placed on the A-disclination side of
the dislocation core (Fig. 4), the nanowire-defect interactions
are negligible even at separations ~p. This is an expected
result as the elastic energy cost of introducing a nanowire
barely perturbing local n(r) into the non-singular A-disclination
core with a continuous twist of n(r) is close to that of
a uniform CLC. However, a nanowire initially positioned on
the t-disclination-side of the dislocation is strongly attracted to
its core. For example, a nanowire at an initial vertical position
across the cell about p/4 away from the z-disclination aligned
along the local director n and perpendicular to the dislocation
(Fig. 6a) escapes the optical traps due to the CLC-mediated
attraction which results in its localization within the core
parallel to the defect line (Video S21 and Fig. 6b). Separating
the nanowire pinned to the dislocation core by means of
optical manipulation is impossible, even when using two laser
traps of power about 250 mW each. The t-disclination line is
rigidly pinned over the entire length of the nanowire and
follows its rotational and translational motion (Fig. 6d and f).
The free energy per unit length of such a disclination is F, =
(mKId)n [p/(2r.)] + Feores Where r, and F.. are the radius of
the defect core and the defect core energy, respectively. Taking
experimental parameters of K = 6 pN and p = 5 um, as well
as F.oe = m™K/4 estimated for an isotropic (melted) core of
radius . = 10 nm, one finds F; = 30 pN. Placing a nanowire
into the defect lowers the elastic energy per unit length to F,.
defect = (tK/4)In [p/(2R)] = 10 pN (assuming that the surface
anchoring at the CLC-nanowire interface is weak tangential
and that the effects of weak elastic distortions at the nanowire
ends can be neglected). For a nanowire of length / = 10 um
and singular t-disclinations, the nanowire-core elastic binding
energy is ~2 x 107'* J > KpT. Consistent with this, we find
that nanowires strongly attract and pin to all singular defect
lines while aligned parallel to them but their interactions with
the nonsingular A-disclinations are negligible. The defect-pin-
ned nanowire can be freely translated along the disclination
using low-power laser tweezers. Other optical translations and
rotations of the pinned nanowire result in stretching of the
defect line (Fig. 6d and Video S3t). These experimental find-
ings are consistent with the results of recent numerical
studies®* demonstrating that colloidal particles tend to localize
into singular defect cores to reduce the free energy cost due to
defect lines.

Optically manipulated nanowires can be used to control
defects in a number of different ways. The climb motion of
dislocations parallel to lamellae requires only consecutive twist
deformations preserving defect core structure and, thus, can be
achieved by the nanowire-assisted translation of defects in the
plane of layers (Fig. 6). The so-called Peierls—Nabarro friction
(associated with the transformation of a defect core) hinders
dislocation glide across the layers, so that its glide motion can be
implemented only via kinks.'®* With an optically manipulated
nanowire, we have translated kinks and anti-kinks along an edge
dislocation while also probing n(r) (Fig. 7 and Video S47). For
example, we show that “pushing” a kink of height p/2 over
distances more than an order of magnitude larger than p shifts an
edge dislocation across the layers but keeps its core structure
unchanged (Fig. 7b, ¢ and f).

4. Conclusions

To conclude, optically manipulated nanowires with weak surface
anchoring and faceted sidewalls allow for nondestructive
imaging and non-contact control of structures and defects in
anisotropic fluids, providing single-defect-level insights into
properties and physics of phenomena associated with topological
singularities. The demonstrated self-positioning and self-align-
ment of nanowires in singular defect cores may enable means for
mass production of metamaterials via controlled nano-
patterning of liquid crystals that have periodic lattices of topo-
logical defects in their ground states, such as blue phases and
twist grain boundary phases.?*3** The demonstrated 3D
imaging technique based on holographic optical manipulation
may employ other modes of probing nanowire’s orientation,
such as those based on scattering and fluorescence and a number
of nonlinear optical processes.**** It can be extended to the use
of a variety of other nanowires or nanorods, such as plasmonic
gold or silver nanowires and fluorescent quantum rods, allowing
for nanoscale spatial resolution.
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Supplementary Methods

Nanorod preparation. The GaN nanorods are grown by molecular beam epitaxy under
conditions of high substrate temperature (810-830 °C) and high nitrogen plasma flux at a

chamber pressure of ~2.6 mPa. The nanorods nucleate spontaneously under these growth
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conditions on thin AIN buffer layers on Si(111) substrates. The nanorod growth rates were
0.1-0.2 pm/h and typical growth lengths were from 12 pm to 15 um (varying from one part
of the wafer to another). The dispersed nanorods used in this work typically break off with
lengths of ~10 um. Further details of the growth mechanism and conditions for the GaN
nanorods have been reported elsewhere.'” The nanorods were doped with Si during growth
such that a free carrier concentration between 3x10' ¢cm™ and 1x10'® cm™ was obtained.
At these doping levels, the absorption coefficient is ~80 cm™ at 1064 nm.” The long axis of

the nanorods follows the c-axis (0001) of their wurtzite crystal structure, with the sidewalls

all being m-planes [(1100) family], and thus they are hexagonal in cross-section. Nanorods
grown using this method are defect-free monocrystals with interesting mechanical and

optical properties.**
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Supplementary videos

Supplementary Video SV1. Controlling nanorod rotation using holographic optical
tweezers. Two infrared optical traps (not visible) at the nanorod ends are used to rotate it
by 360°. The rotated nanorod changes z-position, unlike the stationary nanorod seen on the
right; the focusing plane is continuously adjusted to coincide with the manipulated nanorod.

The video speed has been increased by a factor of two.

Supplementary Video SV2. Self-alignment and self-positioning of a nanorod along the
singular t-disclination in the core of a b=p/2 edge dislocation. Fragments of movies
showing how two optical traps are used to place a nanorod about p/4 beneath a dislocation
and then slowly rotate CCW towards the dislocation core. When at an angle of ~45° (after
~32 s into the movie), the nanorod escapes from the optical traps, self-rotates to become

parallel to the 7-defect line, and is eventually “sucked” into the disclination.

Supplementary Video SV3. Nanorod-based manipulation of a defect line. Two optical
traps moving in opposite directions rotate the nanorod, allowing manipulation of the defect
line which follows the orientation of the nanorod. In the end of the movie (~6.5 into the
movie) the two traps are blocked and the defect line relaxes back to a straight line. During

the relaxation the nanorod is reoriented along with the defect line.

Supplementary Video SV4. Nanorod manipulating a =p/2 dislocation kink. The
dislocation kink is displaced by ~10 um along the edge dislocation as the nanorod is shifted

to the left by use of two optical traps.



