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Optical excitation of colloids can be harnessed to realize soft matter systems that are out of equi-
DOI:00.0000/000000000x librium. In this paper, we present our experimental studies on the dynamics of silica colloids in the
vicinity of a silver nanowire propagating surface plasmon polaritons (SPPs). Due to the optothermal
interaction, the colloids are directionally pulled towards the excitation point of the nanowire. Having
reached this point, they are spatio-temporally trapped around the excitation location. By increasing
the concentration of colloids in the system, we observe multi-particle assembly around the nanowire.
This process is thermophoretically driven and assisted by SPPs. Furthermore, we find such an as-
sembly to be sensitive to the excitation polarization at input of the nanowire. Numerically-simulated
temperature distribution around an illuminated nanowire corroborates sensitivity to the excitation po-

larization. Our study will find relevance in exploration of SPPs-assisted optothermal pulling, trapping

and assembly of colloids, and can serve as test-beds of plasmon-driven active matter.

1 Introduction

How do colloids™3#behave in the vicinity of an optical and/or
optothermal potential? How can colloidal dynamics and assem-
bly be controlled by harnessing optical excitation? These are rel-
evant questions in driving soft matter out of equilibrium, where
the driving force is provided by an optical excitation. In this study,
we present directional pulling of dielectric colloids in the vicinity
of an optically-excited metal nanowire. This movement further
leads to spatio-temporal trapping of the colloids. Upon increas-
ing the concentration of the colloids, a two dimensional assembly
emerges. This emergent process is found to be sensitive to the
excitation polarization of the light illuminating the nanowire.

In this context, understanding the dynamics of colloids under
such optical excitation schemes is relevant.5078%Recently, col-
loidal manipulation using optical pulling forces has also gained
significant interest. 1011123 Typically, colloids undergo diffusive
Brownian motion.2#¥ Brownian motion is relevant to the under-
standing of the dynamics of soft matter and biological systems™>
as well as fabricated structures designed to mimic naturally oc-
curring systems.21617 The study of the physics of systems out
of equilibrium™®1 js especially of pertinent interest as most of
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the living matter is far from equilibrium. In this context, colloids
have been extensively studied to explore the dynamics of such
systems. The colloids have the advantage of easy ma-
nipulation under external ﬁelds.mmConventionally,
colloids are trapped using a focused laser beam152, Although
powerful, the conventional optical schemes are constrained by
the diffraction limit of light. As a complement to this, surface
plasmon polaritons (SPPs) in metallic nanostructures can facili-
tate radiative and non-radiative pathways below the diffraction
limit of light. SPPs are surface electromagnetic waves
at metal-dielectric interface.®8 They decay into the dielectric
medium through radiative and non-radiative channels. Radia-
tive channels can be harnessed for optical trapping and assembly
through SPPs momentum, and non-radiative channels of SPPs can
be used for optothermal assembly via thermophoretic in-
teractions.

Of relevance to this study is SPPs propagation along the sil-
ver nanowire. %243 When illuminated with a focused laser beam,
these single crystalline, chemically-prepared nanowires can prop-
agate SPPs. Given the geometry of the nanowire, quasi-one di-
mensional confinement of plasmons can lead to interesting opti-
cal and optothermal effects at sub-wavelength scales. Although
SPPs in the silver nanowire have been studied extensively in the
context of nanophotonics, their interface with soft-
matter systems such as colloids is yet to be explored in detail 4950
SPPs have been utilized in the past to assemble particles on a large
scale. But such studies have mainly relied on extended 2D plas-
monic platforms such as metallic films.3537
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Fig. 1 Schematic illustration of the experimental configuration. Silver nanowires are dropcasted on the glass substrate. One end of the Ag nanowire
is excited using a 532 nm laser to excite the SPPs. The light out-couples from the distal end of the wire. Silica colloids dispersed in milli-Q water are
dropcasted on the glass substrate. The whole system is enclosed in a 120 um chamber. (a) Schematic illustration of the single silica particle transport
along the silver nanowire. (b) Schematic illustration of the multiple particle assembly along the silver nanowire. (c) (i) Excitation of SPPs along the
silver nanowire when the polarization of the input laser is along the length of the nanowire. (c)(ii) SEM image of a representative silver nanowire used
in the experiments. (d) Schematic representation of the experimental setup. The silver nanowire is excited using a high numerical aperture 100 X,
1.4 NA objective lens. M is the mirror. The laser beam is expanded using a combination of lenses, L1 and L2. The polarization of the input laser
is controlled using a half wave plate. The sample is illuminated from the top using a white light. The video is recorded by CCD after rejecting the

elastically scattered light using a 532 nm edge filter.

Motivated by this, herein we report the directed pulling and trap-
ping of a single silica colloid as well as assembly formation of
colloids by utilizing a single, silver nanowire to create a non-
equilibrium environment in the system. A laser beam (532 nm)
is focused at the end of a silver nanowire, which leads to the
excitation of SPPs. In this study, we explore the transport and
trapping of single colloids (figure 1a), and multiparticle assembly
(figure 1b) due to the optical excitation of the plasmonic silver
nanowire. A representative optical image of SPPs propagating in
a silver nanowire at 532 nm is shown in figure 1c(i). The exci-
tation polarization of the focused laser beam is aligned along the
nanowire axis. This leads to SPPs propagation which out-couples
at the distal end of the nanowire (dotted circle in figure 1c(i)).

The SPPs supported by the nanowire generate
heat™1>253kvhich is subsequently released into the surrounding
environment creating a temperature gradient in the system. The
subsequent dynamics of the particles is studied by looking into
the mean square displacement (MSD) of the particles. The MSD
at time 7 is defined as the ensemble average:

MSD(t) =< Ar(t)? >=< [r(t 4+ 1) — r(1)]* > . 1)

where, r(¢) is the position of the particle at time t, 7 is the time
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lag between two positions of the particle whose displacement is
Ar(1),<> is the time-average over t and/or an ensemble-average
over several trajectories.

2 Methods

2.1 Sample preparation and experimental design

Our experimental design constitutes a simple geometry wherein
a silver nanowire is dropcasted on a glass substrate and left to
dry. The silver nanowires are chemically synthesized using the
polyol process.>% The typical size of the silver nanowire used in
the experiments is =~ 300-400 nm in diameter and ~12 um in
length. The nanowire is characterized using scanning electron
microscopy as shown in figure 1(c)(ii). The colloids consist of
2 um silica beads (purchased from Microspheres-Nanospheres)
and 2.2 um polystyrene beads (purchased from micro particles
Gmbh). The colloids dispersed in milli-Q water are dropcasted on
the glass substrate. The whole system is enclosed in a 120 um
spacer. Figure 1 (d) shows the schematic of the inverted experi-
mental setup. A 532 nm laser is expanded using a combination
of two lenses L1 and L2. A half wave plate is used to control the
input polarization of the beam. One end of the silver nanowire
is excited by tightly focusing the laser using a 100 X, 1.4 NA ob-
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Fig. 2 Single particle transport. (a) Time series images of the directed motion of the silica colloid along the silver nanowire from the distal end towards
the excitation point of the laser. The polarization of the input laser is kept along the length of the silver nanowire for efficient excitation of SPPs.
Black arrows indicate the direction of movement of the particle. The particle gets transported from one end of the nanowire to the other end within a
minute. (b) The trajectory of the colloid is plotted. The blue arrow indicates the direction of particle transport. (c) Mean square displacement of the
colloid. The blue dotted curve is the experimental data and orange curve is the fit. (d) Trajectory of the particle once it is confined at the excitation
point. The dotted line represents the orientation of the nanowire with respect to the particle trajectory. (e) Temperature distribution of the system
in the x-y plane at z=0 i.e. at the base of the nanowire. (f) A crosscut along the top of the nanowire at z=317 nm shown in (e) as the black dotted

line. The 0 in the graph corresponds to the centre of the nanowire.

jective lens. The power at the sample plane is measured to be
5 mW. The polarization of the incoming laser is kept along the
nanowire unless specified otherwise, for efficient excitation of the
SPPs. The videos are recorded by the CCD at 20 fps after rejecting
the elastically scattered light by a 532 nm edge filter.

2.2 Numerical simulations

The temperature distribution of the system is calculated using Fi-
nite element method based numerical simulations (COMSOL Mul-
tiphysics) by solving electromagnetic wave and heat transfer in
solids and fluids modules in 3D. An 8 pum long silver nanowire
with a diameter of 350 nm is excited using focused 532 nm gaus-
sian beam. The whole geometry is simulated using free tetrahe-
dral user defined mesh.

3 Results and Discussion

3.1 Single particle transport

A single nanowire dropcasted on a glass substrate can act as a
guiding medium for the directed motion of the colloid from its
captured location to the excitation point. The nanowire initially
traps the particle at one of the locations of the wire depending on
the initial position of the particle with respect to the wire. Here,
we demonstrate the trapping of the silica colloid from the distal

end of the nanowire. If the particle is closer to any other location
of the wire when it is in its vicinity, it will get trapped there first,
and then move towards the excitation point.

One end of the silver nanowire is excited through a 100 X, 1.4 NA
objective lens. The white dotted circle represents the excitation
point. Figure 2(a) shows the time series images of a silica colloid
transport along the nanowire. At t= 0 s, the colloid is freely dif-
fusing in the water. As it comes closer to the wire, it gets trapped
at the distal end at 13 s and starts to move along the nanowire.
Within 65 s, the particle is trapped at the excitation point (See
supplementary movie S1).

To analyse the dynamics of the colloidal particle, it is essential to
map out the trajectory and the associated MSD of the particle.
Since the particle continuously changes its micro-environment
from diffusive to moving along the nanowire to permanent trap-
ping at the excitation point, it is crucial to analyze the sections
separately and not mix the resulting dynamics. Consequently,the
particle is tracked from the moment it makes contact with the
wire till it is transported to the other end before it gets trapped at
the excitation location using Trackpy.>>. The associated trajectory
of the particle is plotted in figure 2(b). The trajectory plot shows
that the motion of the particle is highly directional. The blue ar-
row indicates the direction of the movement of the particle. To
further investigate the nature of the colloidal transport, we plot
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Fig. 3 Confined motion of multiple particles. (a) Time series images of the gradual assembly of the colloids. Multiple layers of the colloids are formed
along the length of the nanowire within 255 s. The dotted circle indicates the laser excitation point. The black arrow at Os indicates the direction of
the motion of the colloids. The white dotted region indicates the region where colloids are tightly bound. (b) The trajectories of the particles in the
white dotted region are plotted over a time period of 150 s. (c) The averaged MSD of all the particles is plotted as a single curve.

the MSD of the colloid on a log-log scale for the same time inter-
val, as shown in figure 2(c). The experimentally obtained data is
plotted in dotted blue. The motion of the colloid on the nanowire
can be considered as a combination of 1D Brownian motion and
ballistic motion. The MSD for such a system can be described
as%:

MSD(t) =< Ar(t)? >=1?1> +2D1. @)

where, v is the terminal velocity of the colloid due to the external
force which pulls it towards the nanowire and D is the diffusion
coefficient. An analysis of the velocity of silica colloid while it is
being transported on nanowire over time (SI figure 1) shows that
its velocity fluctuates roughly around a constant value. By fitting
equation 2 to the experimentally observed data in figure 2(c), we
get v as 0.27ums ! and a diffusion coefficient of 0.07 um?s~!.

A comparative study for the Brownian motion of the ensemble of
colloids which are under no laser excitation is given in SI figure
2(see supplementary movie S2). Other examples of particle-wire
transport system are given in SI figure 3.

A previous study reported the transport of a much smaller TiO,
particle along the nanowire, but it is not permanently trapped
and is pushed away from the excitation point into the solution.*?
In our case, once the silica colloid reaches the excitation point, it
is permanently trapped there as long as the excitation laser is on.
The trajectory of the trapped particle is shown in figure 2(d). By
turning off the laser, the particle can again be released into the
solution. The efficient excitation of SPPs is crucial for the trans-
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port of the colloid. When a metallic structure is irradiated by
an electromagnetic field, there is an associated heat generated in
the system due to Joule heating.®! After plasmons are launched
along the nanowire, heat is generated at the excitation point as
well as along the length of the wire due to plasmon dissipation.
Consequently, the temperature of the nanowire increases and the
heat is released to the environment. The temperature distribution
details were obtained through COMSOL. The numerically calcu-
lated temperature distribution in the xy plane at z=0 is shown in
figure 2 (d). The system attains a total temperature increment
of =10 K at the excitation point. A plot of the temperature dis-
tribution at the top of the wire at z=317 nm is plotted in figure
2 (e) which shows that the temperature is highest at the excita-
tion point of the wire and gradually decreases along the length
of the nanowire. As reported previousl, silica colloids show
thermophoretic migration from a lower temperature to a higher
temperature. When the silver nanowire is excited, a temperature
gradient is set up in the nanowire as well as its surroundings.
Initially, the particle is moving freely in the water. When the col-
loid comes into the field of optothermal gradient of the system,
it senses the temperature gradient and and is pulled towards the
excitation point having the highest temperature.

To compare with a particle of different composition, and to em-
phasize the role of thermophoretic interactions, experiments were
also performed at the same laser power with the polystyrene (PS)
beads of size 2.2 um (See supplementary movie S3). PS beads
have been previously reported to move from a higher temperature
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Fig. 4 Polarization dependence of the assembly. (a) (i)Assembly of the colloids after 7 min when the polarization of the input laser is along the
length of the silver nanowire. The dotted circle indicates the laser excitation point. (ii) Excitation of silver nanowire. The light out-couples from the
distal end of the wire. (b)(i) There is no significant assembly of the colloids though few particles are trapped near the excitation point. (ii) Excitation
of the wire when the polarization is perpendicular to the long axis of the wire. (c) Temperature distribution in the x-y plane at z=0, i.e. at the base
of the silver nanowire. (d) A crosscut of the temperature distribution along the white dotted line at z= 317 nm, i.e. at the top of the nanowire is
plotted for both the orientations of the polarization. The 0 in the graph corresponds to the centre of the nanowire.

to a lower temperature.>Z58 In our experiments, the PS particles
initially come closer to the nanowire but as they come too close,
they are repelled from the excitation point. The selective trapping
of the particles shows that thermophoresis has a contributing fac-
tor in trapping the particle.

3.2 Confined dynamics of multiple colloids

A silver nanowire can not only trap and transport a single col-
loid but can also be used to assemble multiple particles along its
length. A concentrated solution of silica colloids in milli-Q water
was prepared so that multiple particles can come into the field
of optothermal potential simultaneously. Figure 3 (a) shows the
time series images of the gradual assembly of the colloids along
the length of the nanowire. At O s, two silica particles are trapped
at the excitation point. Within 32 s, ten particles are aligned along
the length of the nanowire. As shown in figure 2 (e), the temper-
ature is higher towards the first half of the wire closer to the exci-
tation point. Consequently, the particles first accumulate near the
excitation end of the nanowire and start forming the second layer
on both sides of the wire at 65 s. At 255 s, we observe a two layer
formation of the colloids, which are stably trapped there as long
as the laser excitation is on. The trajectories of the multiple parti-
cles shown in dotted white box in figure 3(a) over a period of 150
s are plotted in figure 3 (b). See supplementary movie S4 for the
entire assembly process. The first layer closer to the wire exhibits

stronger confinement to the nanowire as can be seen through the
smaller spread of the trajectories of the individual colloids. More-
over, the trajectories are more confined perpendicular to the wire
compared to along the wire. Since, the second layer of the col-
loids are not bounded by a third layer, they exhibit a larger spread
in the trajectories perpendicular to the wire. The averaged MSD
of all the particles is plotted in figure 3 (c). The curve almost falls
flat and saturates at large lag times with the diffusion exponent
of ~ 0 indicating the confined motion of the trapped particles.
The movement of the particles is impeded and they can not freely
diffuse away from the trapped location.

3.3 Polarization dependence of the assembly

The heat generated by the silver nanowire can be contributed to
two factors. One is absorption by the wire, and the other is due to
the generation of SPPs®Y. As mentioned previously, the SPPs play
a crucial role in the generation of heat and consequently trapping
the colloidal particles. Keeping the polarization of the beam along
the silver nanowire leads to efficient excitation of SPPs as can be
seen in figure 4 (a)(ii) and consequently, should lead to faster
assembly process. Figure 4(a) and 4(b) compares the extent of
the assembly for the two cases, one when the polarization of the
incoming beam is along the length of the nanowire and second,
when it is perpendicular to it. First the polarization is kept along
the nanowire and the snapshot of the assembly is taken at 7 min-
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utes as shown in figure 4(a)(i). Once the assembly reaches the
saturation point, the laser is switched off and the colloids are free
to redisperse into the solution. Now, the polarization of the laser
is switched to perpendicular to the wire. In this case the efficiency
of excitation of propagating plasmons is drastically reduced and
no outcoupling of the light from the distal end is observed as can
be seen in figure 4(b)(ii). A snapshot of the assembly after the
same time of 7 minutes is shown in figure 4 (b)(i). A few parti-
cles near the excitation point and along the length of the wire can
be seen but there is no significant assembly of the particles. The
numerically calculated temperature distribution in the xy plane at
z=0 is shown in figure 4(c). A comparative temperature distribu-
tion for the both the polarizations at the top of the wire is plotted
in figure 4 (d). The assembly process for both the polarization
can be found in supplementary movie S5 and movie S6.

A higher temperature increase at the excitation point is found
in the case of perpendicular polarization. It can be attributed to
the fact that at the excitation point the electric field is confined to
a smaller region along the diameter of the wire leading to more
localized plasmon excitation. The near-field electric field distribu-
tion for both the cases is shown in supplementary figure S3. This
enhances the temperature increment at this point, but the gradual
fall in the temperature is more as there is less efficient excitation
of plasmons along the nanowire and the resultant temperature
increase due to plasmon dissipation is missing when there are no
propagating plasmons.

4 Conclusion

We have experimentally studied the transport of the silica colloid
by utilizing SPPs of a silver nanowire. Such a colloid is spatio-
temporally trapped at the nanowire excitation. Upon increasing
the concentration of the colloids, we observed extended assem-
blies whose collective dynamics was studied and shown to be
confined in nature. This assembly process is sensitive to the exci-
tation polarization at nanowire input.This polarization-sensitivity
was also corroborated in the simulated temperature distribution
around the nanowire, thus indicating an intricate combination
of optical and thermal effects facilitated by the nanowire SPPs.
Given that the colloids are driven out of equilibrium by a quasi-
one dimensional optothermal substrate, they may serve as inter-
esting test-beds for active and driven matter at sub-micron scales.
We envisage the utility of SPPs to create intriguing optothermal
potentials to drive soft matter out of equilibrium, that can com-
plement and improvise on conventional optical schemes.
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