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Abstract: Laser trapping at an interface is a unique platform for aligning and assembling
nanomaterials outside the focal spot. In our previous studies, Au nanoparticles form a dynamically
evolved assembly outside the focus, leading to the formation of an antenna-like structure with
their fluctuating swarms. Herein, we unravel the role of surface plasmon resonance on the
swarming phenomena by tuning the trapping laser wavelength concerning the dipole mode for
Au nanoparticles of different sizes. We clearly show that the swarm is formed when the laser
wavelength is near to the resonance peak of the dipole mode together with an increase in the
swarming area. The interpretation is well supported by the scattering spectra and the spatial light
scattering profiles from single nanoparticle simulations. These findings indicate that whether the
first trapped particle is resonant with trapping laser or not essentially determines the evolution of
the swarming.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Laser trapping has been utilized as optical tweezers [1] in various research fields (e.g., biology or
material sciences) for three-dimensional trapping and manipulation of nano- and micro-scale
objects (e.g. nanoparticles (NPs), live cells, proteins, DNA, or small molecules, among others)
[2]. Single metallic NP trapping in bulk solution was reported for different particle sizes from
several to hundreds of nanometers [3,4]. Their high polarizability due to surface plasmon
resonance (SPR) results in a larger trapping stiffness than typical dielectric NPs for the same
particle size. Laser trapping of single Au nanorod and its orientation is controlled by the incident
laser polarization with respect to its SPR [5]. Moreover, a shift of SPR band is spectroscopically
observed for different laser power and polarization, when metallic NPs form an assembly inside
the focal spot [6,7]. All these systems are examples of three-dimensionally trapped NPs inside the
focal spot caused by a tightly focused laser beam when the gradient force is larger than scattering
and absorption forces.

Laser trapping at an interface is considered to be a unique platform for assembling nano-
materials, where the optical potential and the induced assembly evolve outside the focal spot. For
example, the formation of a highly concentrated molecular clusters domain (i.e., amino-acids)
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around the trapping laser focus, leads to their crystallization only at solution surface and even for
unsaturated solution [8—10]. When polystyrene NPs are trapped at the interface, a periodically
aligned structure acts like a waveguide which allows the trapping laser to propagate and assemble
more NPs beyond the focal spot [11,12]. A similar case is also observed for Au NPs, which form
a dynamically fluctuating swarming assembly outside the focal spot [13]. For the initial stage,
periodical structures (Yagi-Uda antenna like or hexagonal structures) are assembled inside the
focal spot depending on the laser polarization (linear or circular, respectively). These structures
are stabilized by an inter-particle radiation force, called optical binding [14], which is due to
light scattering between the two particles. The observed configurations are in line with previous
works on optical binding with metallic NPs [15—-17]. For the stationary state, the dynamically
fluctuating dumbbell-like swarms of Au NPs are evolved outside the focal spot, and its direction
is perpendicular to the direction of linear polarization. We proposed that the trapping laser was
scattered by trapped Au NPs towards the outside of the focus, and then further incoming NPs can
be trapped and assembled outside the focal spot due to the optical binding. The assembling of
NPs and light scattering are cooperatively and non-linearly developed, resulting in the swarming
of Au NPs.

As a detail, the swarming is observed when 200 nm Au NPs are trapped by 1064 nm laser,
which is resonant with the tail of its SPR band. Instead, the swarm is not found when the diameter
of the NPs is smaller than 200 nm [13]. These facts suggest that the scattered light intensity
needs to be higher than a certain value for the generation of swarming assemblies. Commonly,
when the Au NP size decreases, the SPR band is blue-shifted, where the 1064 nm laser becomes
off-resonance with respect to the SPR band. Therefore, the swarming assembly for smaller Au
NPs should be observed by blue-shifting the laser wavelength toward the SPR band, as well as, a
larger swarm could be achieved when it is exactly resonant to SPR band. It is worth mentioning
that swarming is a complex system where a high number of Au NPs optically interact with each
other through multiple light scattering. Moreover, the swarming phenomenon is coupled with
Brownian motion, hydrodynamic interaction, photothermal heating and so on [18,19]. Among
these complexities, the swarming is originated from the scattered light of Au NPs, which is
strongly affected by its inherent SPR. In the present work, we focus on the effect of SPR-enhanced
light scattering on the swarming phenomena.

2. Experiments

The experimental setup for laser trapping at the interface is illustrated in Fig. 1. Three different
independent laser lines (640, 800, and 1064 nm) are separately introduced into an inverted
microscope (Olympus, IX71). The laser power is controlled by a combination of a half-wave
plate and a beam splitter or by neutral density filters. The laser beam size is enlarged using a
beam expander to fill up the back aperture of an air-immersion objective lens (60 times magnified,
NA 0.9, Olympus). The laser is reflected by a dichroic mirror inside the microscope body and
focused by the objective lens. A halogen lamp is used as a light source for illuminating the sample
through a dark-field condenser lens (NA 1.2-1.4; Olympus). The scattered light is collimated by
the objective and guided towards the camera, where the backscattering of the trapping laser is
filtered using a short-pass filter. The scattered light images are recorded by a charge-coupled
device (CCD) or scientific Complementary Metal-Oxide—Semiconductor (sSCMOS) camera. The
laser power is set to 10 mW after the objective lens, where the adhesion of Au NPs to a glass
substrate or aggregate formation due to heating and/or ablation can be avoided. When the NPs
rarely adhere to the glass surface after a long irradiation time, we slowly shifted the stage of the
microscope to avoid the adhesion effect on swarming.

The Au NPs used are commercially available with nominal diameter sizes of 100, 150, and
200 nm (BBI solutions). The particle concentration of each sample is normalized to 6x1073
particles/um?®. The Au colloidal solution is sonicated for 10 min, and then 15 uL of the suspension
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Fig. 1. Experimental setup for laser trapping of gold nanoparticles at an upper glass/solution
interface. The dashed-line inset shows the illustration of sample a substrate containing the
gold nanoparticles solution, in which the trapping laser is focused at the upper glass/solution
interface.

is quickly sandwiched between two clean coverslips with a spacer (Electron Microscopy Sciences).
The used coverslips are cleaned with a 5% solution of detergent (Hellmanex III, Hellma). The
thicknesses of the chamber are approximately 100 um.

3. Results and discussion

Upon laser irradiation, the Au NPs located on the bottom of the chamber are lifted up along the
laser light propagation upward to focus, as we reported previously [13,20]. For 200 nm Au NPs
with 1064 nm laser, it takes about 3 min for a first NP to arrive at the upper interface and be
trapped at the focus (Fig. 2(a-i)). Then, the next few incoming particles always align linearly in
the direction perpendicular to the laser polarization, and its interparticle distance (see Fig. S1 in
Supplement 1) corresponds to the trapping laser wavelength in water (Fig. 2(a-ii)). After about
7 min of irradiation, the incoming Au NPs almost fully occupy the focal spot, and they start
to expand outside the focal spot, where the incident laser is not directly shined (Fig. 2(a-iii)).
Meanwhile, the periodically aligned structure of Au NPs like the Yagi-Uda antenna [21,22] is
arranged at the focus, which constructively and directionally scatters the incident laser outside the
focus. We proposed that this scattered light further optically bound the Au NPs outside the focus.
With irradiation time increases, more Au NPs are trapped and further scatter the light, expanding
the optical potential outside the focus. Thus, two swarms of fluctuating Au NPs are prepared at
both sides of the focal spot, showing a dumbbell-like swarming assembly (Fig. 2(a-vi)). Such
swarming is not observed when the NP size is reduced to 150 nm (Fig. 2(b)), although the linear
alignment of 150 nm Au NPs perpendicular to laser polarization is observed at the initial stage.
The obtained morphology is slightly ellipsoidal (Fig. 2(b-iv)) with small elongation along the
direction perpendicular to laser polarization (Fig. 2(b-v)). When the assembly size is saturated
after the 30 min (compare the assembly size in Figs. 2(b-v) to 2(b-vii)), the incoming rate of new
NPs to focal spot and a rate of the NP diffusing outside the optical potential are balanced. Even
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these incoming particles continuously reach the interface after saturation, they are not extended
outside the focal spot. All these results are consistent with our previous report [13].

(a) 1064 nm laser trapping of 200 nm AuNPs

Fig. 2. Sequential scattering images of gold nanoparticles assemblies formed by linearly
polarized trapping laser at the upper glass/solution interface. (a) 1064 nm laser trapping of
200 nm gold nanoparticles. (b) 1064 nm laser trapping of 150 nm gold nanoparticles. (c)
800 nm laser trapping of 150 nm gold nanoparticles. The direction of laser polarization is
shown as white arrows. The vertical white dashed lines represent the central line where the
focal spot is crossed. The length of all the white scale bars is 5 um. See Visualization 1, for
the formation of the swarming assembly for each condition.

Interestingly, the directional expansion and dumbbell-like swarming are observed for 150 nm
Au NPs, when the laser wavelength is changed from 1064 to 800 nm as shown in Fig. 2(c-vii).
The first Au NP is trapped in less than 10 s (Fig. 2(c-i)), and when more particles are trapped,
they arranged accordingly to a linear alignment (Fig. 2(c-ii)). After a while (Fig. 2(c-iii)), the
obvious dumbbell-like assembly for 150 nm Au NPs is achieved (see Visualization 1 for detail).
To estimate the scattered light intensity from the single NP, we simulated the scattering spectra
for each Au NP size in water according to Mie scattering theory [23] and plot in Fig. 3 together
with the experimentally measured extinction spectra. It shows that the dipole mode of the SPR
band is blue-shifted for smaller Au NPs sizes (compare Figs. 3(c) to 3(b)). Accordingly, when
the Au NPs size is reduced from 200 to 150 nm, the scattering cross-section for 1064 nm trapping
laser also decreases, leading to the suppression of swarming for the smaller-size NPs. The
scattered light is enough to slightly elongate the assembly, although it is insufficient to form
the dumbbell-like swarming outside the focal spot. Instead, when the 800 nm trapping laser is
used, the scattering cross-section increases, and then the swarming is achieved. Furthermore, the
swarming size for both conditions (200 nm Au NPs at 1064 nm wavelength and 150 nm Au NPs
at 800 nm wavelength) is quite similar, which is in line with the similar value of the simulated
scattering cross-section (6.0x10* and 4.8x10* nm?, respectively).

A larger swarming assembly was observed with 200 nm Au NPs using 800 nm trapping laser,
as shown in Fig. 4(b-iii) (also see Visualization 2). The swarm area is enlarged about 1.5 times
compared to the swarm of 150 nm Au NPs. In this case, the 800 nm trapping laser almost
matches the peak of the SPR dipole mode band, yielding a scattering cross-section approximately
2.7 times higher than the former case. We also conduct the laser trapping of 100 nm Au NPs,
observing a small assembly inside the focal spot. Although swarming is not observed for both
1064 nm and 800 nm trapping laser, the assembly size for 100 nm Au NPs with 800 nm trapping
laser is larger than with 1064 nm. The above described findings strongly support the role of the
scattering cross-section on the swarming assembly formation and its size in the saturation stage.
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Fig. 3. Simulated extinction, scattering, and absorption spectra of single gold nanoparticle
in water (black, red, and blue solid lines respectively). As a control, the experimental
extinction spectra of gold nanoparticles in bulk solution are recorded, normalized and plotted
as black dash lines. (a-c) The particle diameters are 100, 150, and 200 nm, respectively. The
trapping laser wavelengths of 640, 800, and 1064 nm are marked as vertical dash lines in
each plot. The horizontal solid black line refers to the scattering cross-section of 100 nm
gold nanoparticle at 640 nm wavelength.
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Fig. 4. Particle size and laser wavelength dependencies of gold nanoparticles assemblies
formed by laser trapping. Each image is captured after 30 min of laser irradiation when the
assembly size is saturated. The particle size is (i) 100, (ii) 150, and (iii) 200 nm in diameter,
and the trapping laser wavelength is (a) 1064 nm, (b) 800 nm, and (c) 640 nm. The direction
of laser polarization is shown as white arrows. The length of all the white scale bars is 5 um.
See Visualization 2, for the motion of the swarming assembly for each condition.
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To further confirm the importance of the scattering cross-section, we have also tested even
shorter trapping laser wavelength (640 nm). We observe the formation of swarming assemblies
for all the tested Au NPs sizes (Fig. 4(c)). As explained above, the experimental conditions,
where the swarming phenomenon is not observed, have scattering cross-sections in the range
of 7.8x10?—1.1x10* nm?. These values are much smaller than the simulated ones for 640 nm.
Therefore, we propose that the light scattering intensity (cross-section) of single NP should be
higher than a certain value, 2.0x10* nm?2 under present condition (shown as the horizontal line
in Fig. 3), to produce swarming assemblies (see a classification of each assemblies’ dynamic
states summarized as a chart in Fig. S2 in Supplement 1). Moreover, the expected swarming size
for 200 nm Au NPs at 640 nm should be bigger than that observed experimentally, according
to its scattering cross-section. A closer inspection of the scattering spectrum reveals that the
640 nm laser can excite both dipole and quadrupole modes [24]. The bands attributed to the
dipole (Amax 776 nm) and quadrupole (Amax 557 nm) modes have been resolved by spectrum
deconvolution and we estimate that about 30% of the 640 nm absorbed photons undergo a
quadrupole excitation (further details in Fig. S3 in Supplement 1). Generally, the quadrupole
radiation direction is not perpendicular to the laser polarization. Besides, at the far-field,
quadrupole scattering decays with the third-power dependence of distance, as opposed to the
second-power decaying with the distance of dipole mode [25]. Both properties suggest that
quadrupole mode scattering should be less efficient than dipole mode scattering and consequently
the dumbbell-like swarming is essentially due to the dipole mode.

As a final piece of evidence, we performed Finite-Difference Time-Domain (FDTD) simulation
to study how the trapping laser of respective wavelengths is scattered by each Au NP size in the
focal plane (Fig. 5). For simulation, an incident laser with a focal diameter corresponding to
each wavelength is focused at the center of a fixed single Au NP. The incident focused laser is
scattered by the single Au NP perpendicularly to linear polarization, according to dipole scattering
phenomena. Increasing particle size and/or blue-shifting laser wavelength leads to an increase in
the scattered light intensity. Although FDTD calculation is based on single NP simulation, the
obtained intensity distribution is similar to the experimentally obtained swarming area for all the
tested conditions. Therefore, this correspondence confirms the key role of single-particle SPR
scattering in swarming phenomena and points out FDTD as an excellent simulation method for
designing new swarming assemblies. For the rigorous theoretical analysis, the simulation with
a number of Au NPs and their dynamics under the tightly focused trapping laser expressed by
sectoral multipole beams [26] is required as a future topic. In addition, how particle number and
interparticle distance inside the swarms are coupled with local photothermal heating, Brownian
motion, convection flow, and microfluidic interaction will also be clarified in the following work
to understand the swarming phenomena fully.

We have discussed the importance of SPR effect on swarming on the basis of simulated
scattering spectra and scattering patterns in a single NP level. It may be mentioned that the
swarms are composed of many Au NPs which are vigorously moving. They may have chances
to approach closer or even collide with each other, where the near-field interaction becomes
significant enough to modify the optical properties [6,7,27,28]. However, the Au NPs inside
the focus are separated perpendicular to the linear polarization with an interval reflecting the
wavelength of the incident laser in medium, which is far enough to exclude the effect of near-field
interaction. In addition, the electrostatic repulsion force should be large enough to avoid the
formation of aggregates. We, therefore, suppose that the total scattered light intensity from the NP
inside the focus is a summation of the light scattering from individual NPs, and the dumbbell-like
swarms are formed when its individual NPs’ light scattering is resonantly enhanced by tuning the
laser wavelength near to their SPR band.
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Fig. 5. FDTD simulation results showing the total intensity distribution of incident laser
beam and scattered light from single gold nanoparticle situated in the focal spot. The
scattering intensity is displayed in a logarithm scale, and the amplitude is normalized. The
incident laser beam is propagated along z-direction and focused at the origin. The trapping
laser wavelength is (a) 1064, (b) 800, and (c) 640 nm. The gold nanoparticle diameter is
(i) 100, (ii) 150, and (iii) 200 nm. The direction of the linear laser polarization is shown as
white arrows.

4. Conclusion

To conclude, we have studied the trapping and formation of Au NPs assemblies by tuning the
trapping laser wavelength and/or the Au NP size to comprehensively understand the swarming
phenomena in terms of SPR. The swarming is formed when the laser wavelength is near to the
dipole mode of SPR (i.e., high scattering cross-section), while the swarming is not observed
when the laser wavelength is far from the SPR band (i.e., low scattering cross-section). The
observed behavior is well supported with the light scattering intensity profile calculated by
FDTD simulation. The present findings clarify that the trapping laser is resonantly and strongly
scattered by the first trapped Au NP due to its inherent SPR nature. Later, the scattered light
incorporates more Au NPs and initiates the evolution of swarms outside the focal spot. The
results obtained from the previous paper (where the swarming phenomena were reported for the
first time) [13] suggested that SPR plays a role, however, this was not proved as no systematic
study on the relationship between particle size and laser wavelength was carried out (only a
single laser wavelength, 1064 nm, was used). In the present work, we clearly demonstrate how
we can expand and control the formation of swarming assembly in a wider range of conditions by
tuning the trapping laser wavelength with respect to the SPR band of the Au NPs with different
sizes. Furthermore, our finding provides evidence which elucidates the underlying phenomena
in swarming from the viewpoint of resonant oscillation of collective free-electron charges in
metallic NPs. Recently, several works have reported nanoantenna structures for tailoring the
direction of light scattering [29—34]. We believe that the swarming direction and morphology
could be flexibly controlled by integrating these designed nanostructures. For instance, the
nanoantenna for unidirectional light scattering will be self-organized by laser trapping at a
nanostructure-patterned substrate providing unidirectional swarming.
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