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ABSTRACT Understanding whether noble-metal nanostructures can be trapped optically
and under what conditions will enable a range of applications that exploit their plasmonic

properties. However, there are several nontrivial issues that first need to be resolved. A major

one is that metal particles experience strong radiation pressure in optical beams, while stable Au nanowire
optical trapping requires an attractive force greater than this radiation pressure. Therefore, it
has generally been considered impossible to obtain sufficiently strong gradient forces using
single-beam optical tweezers to trap relatively large metal nanostructures in three dimensions.
Here we demonstrate that a single, tightly focused laser beam with a wavelength of 800 nm can

achieve three-dimensional optical trapping of individual gold (Au) nanowires with lengths over

2 um. Nanowires can be trapped by the beam at one of their ends, in which case they undergo
significant angular fluctuations due to Brownian motion of the untrapped end. They can also be
trapped close to their midpoints, in which case they are oriented approximately perpendicular to the light polarization direction. The behavior is markedly
different from that of Ag nanowires with similar length and diameter, which cannot be trapped in three dimensions by a single focused Gaussian beam. Our
results, including electrodynamics simulations that help to explain our experimental findings, suggest that the conventional wisdom, which holds that
larger metal particles cannot be trapped, needs to be replaced with an understanding based on the details of plasmon resonances in the particles.
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he unique size and morphology de-

pendent optical properties of chemi-

cally synthesized noble metal nano-
structures have attracted great interest.' 3
These properties are largely determined by
plasmon resonances, that is, the electro-
magnetic field-induced collective oscilla-
tions of their conduction electrons. Optical
trapping of plasmonic nanostructures not
only provides insight into fundamental light-
matter interactions at the nanometer
scale,*”7 but also offers the possibility to
manipulate and utilize individual nano-ob-
jects in sensing, biological, and medical
applications.>®° Conventional optical twee-
zers, i.e., single, tightly focused laser beams,
have been successfully employed for three-
dimensional (3D) trapping of silver (Ag) and
Au nanoparticles,’® " as well as Au bipyr-
amids and nanorods with aspect ratios up
t056.2 "
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This approach, however, is problematic
when the metal nanoparticles are further
elongated into the nanowire regime, that is,
when they have aspect ratios greater than
10.'® There have been very few reports of
optical trapping of metallic nanowires, and
these have been limited to Ag nanowires.
The first reported attempt to trap Ag nano-
wires was from Pauzauskie and co-workers;'”
they succeeded in trapping semiconductor
nanowires using a focused laser beam, but
found Ag nanowires could not be trapped in
bulk solution. This result has been verified
by other studies,'®'® which found that single-
beam optical traps could confine indivi-
dual Ag nanowires only in two dimensions
next to the surfaces of coverslips. The diffi-
culties stem from the fact that the force
associated with radiation pressure on these
particles can easily exceed the gradient force
responsible for trapping.’2%2" In particular,
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for Ag nanowires, multiple longitudinal plasmon reso-
nances exist that increase the absorption and scatter-
ing cross sections at specific wavelengths and, thus,
increase the radiation pressure.'®*? Consequently, ra-
diation pressure can overwhelm the attractive gradient
force, pushing the nanowires out of the optical trap in
the beam propagation direction. One approach to
obtaining axial optical trapping stability might involve
compensating the radiation pressure using two coun-
ter-propagating beams.?® However, since the gradient
force was also found to depend on the area of the
trapping field that interacts with the nano-objects, Ag
nanowires could be trapped in spatially extended
beams but not in tightly focused ones.'"'® As a result,
optical trapping of Ag nanowires has been achieved
only by using counter-propagating Bessel beams with
extended optical fields.2* For these reasons, it has been
widely considered that relatively large metal particles
cannot be trapped in three dimensions by (tightly
focused) single-beam optical tweezers due to their
strong absorption and scattering of light.'"'%2°

However, this particle-size-based conventional wis-
dom of what can or cannot be trapped may be over-
simplified. Here we present experimental observations
showing that a single, tightly focused laser beam with a
wavelength of 800 nm can be used for 3D trapping of
Au nanowires that are more than 2 um in length
and have aspect ratios greater than 50. The trapped
Au nanowires tend to align perpendicular to the light
polarization direction, unlike Au nanorods, which align
parallel to the polarization."'*?% We have elucidated
the reasons for the optical trapping behaviors of
Au nanowires using electrodynamics simulations.
Detailed comparisons are made to the case of Ag
nanowires. As a result, we now understand that the
plasmonic properties of metal nanostructures rather
than their sizes determine what can or cannot be
trapped by single focused Gaussian beams.

RESULTS AND DISCUSSION

Au nanowires with lengths of 1—3 um and diameters
of ~40 nm were used in the experiments. An aqueous
solution of the nanowires was contained in a chamber
formed by a spacer between two coverslips with a
separation of 130 um, as illustrated in Figure 1a.
Figure 1b shows a scanning electron microscope
(SEM) image of two representative Au nanowires. A
Gaussian laser beam with a wavelength of 800 nm was
tightly focused into the chamber. The laser beam
propagated in the z-direction with the focal plane
located at a height, h, above the bottom coverslip.
The sequential frames, 1—9 of Figure 1c, show the
optical trapping of an Au nanowire in bulk solution. We
found that, although the nanowires could be trapped
by one beam at one end in solution, their orientations
were not stable. Frame 10 is a composite image of the
trapped nanowires in a period of 3 s. It shows that one
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Figure 1. (a) lllustration of an Au nanowire trapped by a
single, tightly focused Gaussian laser beam in bulk solution.
(b) SEM image of Au nanowires used in the experiments.
(c) Experimental demonstration of three-dimensional (3D)
optical trapping (see Supporting Information, Movie S1)
measured by dark-field microscopy. The focal spot of the
laser beam was at h = 50 um as indicated by the red spot, and
the laser beam entering the objective has a power of 25 mW.
Frames 1—9 show an Au nanowire entering the optical trap.
The time step for the frames is 35 ms. Image 10 is a super-
position of frames taken over a 3 s window (~ 90 frames)
after frame 9. The angular fluctuation of the free end creates
a fan (demarcated by the dashed sector).

Y

Figure 2. (a) Dark-field images of an Au nanowire trapped
by a focused Gaussian beam (see Supporting Information,
Movie S2). In frames 1 and 2, the nanowire aligned along the
z-axis, while in frame 3, it rotated into the x—y plane. The
interval between frames 1 and 2 is 0.72 s, and that between
2 and 3 is 0.07 s. Image 4 is a superposition of frames taken
over 3 s after frame 3. The laser power entering the
objective is 50 mW, and the laser is focused at h = 17 um.
The white scale bar represents 1 um. (b) An Au nanowire
trapped at its midpoint by a focused spot. The image is a
superposition of frames taken over 3 s. The laser power is
100 mW, and the laser is focused at h = 17 um. The scale bar
is 1 um. (c) lllustrations of several representative configura-
tions of the nanowires in panels a and b.

end of the nanowire was trapped but the other end
underwent angular fluctuations over a range of ~90°in
an arc symmetric to the y-axis. The radius of the
brightened sector is ~2.3 um, equal to the length of
the nanowire, indicating that nanowire was located in
the x—y plane.

Trapped Au nanowires could also align along the
beam propagation direction (z-direction), as demon-
strated in Figure 2a. The particular nanowire shown
in Figure 2a1—4 rotated from an axial alignment to
being trapped perpendicular to the beam propagation
direction, as depicted in Figure 2c.
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While the Au nanowires were usually trapped near
their ends, we found that trapping at their mid-
points was also possible, especially for short nanowires
(~1 um long) and greater laser power (100 mW), as
shown in Figure 2b. In this configuration, the nanowire
orientations were relatively stable and remained al-
most perpendicular to the light polarization direction.
Multiple nanowires trapped by a single focused beam
have been also observed, as shown in Figure S1,
Supporting Information.

Typical trapping times of the Au nanowires by the
single-beam optical trap were around 14 s at 25 mW
laser power (Supporting Information, Figure S2), but
trapping longer than 50 s was also observed (see
Supporting Information, Movie S3). We found that,
when the laser power was increased, the trapping time
decreased; for example, a laser power of 100 mW
resulted in a trapping time of only ~3 s. This is in
contrast to the expectation that higher laser power
should lead to a deeper potential well for optical trap-
ping, and should thus increase the trapping stability.?°
Thermal effects may be responsible for the reduced
trapping stability at high laser powers, since it is well-
known that laser illumination can induce significant
heating of Au nanostructures.?’?® We did not observe
bubble formation on the trapped Au nanowires, but
the heating at high laser power may reduce the
colloidal stability of the nanowires by causing the
capping molecules (cetrimonium bromide) to come
off their surfaces. Heat dissipation from the nano-
wires to the surrounding fluid can also result in
thermophoretic forces that tend to push the Au
nanowires away from the trap.?® On the other hand,
the thermal effect at a laser power of 25 mW is at
least not strong enough to lead to nanowire defor-
mation: as shown in Supporting Information, Movie
S3 and Figure S3. Even after being trapped for
>50 s, the escaping nanowire had maintained its
morphology.

We performed 3D finite-difference time-domain
(FDTD) simulations to understand the various optical
forces that act on the Au nanowires and why these
forces lead to stable 3D optical trapping. To reveal why
the angular fluctuations shown in Figures 1c and 2a
occur, we assumed that one end of an Au nanowire was
trapped at the waist of the Gaussian beam and the
other end could rotate about the trapped end, so that
the nanowire can be oriented at any angle 6 relative to
the polarization direction. The calculated intensity
distributions of the electric field around the nanowire
are shown in Figure 3a for different 6. The local electric
fields around the nanowire are asymmetric with re-
spect to the long axis for all angles except 6 = 0° and
6 = 90°; however, the field distributions are the same
for angles below 6 = 90° as they are for angles above
6 = 90°. Optical forces on the nanowire can be calcu-
lated by integrating the Maxwell stress tensor over a
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Figure 3. 3D finite-difference time-domain (FDTD) simula-
tions of an Au nanowire illuminated by a linearly polarized
Gaussian beam. (a) The top left image shows the model: the
nanowire is approximated as an Au cylinder (diameter of
40 nm and length of 2 um) with hemispherical ends im-
mersed in water and aligned in the x—y plane. The incident
Gaussian beam has a wavelength of 800 nm, is linearly
polarized along the x-axis, and propagates in the z-direction.
One end of the nanowire is located at the waist of the
Gaussian beam and the other end is movable. The angle
between the long axis of the nanowire and the negative
x-direction is denoted as 6. Results are shown for the time-
averaged intensity distribution of the electric field, |E/E,|%,
around the nanowire, normalized by the incident intensity.
(b) Calculated optical forces on the Au nanowire along its
long axis (F) and short axis (Fs; note that the nanowire
rotates in the x—y plane and F is not always in the
x-direction), and along the beam propagation direction
(F,) as a function of 6. The positive direction of F; points
toward the center of the Gaussian beam and that of F

points in the counterclockwise direction.

surface surrounding the nanowire, and the

results are

plotted in Figure 3b. The force along the short axis, Fs,
has a maximum absolute value at 45° and 135°, and
always exerts a torque to rotate the nanowire toward
6 =90° (except at the unstable equilibrium point 6 = 0°).
This is consistent with our observation that the
nanowire orientation fluctuates over the angular range
of about 45—135°. The force calculation also suggests
an electrodynamic factor that affects the trapping
stability of Au nanowires. Although, for 6 between

45° and 135°, the short-axis force F can

rotate the

nanowire to 90°, the long-axis force F, becomes nega-
tive for 6 < 60° and >120°, as shown in Figure 3b. This
means the nanowire tends to be pushed out of the trap
when it rotates into the angular ranges of 45—60° and
120—135°. If the nanowire cannot rotate back to
60—120° before it moves out of the trap, the trapping

event will end.
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Figure 4. FDTD simulations of Au nanorods and nanowires
with diameters of 40 nm, illuminated by a Gaussian beam.
(a) The short-axis optical force as a function of the rod/wire
length, for 6 = 45°. The simulation model is shown in the
inset. Note that L is the length of the cylinder while the
length of the rod/wire is L plus its diameter, due to the two
hemispherical ends. (b) Normalized and time-averaged
intensities of the electric field intensity around the Au
nanorods/wires.

The trends of the angular dependence of the forces
are similar for Au nanowires with micrometer lengths
(see Supporting Information, Figure S4). However, as
the length of the Au nanowire decreases to around
100 nm and becomes a nanorod, the preferred orien-
tation changes. Figure 4a shows the wire length de-
pendence of the short-axis optical force (Fs) on an Au
nanowire oriented at 45° to the polarization of the
incident beam. Two different regimes can be identi-
fied. In regime |, for L < 78 nm, F; < 0, which means that
the nanorods will be rotated toward 6 = 0° rather
than 6 = 90°, consistent with previous experimental
studies."'%?% In regime Il, for L > 78 nm, F, > 0, and the
nanorods or nanowire is rotated toward 6 = 90°,
consistent with the current experimental results. The
value L = 78 nm, corresponding to a total particle
length of 118 nm and an aspect ratio of 3, can thus
be considered as the critical length defining the
boundary between nanorods and nanowires, at least
in the context of optical trapping. For nanorods
(regime 1), the field enhancement is greatest along
the polarization direction, whereas for nanowires
(regime II), the field enhancement near the trapped
end is greatest perpendicular to the polarization direc-
tion. The degree to which longitudinal or transverse
modes in a nanowire are excited depends on the
wavelength of incident light, so the critical length that
defines the boundary between nanorods and nano-
wires will be somewhat wavelength dependent. When
the light polarization is neither parallel nor per-
pendicular to an Au nanowire, both transverse and
longitudinal plasmon resonances are excited in the
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Figure 5. 3D FDTD simulations of an Au nanowire with a
length of 2 ym and a diameter of 40 nm, illuminated at
different positions by a focused Gaussian beam. (a) The left
panel shows the simulation model and the coordinate
system: the center of the beam is on the long axis of the
nanowire (d = 0), and moves from one end of the nanowire
to its midpoint. The right panel shows the calculated optical
forces. (b) The center of the beam is now on the short axis
crossing the midpoint of the nanowire (s = 0), and the beam
moves away along the short axis. The right panel shows the
calculated optical forces.

nanowire. These modes are calculated separately and
shown in Figure S5, Supporting Information. Their
coherent superposition, as excited by the incident
beam, leads to the asymmetric local fields. It is worth
noting that, when L is larger than ~440 nm, multiple
longitudinal plasmon resonances are supported by the
nanowire, resulting in the oscillation of the force curve
shown in Figure 4a.2%3° The oscillation vanishes for L >
2.5 um (see Supporting Information, Figure S4b, and
also Figure 6) due to strong damping of the longi-
tudinal plasmon resonances in Au nanowires.>'

3D optical trapping requires that all forces acting on
the nanowire are balanced at the trapping position. For
6 = 90°, the forces Fs and F; become zero when the
nanowire is trapped at its midpoint (Figure 5a). This
position and orientation thus represents the most
stable configuration in the x—y plane. However, the
long axis force (F)) drops quickly when the trapping
position moves from one end of the nanowire to the
midpoint, as shown in Figure 5a; this explains why the
Au nanowires can still be trapped near their ends.

Moreover, to make 3D optical trapping possible, the
gradient force should be as large as the scattering
force. In the current simulation, F, represents a pure
scattering force, because the nanowire is located at the
center of the beam waist. In the experiments, a trapped
particle is located at a position beyond the focal plane
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Figure 6. Calculated optical forces exerted by a Gaussian
beam on Ag and Au nanowires with lengths of 2 um and
diameters of 40 nm. The configuration is the same as that in
Figure 3. Note the change in scale.

along the beam propagation direction (above the focal
spot in our experimental geometry).>?33 However, in
our FDTD calculations it is difficult to simulate a Gaussian
beam that is tightly focused along its propagation
direction. We therefore chose to calculate the gradient
force by shifting the nanowire in the transverse direc-
tion; in this case, the gradient force is F; and the force
due to radiation pressure is F,.2° As shown in Figure 5b,
when the Au nanowire was moved away from the
center of the beam by a distance d, the gradient force
could overcome the radiation pressure for d > 110 nm.
This indicates that the gradient force in the beam
propagation direction can also be strong enough to
enable 3D trapping of Au nanowires. Although gravity
may play a role in compensating radiation pressure for
larger particles,® the gravitational force on an Au
nanowire with diameter of 40 nm and length of 2 um
is 0.5 fN, much less than the calculated scattering force
of at least 4 pN for a laser power of 25 mW.

It is important to understand why single-beam 3D
optical trapping is possible for Au nanowires but not
Ag nanowires. In our previous study,'® we used a
polydisperse sample of Ag nanowires that also con-
tained nanowires with diameters around 40 nm and
lengths of 1—3 um, but never observed a 3D optical
trapping event when using a focused Gaussian beam.
Several factors may contribute to the different behav-
iors. First, the Ag and Au nanowires that we have
studied have different surface coatings that will affect
their colloidal stability, especially when considering
heating in the optical trap. Second, multiple longi-
tudinal plasmon resonances in Ag nanowires lead to
increased optical scattering, and thus reduced trapping
stability. Figure 6 shows that an Ag nanowire has much
stronger multiple longitudinal modes compared to an
Au nanowire with the same size, since the plasmon
resonances are more strongly damped in Au than in
Ag. For a trapped Ag nanowire, the multiple longi-
tudinal modes will cause large variation of the scattering

Au nanowire
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Figure 7. Calculated gradient and scattering forces exerted
by a Gaussian beam on Ag and Au nanowires with lengths of
2 um and diameters of 40 nm. (a) lllustration of the simula-
tion model: the nanowire is trapped at one end at a distance
d from the beam center. Two orientations are modeled: 6 =
90° and 0 = 80°. (b) Calculated forces as a function of d.

force on the nanowire as it undergoes angular fluctua-
tions. We suspect that these fluctuations may make the
Ag nanowire unstable in a tightly focused Gaussian
optical trap. Since the longitudinal plasmon reso-
nances occur at specific wavelengths that depend on
the length of the nanowire, the absorption and scatter-
ing cross sections, and therefore the optical forces, will
depend on wavelength.'® This variation means that, at
a given wavelength (such as 800 nm used in the
current experiments), nanowires with certain lengths
are favorable for optical trapping while those with
different lengths are not. However, for a polydisperse
sample with different lengths of nanowires, there will
be some nanowires whose lengths should be favorable
for trapping. The fact that 3D optical trapping of Ag
nanowires was never observed before suggests that
Ag nanowires are not trappable by single-beam optical
tweezers.

In Figure 7, we calculated the gradient and scatter-
ing forces on Ag and Au nanowires with the same size.
We began by assuming the nanowires were trapped at
their ends with 8 = 90° (i.e., the stable orientation). The
results indicate that the gradient force exceeds the
radiation pressure for both Au and Ag nanowires, so
that in principle they can both be trapped in this
orientation. We then assumed the nanowires undergo
a certain degree of angular fluctuations, as observed
in the experiments. As an example, we calculated
the forces when the nanowires rotated to 6 = 80°. The
results show that, for both Au and Ag nanowires, the
gradient force decreases and the radiation pressure
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increases due to the excitation of longitudinal plas-
mon resonances. This will induce a gap, AF, between
the two forces, which destabilizes the trapping and
pushes the nanowire further from the center of the focus.
The force gap is 13 pN/(W/um?) for the Au nanowire, and
26 pN/(W/um?) for the Ag nanowire, which means that
the Au nanowire needs to move a distance Ad = 58 nm
until it reaches the trapping position, whereas the Ag
nanowire needs to move Ad = 97 nm. During this
process, the trapping is not stable, so that the Ag nano-
wire will be more likely to escape. We believe that this
sensitivity to angular fluctuations is an important reason
why single-beam optical tweezers cannot trap Ag nano-
wires in three dimensions but can trap Au nanowires.

CONCLUSIONS

We have demonstrated that single Au nanowires can
be trapped in three dimensions by single-beam optical
traps. The experimental findings are corroborated by
electrodynamics simulations. These results extend the
list of plasmonic nanostructures that can be trapped in
three dimensions by single-beam optical tweezers
from nanoparticles and nanorods to much longer
nanowires, which were formerly considered impossi-
ble to trap.'*?' The results indicate that the previous
concern—that absorption and scattering in large me-
tal particles are too strong to allow single-beam optical
trapping—is overly simplified. Other issues, such as

METHODS

The experiments were conducted with an optical tweezers
system that we have previously described in detail.?* A single
Gaussian beam from a cw-Ti:Sapphire laser (wavelength =
800 nm) was focused by a 60x water immersion objective (NA
1.2, Olympus UPLSAPO). The 800 nm wavelength is far to the red
side of the transverse plasmon resonance of Au nanowires
(approximately 520—550 nm), so laser-induced thermal effects
could be minimized. The Au nanowires were synthesized using a
seeded growth process with Au nanorods as the seeds>® The
nanowires were approximately 1—3 um in length and ~40 nm in
diameter and were stabilized by cetrimonium bromide. These Au
nanowires underwent Brownian motion in the sample cell, and
slowly settled to the bottom coverslip on time scales longer than
the duration of a single experiment. (An experiment was usually
done within 20 min). The nanowires were imaged by dark-field
microcopy. The laser light scattered from the nanowires was
blocked by a short-pass filter (cutoff edge at 650 nm). A Firewire
camera (Sony XCD-V60) was used to record the images.

The commercial software package “FDTD Solutions” (Lumerical,
Inc.) was used for electrodynamics simulations. In the models, a
nanowire is approximated as a cylinder with hemispherical
ends. The nanowire is illuminated by a linearly polarized Gaussian
beam with a waist diameter of 700 nm and (vacuum) wave-
length of 800 nm. The refractive index of Au is setas n =0.15 +
i4.91 and that of Ag is set as n = 0.04 + i5.57.° The nanowire is
immersed in water (n = 1.33). A nonuniform mesh with max-
imum grid size of 4 nm is used. The optical forces on the
nanowire are calculated by integrating the Maxwell stress
tensor (T;) over a surface (s) surrounding the nanowire:*

<F,'> = %Re </T,-jnjds> (1)

YAN ET AL.

colloidal stability and thermal effects, may play a role in
determining which particles can and cannot be
trapped, as well as the fact that absorption and scatter-
ing depend strongly on the composition and geometry
of the metal particles. Our findings indicate that it will
be possible to stably trap and manipulate Au nano-
wires in three dimensions using multiple-spot holo-
graphic optical tweezers>® enabling fabrication of
functional nanoplasmonic systems.

The ability to optically control and manipulate Au
nanowires in three dimensions will benefit both funda-
mental investigations and applications. For example,
when studying the acoustic vibrations of single nano-
structures, it is desirable to keep the nanostructures
away from substrates to avoid mechanical coupling. 3%
For Au nanowires, this could be partially achieved by
suspending them over a trench fabricated in a sub-
strate.3® In contrast, 3D optical trapping would provide
a truly homogeneous environment for the nanowires.>”
Optically trapped Au nanowires may also serve as
probes for biological detection. For example, cyto-
kine-carrying Au nanowires have been manipulated
by electric fields to stimulate prespecified cells and
reveal signaling events.®® Optical trapping represents
an alternative approach,® and our results provide the
understanding required to take advantage in these
applications of the large, plasmon-induced, near-field
optical enhancement next to the nanowires.

where (- - +) indicates a time averaged value, Re indicates the
real part of a complex number, and n; are the vector compo-
nents of the normal pointing outward from the surface. The
optical forces are generally decomposed into the gradient force
Fgrads the scattering force F,y, and the absorption force Faps:2®

1
Foraa =  Re(@) V(E?) @
Fabs = nTm <P>Cabs (3)
N
Fscat = ? <P>Cscat (4)

where a is the Au nanowire's complex polarizability, E is the
electric field, n,, is the refractive index of the host medium, c is
the speed of light, P is the Poynting vector, and C,,s and C,., are
the absorption and scattering cross sections, respectively. The
results of the calculated optical forces are shown in Figures 3—7.
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