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Optical traps use focused laser beams to generate forces on targeted objects ranging in size from nanometers to

micrometers. However, for their high coefficients of scattering and absorption, micrometer-sized metallic particles

were deemed non-trappable in three dimensions using a single beam. This barrier is now removed. We demon-
strate, both in theory and experiment, three-dimensional (3D) dynamic all-optical manipulations of micrometer-
sized gold particles under high focusing conditions. The force of gravity is found to balance the positive axial
optical force exerted on particles in an inverted optical tweezers system to form two trapping positions along the
vertical direction. Both theoretical and experimental results confirm that stable 3D manipulations are achievable
for these particles regardless of beam polarization and wavelength. The present work opens up new opportunities

for a variety of in-depth research requiring metallic particles.
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1. INTRODUCTION

Ever since the first demonstration of optical tweezers [1-3],
they have attracted extensive academic interest and played a
large role in micro-structure trapping [1-7]. The forces exerted
on the particles are the origin of the traps. Both experimental
and numerical research has been implemented to investigate
trapping of dielectric particles [8—11]. Metallic particles are at-
tracting great attention and possess extensive applications in
various areas based on their special chemical and physical prop-
erties, including spectroscopy, catalysis, micro-fabrication,
biotechnology, and medical science [12—15]. The inducements
actively promote the development of trapping and manipula-
tion techniques for metallic particles.

Metallic Rayleigh particles (¢ << 4y) have been three-dimen-
sionally (3D) trapped by a single laser beam, where scattering
forces are small because of the deep-subwavelength particle
sizes, and thus easily overcome by gradient forces [16-22].
However, mesoscopic (2 ~ 4y) and Mie (2> 1)) metal par-
ticles are more challenging to trap optically because the scatter-
ing forces are much stronger [23]. The general approach for
micrometer-sized (including mesoscopic and Mie sizes) metal
particles is to manipulate them in two dimensions by con-
straining the particles onto a cross section or scanning the laser
beam [24,25]. 3D manipulation has already been achieved, but
structured light is always employed to form a ring-shaped field
to constrain the particle [26-29]. However, a 3D all-optical
manipulation using a common single laser beam has not been
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reported. Consequently, a close look into the key theories and
experiments to demonstrate the feasibility of all-optical trap-
ping of micrometer-sized metal particles may provide tantaliz-
ing possibilities.

Here, from theory and experiment, we demonstrate a
dynamic 3D all-optical manipulation of micro-metallic par-
ticles in an inverted optical tweezers system. A numerical analy-
sis of the optical forces was performed using three polarization
states (linear, radial, and azimuthal) and three wavelengths
(532, 1064, and 1550 nm). For all conditions, the scattered
axial force exerted on the particle along the direction of propa-
gation was balanced by the gravitational force at two positions
located in front of and behind the focus plane. Furthermore,
the simulation results confirm that the traps form regardless of
polarization and wavelength, and the experimental results verify
perfectly the theoretical expectations. In view of the attractive
physical and chemical characteristics of metal materials, such
traps open a wider scope for a variety of applications requiring
metallic particle manipulation.

2. METHODS AND EXPERIMENTS

To achieve stable 3D all-optical traps, an inverted microscopic
system is employed to manipulate the micrometer-sized gold
particles, where gravitational forces on the particle play an im-
portant role to counteract the optical forces along the direction
of propagation. The configuration (Fig. 1) involves a radially
polarized laser beam focused by an oil-immersed objective lens
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Fig. 1. Schematics of the experimental setup for the all-optical metallic-particle trap. (a) Particles may be trapped at two positions located in front
of and behind the focus plane. (b) Detailed experimental setup of the entire system. Gold particle diameters vary from 1.0 to 5.0 pm. L, lens.

with high numerical aperture (NA = 1.25, 100x). Figure 1(a)
depicts Au particles manipulated by the all-optical tweezer sys-
tem. Details of the entire experimental setup are shown in
Fig. 1(b). The incident laser beam is first linearly polarized
by the polarizer and then expanded through a telescopic system
to fit the back aperture of the objective lens. The direction of
polarization is controlled by a rotatable half-wave plate, and
with a vortex retarder (VR) the polarization is converted to
either a radial or azimuthal state. The samples are Au particles
(Alfa Aesar Inc.) with diameters from 1.0 to 5.0 pm. A white-
light source (not shown) illuminates the samples from above for
direct imaging using a CCD camera.

To evaluate the forces underlying the physical processes,
many optical models have been proposed and applied. The
ray model is popular for micrometer-sized particles, both for
dielectric and metal particles [25,26]. For Au particles, more
physical and chemical properties need to be considered, e.g.,
optical absorption. However, the ray model is not always suf-
ficiently precise to analyze the optical forces. Finite-difference
time-domain (FDTD) method modeling offers the detail
needed for analyzing electrodynamic problems. The electro-
magnetic distribution strongly influences the optical forces
exerted on the particle. Numerical analysis of the electric field
distribution around the Au particle with different positions can
be performed by a 3D FDTD method. Based on the electric
field distribution, Maxwell’s stress tensor (MST) is then
employed to calculate the forces exerted on the particles
[23,30,31]. The time-averaged force acting on a particle is
given by the integral of the stress tensor over the surface enclos-
ing the particle. Here, we compute the incident fields using
Richards—Wolf vectorial diffraction theory to calculate the
tightly focused beams near the focal region of an aplanatic lens,
and then implement the scattered field FDTD to evaluate the
optical force of the vector beams of interest on metal particles.

3. RESULTS AND DISCUSSION

The total optical force is composed of scattering and gradient
components, where the gradient force always opposes the scat-
tering force to form the traps [23]. However, the scattering
force is much higher than the gradient force, due to the high
absorbing and scattering characteristics of the metal material. In
previous work, only the optical forces are taken into account,

where the axial optical force is always positive along the
direction of propagation to push the particle away [25-27].
However, the gravitational force of the micrometer-sized met-
allic particle is negligible for it might be of the same order of
magnitude as the optical forces. The high scattering force may
then be balanced by the sum of gravitational force (including
buoyant force) and gradient force. Simulations and experiments
were then implemented based on this aspect. Here, taking the
gravitational force into consideration, the total force exerted on
Au particles was calculated for various sizes and different
polarizations and wavelengths of the laser beam. All simulation
parameters were chosen consistent with the experimental
conditions.

A. Optical Forces Exerted on Au Particles with
Different Sizes

In previous work, a 532 nm laser beam was deemed incapable
of trapping micrometer-sized Au particles, because of gold’s
physical characteristics [26]. However, for an inverted micro-
scope system, the gravitational force opposes the axial direction,
enabling then the high scattering force to be balanced. Hence,
the total force is decomposed into axial and transverse compo-
nents for further analysis.

Following previous works [26,27], a linearly polarized beam
is initially applied in optical manipulations. Figure 2 depicts the
axial and transverse forces distributed on Au particles of differ-
ent sizes. To suppress transverse optical forces acting on the
particle, the particle is first located along the axis. The curves
in Fig. 2(a) give the resultant axial forces—i.e., optical, gravi-
tational, and buoyancy—acting on the Au particles for various
diameters. The vertical optical force is positive because of the
high absorbing and scattering characteristics of the Au material,
and peaks at the focus and nearby, to accelerate the Au particle.
However, the density of Au is very high, and the resultant force
of gravity and buoyancy provides an opposing deceleration on
the particle. The scattering force is always directed consistently
along the direction of propagation, whereas the gradient force
points toward the focus. That is, the gradient force is positive in
front of the focus but negative behind it. Consequently, two
balance positions (crossing points with £, = 0) appear along
the axis, in front of and behind the focus plane, indicating the
potential for an all-optical trap using a single laser beam for
micrometer-sized Au particles.
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Fig. 2. Forces exerted on gold particles. (a) Axial forces acting on particles of different radii at different points on the optical axis. The focus plane
is at z = 0. (b), (c) Transverse components of the optical force along the x and y axes, respectively, for various planes along the z-axial direction.
Balance (F = 0) is achieved at the crossing point of a curve with the abscissa. The gold particle diameter is 2.5 pm in (b) and (c); the 532 nm laser
beam is x-directional polarized with a trapping power of 20 mW, in accordance with experimental conditions.

Similarly, Fig. 2(b) plots the transverse component of the
force exerted on the gold particles of typical diameters of
2.5 pm, located in different cross sections along the z axis.
As the linearly polarized beam produces a non-axisymmetrical
field distribution in the focal plane, two typical directions
(x and y axes) are calculated to evaluate the transverse trapping
efficiency for an x-directional polarized beam. In evidence is a
balance reached by the transverse force at the optical axis
(x, y = 0). Consequently, the particle may be trapped at the
two balance positions on the optical axis, where the force
reaches equilibrium in the three dimensions.

We also note diverse behaviors in trapping capability of the
focused beam for the Au particles outside the focal plane.
The forces along the transverse section provide a restoring force
pointing toward the axis, when the whole particle is located in
front of the focus. However, an opposite effect is seen when the
particle moves along the direction of propagation. Intuitively,
this is explained by the transverse wave-vector component of
the laser beam being directed toward the axis before the focus
plane but opposite after the focus. Consequently, although a
balance position exists on the axis after the focus, it is not
be quite as stable. Furthermore, as the magnitude of optical
forces is correlated with the power of the incident laser, the
crossing points in Fig. 2(a) could be modulated by varying
power of the trapping beam.

B. Dynamic All-Optical Traps of Au Particles
Based on the analysis above, there exist two balance points
along the axial direction, where the positive optical force is
counteracted by negative force of gravity. With the contribu-
tion of transverse forces, particles could be trapped at the posi-
tion in three dimensions. Figure 3 shows the dynamic behavior
of the trapped Au particles in a focused all-optical field
(Visualization 1). The trapping source is a linearly polarized
532 nm laser, and the diameter of Au particles varies in the
range of 1.0-5.0 pm. A sequence of snapshots extracted from
a CCD reveal that a particle located near the focused field can
be attracted and trapped at the center and moved along with the
laser beam.

As the magnitude of the optical force rises with increased
power, the balance is broken when the power is increased;
the particle is launched along the direction of propagation.
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Fig. 3. All-optical manipulation of Au particles of different diam-
eters trapped using a linearly polarized 532 nm laser beam. Black
crosses indicate the position of the focused beam; blue and yellow ar-
rows indicate the positions of the reference particles for calibration.
Particle diameters range between 1.0 and 5.0 pm: (a) ~1.5 pm,
(b) and (d) ~2.5 pm, and (c) ~3.5 pm. The scale bar (black line
in lower far-right corner) has length 5.0 pm.

Fortunately, there exists a second balance point behind the focal
plane where the particle is recaptured. As this trap is unstable,
as discussed above, the manipulation needs to be carefully
performed. Such retrieval is also observed in experiments
[Fig. 3(d)], but the particle at this second position is obscured
as a result of defocusing. The results correlate well with the
simulations above and verify the vital contribution that the
negative force of gravity makes in trapping.

C. Simulations and Experiments for Different
Polarizations and Wavelengths

Here we demonstrate that the optical forces exerted on the
metal particles are always positive, regardless of polarization
and wavelength. The force of gravity, however, remains negative
under all conditions, providing the possibility that all-optical
trapping can also be achieved with different polarizations
and wavelengths. We numerically explored the variation in
force for beams of different polarization configurations. Here,
we employed linear, radial, and azimuthal polarizations and
beam wavelengths of 532, 1064, and 1550 nm. First, we
restricted our approach to situations where the Au particle is
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Fig. 4. Axial components of forces exerted on the gold particle (diameter of 2.5 pm) located at the optical axis with (a) linear, (b) radial, and
(c) azimuthal polarizations. Beams of wavelengths 532, 1064, and 1550 nm were applied, each with a trapping power of 20 mW.

centrally localized on the optical axis, to reveal possibilities for
all-optical trapping. The Au-particle diameter is set at 2.5 pm
for all simulations. For each wavelength, three polarizations
were calculated; Fig. 4 demonstrates the axial force components
exerted on the Au particle. Similar to Fig. 2(a), the resultant
axial force includes optical, gravitational, and buoyancy forces.
Two balance positions are still in evidence in front of and
behind the focal plane. While polarization and wavelength
produce slight variations in the trapping position, all-optical
trapping is still attainable.

As radial and azimuthal polarizations are axisymmetric,
transverse forces were calculated along one diametric direction.
Here, a situation where the Au particle is set at different
distances from the axis for both polarizations was considered.
All other conditions were kept consistent with the above
calculations. As crossing points could be modulated by chang-
ing power of the trapping beam, the transverse forces at
z = -1.8 pm are chosen for simulation, to keep consistency
with the front balance point in Fig. 2(a) for a 2.5 pm diameter
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Fig. 5. Transverse components of force exerted on a gold particle
(diameter of 2.5 pm) located at the trapping plane in front of the focus
with different polarizations and wavelengths. The open symbols and
dotted lines represent the forces acting on the particle located at the
plane of z = -1.8 pm, and the solid symbol and line are those on the
plane of z = 1.5 pm. Trapping power is 20 mW.

particle. The simulation results (Fig. 5) show that for all wave-
lengths, the transverse forces provide a restoring force pointing
toward the axis in front of the focus. As force atz = -1.8 pm is
a significant negative value, stable balance is still achievable as
he particle moves a little along the axis.

The simulations successfully demonstrated all-optical trap-
ping for all polarization and wavelength settings. From experi-
ments, Fig. 6 shows a sequence of snapshots extracted from a
CCD video of a single Au particle trapped using the all-optical
tweezer system with different polarizations and wavelengths.
The dynamic process can be found in Visualization 2. The
particles used had diameters ~2.5 pm, as for simulations.
Similarly, two balance positions exist in front of and behind
the focus plane; also, in experiments, particles were seen to
jump to the latter balance position, when power is increased

[Fig. 6(0)].

D. Discussion

The analysis and experiments above verified that micrometer-
sized metal particles can be trapped at the center of an all-
optical field, under high focusing conditions. If the metal
particle in the light field is pushed away by the optical force

Ckal >-
= —d= > >aio :
- - . - >=i
B REBRND I BB RENEN] AARERNNN ARERRERNENN j B EBRBNI
b - . 2 7
() _:_) . -4 . 1. 3 1 .\( . (
i ik = TR SR ¢
= o~ - =z -~

.
I S S B IS NS U BB BN S G NN NN NSNS NN NN NN NN NN NN
O b g

> f | AT o 1) <
remem 2 0 b s ames e
. A . Lgg ’ =S > ) =
. -, e
S - o< 3= R R & Q'j'lé"
5 M . 5 8
% - X O | et
TR NN B BB aEssBRiNEEERBRRNEENBREEEERBRBRRNL

Fig. 6. Dynamic all-optical manipulation of Au particles using
beams of different polarizations and wavelengths. (a) Radially polarized
532 nm laser, (b) azimuthally polarized 532 nm laser, (c) radially
polarized 1064 nm laser, and (d) linearly polarized 1550 nm laser.
A jump is observed in (c). Black crosses indicate the positions of
the focused beam, blue and yellow arrows indicate positions of the
reference particles for calibration. The Au particles in the experiments
have diameter of ~2.5 pm. The scale bar (black line in lower far-right
corner) is of length 5 pm.
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(calculated using the MST method), the vertical force of gravity
pulls the Au particle back. This restoring force is non-negligible
for micrometer-sized metal particles. The results indicate that
particles can be 3D trapped and manipulated all-optically. In
essence, all the traps rely on the presence of gravity to form
the optical potential well, providing thus a direct approach
in overcoming the barriers to an all-optical manipulation of par-
ticles. Furthermore, the trapped particle drops rapidly when the
optical field is turned off. The trapping process is notably
repeatable, and easy to reestablish once the optical field is re-
turned. Therefore, a stable means for micrometer-sized metal
particle manipulation is at hand and has the potential to play a
vital role in much research.

4. CONCLUSIONS

We have theoretically, in simulations and experimentally, by
using a single laser beam setup, demonstrated stable 3D all-
optical trapping of micrometer-sized Au particles ranging from
1.0 to 5.0 pm in diameter. Here, the non-negligible force of
gravity plays a vital role in balancing the high repulsive optical
forces along the axial direction to form stable traps. The optical
forces were calculated by the FDTD and MST methods and
were separately analyzed in the transverse and vertical direc-
tions. Also, we encountered two trapping positions along the
axis located in front of and behind the focal plane. These
positions were also observed in experiments and confirmed
irrespective of beam polarization and wavelength. This ap-
proach removes the prior barriers to 3D all-optical manipula-
tion of micrometer-sized metal particles. It not only provides a
simple and effective way for manipulating micrometer sized
metallic particles, but also delivers a contribution to reveal
the force equilibrium mechanism in optical traps. Furthermore,
it provides a convenient potential means to construct particle-
based functional structures, e.g., dimers, arrays, or clusters
[32-34], for extensive research and applications.
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