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Optical manipulation of metallic microparticles remains a significant challenge because of the strong scattering
forces arising from the high extinction coefficient of the particles. This paper reports a new mechanism for stable
confinement of metallic microparticles using a tightly focused linearly polarized Gaussian beam. Theoretical and
experimental results demonstrate that metallic microparticles can be captured off the optical axis in such a beam.
Meanwhile, the three-dimensionally confined particles are observed spinning transversely as a response to the
asymmetric force field. The off-axis levitation and transverse spinning of metallic microparticles may provide

a new way for effective manipulation of metallic microparticles.
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1. INTRODUCTION

Meetallic particles are drawing increasing attention for their size-
and shape-dependent optical properties [1], which have made
them very effective tools in various applications, acting, for ex-
ample, as drug carriers in drug delivery [2], label-free biosensors
in biosensing [3], and optical nano-antennas in optical commu-
nications [4]. They have also been exploited as remotely, opti-
cally controlled micro/nanoscopic sources of heat for bubble
formation [5], surface ejection [6], and cancer therapy [7].
Among these applications, efficient manipulation of metallic
particles is of essential importance. Optical tweezers, a tech-
nique that uses focused light to manipulate microparticles, pro-
vide an elegant means.

Compared with dielectric nanoparticles, metallic nanopar-
ticles in the Rayleigh size regime are better candidates for op-
tical trapping due to their higher polarizability [8,9]. Numerous
theoretical and experimental works during the past two decades
have shown that metallic nanoparticles exhibit higher trapping
efficiency than their dielectric counterparts due to much larger
gradient force while experiencing negligible scattering force
[10-15]. However, as the particles’ size increases, the scattering
force increases dramatically due to their high extinction coef-
ficient, making large-size metallic particles hard to trap.
Theoretical work has been carried out to find the solutions
to stable three-dimensional (3D) trapping of such particles
[16-20]. Early research revealed that Gaussian beam could pro-
vide stable two-dimensional trapping of gold Mie particles in
the transverse plane [16,17]. Further simulations by Gu ez /.
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showed that the trapping efficiency of metallic Mie particles
could be enhanced by using a centrally obstructed Gaussian
beam [18,19]. Despite theoretical predictions, the experimental
demonstration of stable 3D trapping of metallic microparticles
(diameter > wavelength) with focused Gaussian beams is still
an ongoing task [20]. Alternatively, a structured hollow trap,
that is to say, a vortex beam trap, can be employed to confine
a metallic microparticle [21,22]. Such a trap can push a metallic
particle inward due to scattering forces, confining the particle to
its dark center. The main drawback of using a structured hollow
trap is that the longitudinal confinement is achieved by cancel-
ing the longitudinal scattering force with gravity. Therefore, a
slight increase in trapping power would push the particle away
from the trap.

This paper reports a new mechanism of stable 3D confine-
ment of metallic (gold) microparticles using a linearly polarized
Gaussian beam. Numerical calculations show that the metallic
(gold) microparticle can be stably confined at two off-axis po-
sitions in the vicinity of the focal plane by the vortex-like force
field. This confinement is different from the optical levitation
on the optical axis as reported previously [20]. Furthermore,
the off-axis levitated gold microparticle will execute transverse
spinning due to the torque arising from the asymmetric force
field. Generally, optical spinning/rotation of particles requires
unique properties of the illuminated particle, e.g., shape [23],
birefringence [24], or specially structured illuminating
beam, e.g., a circularly polarized beam [25,26] or a vortex
beam [27,28]. The transverse spinning of metallic particles
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is intrinsically different from optical spinning utilizing the
transfer of photon spin or orbital angular momentum
[24,25,27,29], or based on the specially designed shape of
the trapped particle [23], as it is induced by the vortex-like force
field. Experimental results show a good agreement with the
theoretical predictions: the gold microparticles were observed
to be confined at two off-axis positions symmetric about the
trap center and to spin transversely at a frequency of
~6 Hz. Such asymmetric-field-dependent off-axis transverse
spinning of metallic particles has never been reported before.
It may serve as a new kind of optically driven rotator applied
to experimental studies in biology or hydrodynamics [30].

2. METHODS AND MATERIALS

The experiment was conducted with an inverted optical tweez-
ers setup as illustrated in Fig. 1(a). A collimated Gaussian beam
polarized along the y axis with a wavelength of 1.064 pum
was expanded by a telescope formed by lenses 1 and 2, directed
into a high-numerical-aperture  oil-immersion  objective
(100 x /NA 1.45, Nikon Inc., Japan) by a dichroic mirror
and focused into a diffraction-limited spot to create the optical
trap. The overall transmission of the system from the laser out-
put to the focal plane was ~25%. A CMOS camera (GS3-
U3-41C6M-C, Point Grey Research Inc., USA, 90 fps at full
resolution) with a resolution of 2048 x 2040 pixels, and pixel
pitch of 5.5 pm was employed to monitor and record the
manipulation process. An LED light source focused by a con-
denser was used to illuminate the samples for direct wide-field
imaging. Gold particles (Thermo Fisher Scientific Inc.,
USA) with a diameter ranging from 1.0 to 5.0 pm and a density
of 19.32 g/cm’® immersed in water (density 1.00 g/cm?,

@ LED i

Condenser

_. Dichroic

Lens2 Tube lens
Lens1 g
Laser
at 1064nm

Fig. 1. Principle of the off-axis levitation and the transverse spin-
ning of metallic microparticles. (a) Sketch for an inverted optical
tweezers setup. (b) The principle of off-axis optical levitation of met-
allic microparticles. The scattering force along the z axis is balanced by
the sum of the particle’s gravity and buoyancy. (c), (d) The principle of
transverse spinning of optically confined metallic microparticles. The
asymmetric force exerted on the particle will drive the particle to spin
transversely. /| and F, denote the scattering force that the particles
experience at the regions closer to and farther away from the beam axis,
respectively. The thickness of the arrows denotes the magnitude of the
force. Fy, scattering force; Fy,,, buoyancy force; Fy,,, gravity.

refractive index 1.33) were used as metallic probes. Typically
the particles were confined at a distance of 5-10 pm from
the sample chamber surface.

Figures 1(b)-1(d) present the principle of off-axis optical
trapping and transverse spinning of metallic microparticles us-
ing a Gaussian trap. For large-size metallic particles, scattering
force dominates and tends to push the particle out of the beam’s
center, prohibiting on-axis trapping. However, a careful exami-
nation shows that off-axis confinement at the edge of the focal
region is possible when considering a joint action of several
mechanisms as shown in Fig. 1(b). At this position, the axial
scattering force is balanced by the particle’s gravity (reduced by
buoyancy), while the transverse scattering force is negligibly
small so that the transverse gradient force can overcome the
repelling effect. When departing this position, the particle will
be pulled back by a restoring force [provided by a vortex-like
force field shown in Figs. 2(b) and 2(c)] as discussed below. In
such an asymmetric force field, the off-axis confined particle
will spin about the transverse y axis with the sense of spinning
depending on the force field as illustrated in Figs. 1(c) and 1(d).
Specifically, the scattering force F| acting on the particle at the
particle side closer to the beam axis will be greater than the
scattering force F, acting on the opposite particle side, causing
the particle to spin about the y axis. Note that gravity will
cancel the net scattering force, while contributing zero torque
about the particle center. Therefore, from the side view
shown in Figs. 1(c) and 1(d), the particle spins anticlockwise
in Fig. 1(c) and clockwise in Fig. 1(d).

In simulations, the time-averaged optical force (F) exerted
on a homogenous, isotropic spherical particle can be obtained
by integrating the electromagnetic momentum flux over a
spherical surface centered at the particle and located at infinity

[18,31]:
(F) = _% lim 7 ff o (¢E? + uH)ndQ (1)

Here, the angle bracket (-) denotes a time average, 7 is the ra-
dius of the spherical surface of integration, dQ is the elemental
solid angle, n is the unit radial vector; € and p are the electric
permittivity and the magnetic permeability of the medium sur-
rounding the particle, respectively. E = E; . + E, is the total
electric field, and likewise for the total magnetic field H.
According to the 7-matrix method, the incident field E;
and the scattered field E,, are respectively expressed in terms
of vector spherical wave functions [32-36]:

Ene(®) =D Y [2,,M, (k) + b,,N},(kr)),  (2)

n=1 m=-n

Eo() = > [e,uM},(kn) + £, N3, (k0] (3)

n=1 m=-n

Here M3 (fr) and N1;3 (kr) are vector spherical wave functions
of the first and the third kinds. (,,,, b,,,) and (e,,,, f,,,) are
the expansion coefficients of the incident and the scattered
fields, respectively, satisfying the following relation [32-34]:

11 12
Cmn — Tmnm/nl Tmnmln’ dm/n’ (4)
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Fig. 2.

Simulated force fields acting on a gold particle with a radius of 1.5 pm trapped in water with trapping power of 10 mW. (a) Spatial

distribution of the magnitude of the 2D net force F,, on the particle in the x - z plane at yy = 0 pm. (b), (c) Two-dimensional vector maps of net
force in regions 1 and 2 indicated by dashed white squares in part (a). (d) Spatial distribution of the magnitude of the 2D net force F > on the particle
in the y - z plane at xy = 0 pm. (¢), (f) Two-dimensional vector maps of net force in regions 3 and 4 indicated by dashed white squares in part (d).
(g) Spatial distribution of the magnitude of the 2D net force F,,on the particle in the x - y plane at z; = -0.46 pm. (h), (i) Two-dimensional vector
maps of net force in regions 5 and 6 indicated by dashed white squares in part (g). The red line in (h) denotes the possible positions for confining the
gold particle. Point O in (i) denotes the unstable zero-force position. Arrows Al and A2 indicate the possible directions that the particle will be
pushed to. The 2D quantity F, i satisfies the relation 7 = (F 12 + F]Z)O'S , where F; and F ! denote the forces pointing to the 7 and j axes (7,j = x, 7,

or z).

Here T is called the 7-matrix. Given an incident field E;,, the
scattered field E, and then the force can be precisely calculated
via the 7-matrix method and Eq. (1).

3. RESULTS AND DISCUSSION

A. Simulation Results
The total optical force on the particle was computed via the
integral in Eq. (1), where the incident focused fields were cal-

culated with Richards—Wolf integral [37,38], and the scattered
fields were calculated based on Egs. (3) and (4) by using the 7-
matrix method [36,39]. Gold microparticles, with a dielectric
constant € = -54 + 5.07 at 1064 nm [40], were used as sam-
ples. Throughout the simulations, the trap was assumed to be
the focused field of a y-polarized Gaussian beam propagating
along the z axis, and the numerical aperture (NA) of the lens
was set to 1.32. In simulations, the power value refers to the
power at the focal plane, while in experiment it refers to the
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output power of the laser. The origin of the coordinate system
was located on the beam propagation axis in the beam focal
plane. The gravity of the gold microspheres can be calculated
by the formula pgy1q Vgo1ag, With Vgoiq denoting the volume of
the particle and g = 9.8 m/s* denoting the gravitational con-
stant. The buoyancy is calculated by the formula pye Vgolag
with pyaer = 1.0 g/cm?® denoting the density of water.

To demonstrate the existence of off-axis equilibrium posi-
tions, we calculated the two-dimensional (2D) force distribu-
tions in the x - 2,y - 2, and x - y planes experienced by a gold
particle with a radius R = 1.5 pm (Fig. 2). The net force fields
took into account the particle’s gravity, the buoyancy force on
the particle, and the optical force acting on the particle in the
trap. The illumination power P was set to 10 mW. Figures 2(a)
and 2(d) clearly show that the particle will fail to be trapped on
the z axis, i.e., the beam axis, because of nonzero net force
there, under the chosen illumination power. Note that by de-
creasing the power to an appropriate value, optical levitation on
the z axis can be realized by taking into account particle grav-
ity [20].

Interestingly, however, there are two equilibrium positions
(locations of zero net forces) at (xg,2) = (£2.62,
-0.46) pm in regions 1 and 2 in the x - z plane. Moreover,
the force vector maps in each of these regions present spiral
vortex-like structures with mutually opposite circulation direc-
tions [Figs. 2(b) and 2(c)]. As a result, the gold particle is ex-
pected to be trapped at these zero force positions with spiral
force distribution in the vicinity. Similarly, the zero-force posi-
tions are found in regions 3 and 4 of the y - z plane. However,
these zero-force positions are not stable, and consequently the
particles will fail to be confined there [Figs. 2(e) and 2(f)]. The
stable off-axis equilibrium positions are located in the plane
perpendicular to the beam polarization for the linear polariza-
tion, e.g., the x -z plane for the y polarization. To better
understand the particle’s behavior, we further calculated the
transverse force field in the x -y plane at z; = -0.46 pm.
The results are shown in Figs. 2(g)-2(i). Figure 2(g) presents
the x - y plane map of the force magnitude, with the force vec-
tor maps of regions 5 and 6 shown in Figs. 2(h) and 2(i).
Region 5 denotes the vicinity of the stable equilibrium position
in the x - z plane, and region 6 denotes the vicinity of an un-
stable zero-force point located nearby the stable equilibrium
position. Figure 2(h) shows that the force vectors in the imme-
diate neighborhood of the stable equilibrium position point to
the equilibrium position. While multiple particles are posi-
tioned in this region, they will be arranged along the red curved
line. Particles in region 6 will be either pushed along the direc-
tion denoted by A2 or Al [Fig. 2(i)]. While they are moved to
the A2 direction, they will be finally arranged along the red line
shown in Fig. 2(h). In contrast, particles pushed to the Al di-
rection will be driven away from the beam, as there is no equi-
librium position in the y - z plane.

To judge whether the above zero force positions,
e, (xg>%0 20) = (£2.62,0,-0.46) pm, are three-dimen-
sional equilibrium positions, we calculated the forces along
the x, y, and z axes around these positions. Figures 3(a)-3(c)
present the force profiles along the x, y, and z axes passing
through (x¢, 70, 20) = (-2.62,0,-0.46) pm calculated with
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Fig. 3. The net forces experienced by a gold particle with a radius
R = 1.5 pm confined by a Gaussian beam with trapping power of
10 mW in the vicinity of the position (xy,7,20) = (-2.62,0,
-0.46) pm. (a)—(c) The forces along the (a) z, (b) x, and (c) y
axes at the positions (xp,y,) = (-2.62,0) pm, (yp,20) =
(0, -0.46) pm, and (xg,29) = (-2.62, -0.46) pm, respectively.
The inset in part (b) shows the force along the x axis in a smaller range.

the same settings as in Fig. 2. The results show that both
the axial [Fig. 3(a)] and transverse [Figs. 3(b) and 3(c)] forces
in the vicinity of the equilibrium position exhibit a restoring
effect (negative slope) with the maximal forces ~1.9 pN in
the z direction, ~0.3 pN in the x direction, and ~0.5 pN
in the y direction. In general, fractional pN force is large
enough to defeat the Brownian motion to keep the particle sta-
ble in the trap.

The off-axis levitated metallic particle tends to be more sta-
ble than the on-axis levitated one that can easily escape from the
trap in the following sense. When the illumination power is
changed, stable off-axis confinement still exists, although its po-
sition will change. For example, for the power P = 10, 50, and
100 mW, the simulation results show that the equilibrium po-
sitions (xg,2zg) are (£2.62,-0.46), (%£3.75, -0.24), and
(£4.33, -0.18) pm, respectively. The equilibrium positions
are found to move away from the beam’s center with increased
power. In contrast, the on-axis optically levitated metallic par-
ticle would be repelled from the trap if the power increases sig-
nificantly. The appropriate power range for on-axis levitation is
quite small. For instance, for gold particles with R = 1.5 pm
immersed in water and NA = 1.32, the power range is about
[1.83, 1.93] mW according to our simulations.

In addition to stable confinement, another appealing prop-
erty of off-axis levitation is the vortex-like force field experi-
enced by the particle as demonstrated in Fig. 2. When
being confined at the stable equilibrium positions, the particle
is expected to execute a transverse spinning motion. The cal-
culated spin torque on the particle with R = 1.5 pm at the
equilibrium position over x > 0 region confirms this prediction
[41]. For P = 100 mW, the spin torque components Fx,Fy,
and T, are 7.92 x 10717, 3.94, and -2.21 x 107'® pN - pm, re-
spectively. Thus, the spin torque is predominantly along the y
direction, causing the particle to spin around the y-axis.

B. Experimental Results

1. Off-axis Levitation

The above numerical results predict that a gold microparticle
will be stably confined at two edge positions of a focused
Gaussian beam spot. Figure 4 presents the time-lapse images
of two gold microparticles (R ~ 1.5 pm) subject to the trap,
from which we can find that the particles are stably confined
at two edge sides (pl and p2) of the focal spot (marked by a
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white dot). When the sample stage moved along the x direc-
tion, the two particles remained stably confined near the trap
edge indicated by the dashed ring as shown in Fig. 4(a). In par-
ticular, when the particle deviated from its equilibrium position
due to a disturbance, say, a rapid movement of the stage [see the
particle at the position of p2 in the third frame of Fig. 4(a)], the
restoring force would pull the particle back to the original po-
sition [see the fourth frame of Fig. 4(a)]. When the sample stage
moved to the left along the y direction, the two particles re-
mained stably trapped, but the equilibrium positions shifted
slightly to the left relative to those at rest [Fig. 4(b)]. This
may be caused by the friction of fluid. To verify the 3D stable
trapping, we translated the sample stage along the z direction so
that the distance between the confined particles and the sample
chamber surface was increasing [Fig. 4(c)]. The two particles
were seen to stay in the trap during the movement. Since
we used a high-NA oil immersion objective, changes of focus-
ing distance from the sample chamber surface led to changes in
the trapping beam profile due to spherical aberrations. This is
most likely why the particles move out of the focal plane and
away from the dashed yellow circle during the z axis translation.
Following the translation of the stage by 10 pm along the z
direction, the stage was again translated along the x direction
[see Fig. 4(d)]. Still, the two particles were stably held in the
trap. In summary, Fig. 4 demonstrates an off-axis 3D stable
confinement of metallic microparticles by using a Gaussian
beam (see also Visualization 1).

As predicted by the above simulations, the off-axis levitated
metallic particles are more stable than the on-axis levitated ones
concerning changes in the trapping power. To validate this, we

Fig. 4. Experimental results of off-axis 3D optical confinement and
manipulation of gold microparticles with the radius R~ 1.5 pm (see
Visualization 1). The sample stage moves along (a) the x direction,
(b) the y direction, (c) the z direction, and (d) the x direction again
after it is moved along the z direction over a distance of 10 pm. The
output laser power is 1 W. Black arrows, the moving direction of sam-
ple stage; white triangles, the reference objects fixed on the surface of
the sample chamber; white dots, positions of the Gaussian beam
center; yellow dashed circles, the possible trapping positions at the
edge of the focal spot; pl and p2, the equilibrium positions. Scale
bar: 5 pm.
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investigated the behavior of the off-axis confined particle under
different laser power (Fig. 5). Figure 5(a) shows that the lateral
displacement x from the focal spot center to the equilibrium
position increases with power. Note that the curve of the
dependence of x; on power gets less steep for increasing values
of power. The trend shows that, under high-power illumina-
tion, the particle will be confined at the very edge of the focal
spot, where the intensity remains almost unchanged. Moreover,
the axial position z, increases with increasing power, as the
value of zy becomes less negative, meaning that the particle gets
closer to the focal plane [Fig. 5(b)]. The change of the equi-
librium positions along the lateral and axial directions is caused
by the changing axial scattering force. When increasing the laser
power, the scattering force will increase accordingly. Therefore,
the axial equilibrium position will change accordingly, leading
to the change of the lateral equilibrium position. At the new
equilibrium position, the longitudinal scattering force still
dominates and is balanced by the particle gravity. Note that
for the power larger than about 200 mW, the value of z, re-
mains nearly unchanged.

The trend shown in Figs. 5(a) and 5(b) indicates that there is
no high-power limit on the trapping stability. Therefore the off-
axis levitated particle has higher trapping stability than the on-
axis levitated one [20]. The low-power limit is given by the
requirement that the scattering force is large enough to cancel
the gravity of the particle and defeat the Brownian motion as
well. The experimental results confirm the particle’s behavior
under different  illumination power [Fig. 5(c) and
Visualization 2]. When P was ~10 mW, the gold particle
stayed near the center of the focal spot [white dot,
Fig. 5(cl)]. While gradually increasing the output power,
the particle still remained stably trapped, but with equilibrium
position moving away from the focal spot center [Figs. 5(c1)—
5(c6)]. For the output power of 10, 50, 100, 200, 500, and
1000 mW, the lateral displacements are approximately 1.92,
2.86, 3.19, 3.67, 4.52, and 5.74 pm, respectively.
Converting the output laser powers to the powers in the focal
region, which are 2.5, 12.5, 25, 50, 125, and 250 mW, respec-
tively, we find that the experimental results are well consistent
with the theoretical predictions [Fig. 5(a)]. However, in the case
of on-axis levitation, the metallic particle would be kicked out
of the trap due to high scattering force under high trap-
ping power.

2. Off-Axis Transverse Spinning

Besides trapping, the spinning of particles also attracts wide at-
tention because of its wide applications and the interesting
physics behind it. Compared to longitudinal spinning about
the beam propagation direction, which has been widely inves-
tigated [42,43], transverse spinning of the particle about the
axis perpendicular to the beam propagation direction is still
at its infancy and will gain continually growing attention in
the future. Our theoretical analysis has suggested a transverse
spinning of an off-axis trapped gold particle due to the asym-
metric force field, unlike that utilizing transfer of photon spin
or orbital angular momentum or the particle’s shape.
Experimental results indicate transverse spinning of a single
quasi-spherical gold microparticle by the periodic motion
(Visualization 3).


https://doi.org/10.6084/m9.figshare.14587083
https://doi.org/10.6084/m9.figshare.14587080
https://doi.org/10.6084/m9.figshare.14587086
https://doi.org/10.6084/m9.figshare.14587083

Research Article Q_ Vol. 9, No. 11 / November 2021 / Photonics Research 2149

@ -2t o o 10 10 mW
-3 O Exp
-4 Ar=1.92um
Esl
= 5
2 -6 -
= ‘***-t
8 L
95200 400 600 800 1000
lllumination power (mW)
(b) PN D2 -
-0.2¢ { :
? == Sim
Eo3f |
N
04
-0.5

0 200 400 600 800 1000
lllumination power (mW)

50 mW

Ar=2.86um

1TW
Ar=5.74um

Fig. 5. Equilibrium positions of the off-axis confined gold microparticle for various laser power (see Visualization 2). (a) The simulated and
experimentally measured lateral displacement x from the focal spot center to the equilibrium position for various trapping power. (b) The simulated
axial displacement z, from the focal spot center to the equilibrium position for various power. (c) Off-axis confinement of a gold particle with
R~ 1.5 pm for the laser power of 10, 50, 100, 200, 500, and 1000 mW, respectively. Scale bar: 5 pm. Yellow crosses denote the location of the
trapped particle center. Ar denotes the distance between the particle center and the focal spot center.

However, although we can distinguish the spinning motion,
it is difficult to determine the spinning rate. To provide clear
spinning results, we selected an asymmetric particle assembly as
the candidate, formed by two large (R ~4 pm) particles ad-
hered to each other and several smaller (R ~ 1 pm) particles
on the surface of the two large ones (Fig. 6). The particle
assembly was confined at one of the two equilibrium positions
labeled p2. The snapshots extracted from the time-lapse video
provided in Visualization 4 show clear visualization of trans-
verse spinning motion. The 3D models shown in the insets
indicate the rotation state of the particles. In the beginning,
the small particle marked by the yellow arrow lies on the right
side of the assembly [Fig. 6(a)]. As time goes on, it appears to
the front of the particle assembly [Fig. 6(b)] and then the left
[Fig. 6(c)]. The motion of the small particle implies transverse
spinning of the particle assembly about the transverse axis la-

Fig. 6. Transverse spinning of gold microparticle assembly using a
linearly polarized Gaussian beam (see Visualization 4). (a)—(f) Time-
lapse images of transverse spinning of the particle assembly extracted
from the video. Scale bar: 5 pm. p1 and p2, the trapping positions.

beled by the yellow dashed arrow. Viewed from the lower-left
corner, along the yellow dashed arrow, the spinning is anti-
clockwise. At # = 60-100 ms, the marked particle gradually
disappears [Fig. 6(d)], and another particle moves up
[Figs. 6(e) and 6(f)]. The spinning rate was measured as
~6.3 Hz (see Visualization 4). When the particle assembly
was trapped at the other equilibrium position labeled pl, it
would transversely spin as well, but in the opposite direction
(see Visualization 5). In this case, the spinning rate was
~3.4 Hz. The difference in the spinning rates may be caused
by the variations of the beam profile and the assembly’s shape.
Note that the particle assemblies used for recording
Visualization 4 and Visualization 5 were just a little different.
Therefore, from the spinning motion and sense, we can con-
clude that the spinning should be induced by the vortex-like
force field and not by the asymmetry of the particle assembly.

By using a linearly polarized Gaussian beam, metallic par-
ticles were demonstrated to be confined at the two equilibrium
positions shown in Fig. 4. When the particles are placed at
other positions near these two equilibrium positions, they tend
to be attracted to the equilibrium positions [Fig. 2(i)]. This
feature can be exploited to assemble metallic microparticles
along arcs centered at the equilibrium positions (see
Visualization 6). While being confined near the equilibrium
position, the particle is expected to do the circulatory motion
about the location of zero force in a strongly non-conservative
force field [44]. We observed that the particles with small size
more easily undergwent the circulatory motion because their
Brownian motion was more vital, making them always go away
from the equilibrium position. When they get away from this
position, the vortex-like force field drives them to rotate around
this position.
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4. CONCLUSION

In summary, we have reported and characterized a new mecha-
nism for the optical manipulation of metallic (gold) micropar-
ticles. Specifically, we demonstrated the off-axis optical
levitation of metallic microparticles using a linearly polarized
Gaussian beam by theoretical analysis (Figs. 2 and 3) and ex-
perimental measurements (Figs. 4 and 5). The off-axis levita-
tion of metallic microparticles is much more stable than the on-
axis levitation [18-20]. While being confined off the axis
of the Gaussian beam, the metallic microparticle has
been demonstrated to do transverse spinning simultaneously
as a result of the asymmetric force field (Fig. 6). This trans-
versely spinning metallic microparticle can serve as a new
source of controllable micro-flow generation or a new kind
of spanner.

Moreover, although the gold particle has a large imaginary
component of the dielectric constant, there seems no significant
influence of the heating of the particle on the stable confine-
ment. In the experiments, we have not observed the escape of
the particles from the trap when confined in the trap for a few
minutes. The change of the stable equilibrium positions results
in the magnitude of intensity always being low enough to in-
troduce heating effects, such as convection and bubble forma-
tion. We believe that the off-axis confinement of metallic
particles will serve as a promising tool for many applications,
for example, to construct dynamically tunable or reconfigurable
metamaterials in material science [45].
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