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Abstract: Based on the focused optical vortex (OV) generated by metalens, we studied the
physical mechanism for optical manipulation of metal (Ag) nanoparticles in the orbital
angular momentum (OAM) field. We found that metal nanoparticles can be stably trapped
inside the OV ring and rotated by the azimuthal driving force originating from OAM transfer.
The azimuthal force and rotation speed are directly and inversely proportional to the particle
size, respectively. The torque for the same particle at the OV ring increases with the increase
of the topological charge of the metalens. Considering the same topological charge, the radius
of the OV ring or the range of the optical spanner has a positive correlation with the focal
length. These kinds of optical tweezers by vortex metalens can be used as optical spanner or
micro-rotor for lab-on-chip applications.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In 1986, Ashkin et al invented optical tweezers for particle trapping by creating a three-
dimensional potential well through a highly focused laser beam with an objective lens [1]. On
the basis of optical force, Friese ef al demonstrated that elliptically polarized laser beam can
induce optical torque on the microscopic birefringent particle of calcite [2], a mechanism
transferring angular momentum first observed by Beth in 1936 [3]. Furthermore, Allen et al
found that light beam with Laguerre-Gaussian amplitude distribution has well-defined orbital
angular momentum (OAM), which was confirmed by experiments with optical tweezers [4,
5]. After that, the optical tweezers based on Laguerre-Gaussian laser modes were developed
for applications of optical spanners [6, 7]. The OAM induced optical force opened up a new
research branch for particle manipulation. In recent years, optical vortex (OV) as a light beam
with spiral phase and OAM has been widely used to manipulate microscopic objects. Because
of its unique properties, it can trap particles and force particles to undergo periodic or non-
periodic orbital motion [8-10], which have application prospects in micro-fabrication,
catalysis, and biomedical science [11-13]. For example, particle rotation can be used for
optical sorting cooperated with a microfluidic chip, thus there is a demand to develop a chip
platform for integrated optical spanner.

In the past two decades, with the development of OAM manipulation, generation methods
for OV have become diverse, such as using spiral interference patterns [14, 15], holographic
phase plate [16], and spatial light modulator (SLM) [17]. In addition, our previous work
suggested a new approach to generate plasmonic vortex (PV), which may be a better
candidate of optical spanner for metal particles [18]. After that, we specifically studied the
force distribution and capture potential of metal particles in PV, proving that PV can stably
trap and dynamically rotate metal particles [19]. However, these systems require bulky
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devices and microscope objectives, which have the disadvantages of system complexity,
unfavorable integration, and low efficiency.

In the last decade, with the superiority of flexibly adjusting and controlling the phase,
amplitude, and polarization of transmitted or reflected electromagnetic waves in the desired
manner [20-24], metasurfaces have been considered promising two-dimensional
metamaterials. According to these characteristics, metasurfaces have been manufactured to be
lenses [25-27], waveplates [28-30], polarizers [31-35], and so on. Especially, as an alternative
to objective lens, metalens has been used to generate OV and applied to optical tweezers [26,
36]. The nearly two-dimensional, integrable, and flexible phase control characteristics of
metalens provide new possibilities for the application of optical spanners.

To our best knowledge, although there are many papers about OV generation through
metalens [26, 37-39], the quantitative theoretical analysis of OAM in its focal field has not
been carried. In this work, focused OVs with different topological charges were obtained with
metalenses, then we studied not only the trapping but also the rotation. The optical forces and
trapping potentials of the metal particles in the focal regions were calculated by the finite-
difference time-domain (FDTD) method. The effects of particle sizes and topological charges
on the velocities and torques were studied in detail. In addition, the influence of focal length
on the OAM field and the rotation force were analyzed. This work paves new avenues for the
applications of optical spanners and microfluidic motors.

2. Method and Theory
2.1 The Metalens Structure

As shown in Fig. 1(a), through a metalens, normally incident light is focused to form a
doughnut-shaped OV, where a metal particle is trapped. All the intensity and phase
information were extracted by the frequency-domain monitor in the simulation region. Perfect
matching layer (PML) boundaries were used in all directions, the mesh step was 5 nm. Fig.
1(b) shows that the unit cell of the metalens consists of titanium dioxide (TiO,) nanofins on a
silica (Si0O,) substrate. As a half-wave plate, the length, width, and thickness of each nanofin
are L =250 nm, W = 95 nm, and H = 600 nm, respectively. The working wavelength of each
nanofin is 532 nm. All the TiO, nanofins are arranged in circles from the center to the edge.
The spacing between each circle of nanofins is 350 nm. In the same circle, the distance
between adjacent nanofins is 325 nm. For high refractive index dielectric metasurfaces, the
interaction between the nanofins is negligible, and the light scattered at each nanofin is
dominated by the local waveguide effect. Therefore, the transmission coefficient of the unit
cell array can be roughly regarded as a single response of the unit cell, and according to
reference [26], it can maintain a transmission efficiency up to 90%.
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Fig. 1. (a) Schematic diagram of the metalens. (b) The metalens is composed of a titanium
dioxide (TiO,) nanofin and a silica (SiO,) substrate.



In order to achieve the desired focusing properties of the OV, phase profiles of a spherical
convex lens @,(x,y) and a vortex lens @, (x,)) are combined for the ultrathin flat lens [26],

o(x,y)=¢,(x,y)+ ¢, (x, y)— (f Jxi+y +f2)+marctan( ] (1)

where x and y are the horizontal and vemcal coordinates, 4 is the wavelength of the

incident light, f is the focal length of the lens, and m is the geometrical topological charge

of OV. Each nanofin can produce a phase change to the transmitted circularly polarized light
by rotating a specific angle. When the right-handed circularly polarized (RCP) light is
incident, the rotation of the nanofins will produce a Pancharatnam-Berry (PB) phase [40, 41],
and the polarization of the transmitted light will almost become left-handed circularly

polarized. This phase change satisfies @ (x,1)=26.(x,y), and 6,(x,y) is the rotation
angle of each nanofin. Therefore, the phase diagram required for the focused OV can be
achieved by rotating each nanofin at a given coordinate (x,y) by an angle as follows,

0(x, ) =0, (x,9)+6,(x,y) = %(f—q/xz 9+ f? )+%arctan(§j , @)

2.2 Optical Force, Trapping Potential, Viscosity Resistance, and Torque

The time-averaged optical force applied to a particle can be calculated through the integral of
Maxwell stress tensor (MST) on the particle surface [26],

<F>= I{gRe[(E-n)E*]—Z(E-E*)n+§Re[,u(H-n)H*]—%(H : H*)n}ds . B)

where £ and u are the relative dielectric constant and magnetic permeability of the medium

surrounding the particle, respectively, 7 is the normal unit perpendicular to the integral area
ds . The optical force can be obtained by the MST toolbox available in a commercial solver
(FDTD solutions, Lumerical). Note that the total force is composed of gradient force and
scattering force.

The trapping potential can be calculated by the following formula [42]:

UGy =—[" F(rydr, (4)
where U(7,) is the energy required to move a particle from infinity to position 7, . To obtain
a stable trap, a trapping potential depth of more than 10k,T is generally required to overcome

the interference from thermal effect [43], where k; is the Boltzmann constant and T is the

temperature.

One-dimensional Langevin equation can be used to describe the linear motion of a trapped
particle. Assuming that the motion is at the overdamped limit, the acceleration is negligible in
a short distance, and the noise is ignored, the equation can be simplified as [44]

99 _
ro = F@, )

where ¢ is the generalized displacement coordinate of the particle, F(g) is the optical force
exerted the particle at the azimuthal position, and ¥ is the friction coefficient, which is
defined by Stokes’ law y=6xvR , where R is the radius of the particle and ¥ is the
dynamic viscosity of the medium.



According to Barnett and Allen's nonparaxial theory [45, 46], the torque can be expressed

as
-1
r=ful(io)ro |2 _y) | (6)
w 2p+1+1
where P, is the absorption power of the particle, @ is the frequency of light, p and / are

the mode indices, k£ is the wavenumber, z; is a length term, 0, is +1 for left- or right-
handed circularly polarized light or 0 for linearly polarized light. I', can be expressed as

I', =v-R,, where n is the topological charge, R, is the radius of the rotation, and v is the
speed.

3. Results and Discussions
3.1 Focused Optical Vortices by Metalenses

To facilitate simulation calculation, metalens was designed to have a radius of 5 um and a
focal length of 2 pum. The rotation angles of all the arranged nanofins were calculated
according to Eq. (2). We took m = 3 and m = 5 to design the metalenses, where m is
topological charge. Fig. 2 shows that they convert normal incident circularly polarized light
into focused OVs. Figs. 2(a) and (d) are the electric field distributions of the focused OVs
with topological charges of 3 and 5 in the x-y plane. It can be clearly seen that the increase of
the topological charge will lead to larger OV ring. The azimuthal energy flow patterns
indicate that OAM has been established inside the OVs. Figs. 2(b) and (e) are the E, phase
distributions of the focused OVs with topological charges of 3 and 5 in the x-y plane. Within
the optical field of OV, the phase of E, changes along the circumferential direction by a fixed
period, and the number of this period is consistent with the topological charge. As shown in
Figs. 2(c) and (f), the OVs of the two topological charges are focused on the plane at the
position of 1.8 um in the z-direction. This result indicates that the actual focal length of the
metalens used to generate focused OV agrees with the designed focal length and remains
unchanged when m increases from 3 to 5. This demonstrates the flexibility of the metalens
that the focal length and topological charge of the focused OV can be designed for specific
need.

X(um) x(um) pm)

Fig. 2. (a)(d) The electric intensities of focused OVs with topological charges of 3 and 5 in the
focal x-y planes. The arrows indicate the time-averaged Poynting vectors of the OVs. (b)(e) The
corresponding E, phase distributions in the focal x-y planes. (c)(f) The corresponding electric



intensities in the propagation x-z planes. The interface between nanofin and substrate is at z =
0 pm.

3.2 Trapping of Metal Nanopatrticles in Focused Optical Vortices

In order to obtain the force and behavior of the metal particle in the focal vortex field, we used
FDTD and MST methods to numerically calculate the force distribution on the particle. On
the basis of the metalenses that have been designed in Sect. 3.1, we put an Ag particle with a
radius of 300 nm on the focal plane to calculate the force on the particle. In the simulation, the
power of the incident light was 0.79 mW, the medium around Ag nanoparticle was water (7,
= 1.33), which was not embedded around the nanofins for practical consideration. Depending
on the radius of the focused OV ring, we decided to take every 0.1 pm as a measurement point
from x = —1.5 pm to x = 1.5 um in the x-direction (y = 0) and then calculated the force of the
Ag particle according to Eq. (3).

Figures 3(a), (b) and (c) shows the radial distributions of the forces in the radial, azimuthal,
and z- directions, respectively, of the Ag particle in the focal plane of focused OV with
topological charge of 3. Note that all the curves appeared in this work were fitted with the
least square method. As shown in Fig. 3(a), when the Ag particle moves from the edge to the
center, it is first subject to a repulsive force, until it moves into the OV ring, it is subjected to
force pointed to the center, which potentially confines the particle. As shown in Fig. 3(b), the
azimuthal forces on the Ag particle in the focal vortex field are all along the direction that £,
phase varies. The direction of the azimuthal force is consistent with that of energy flow in
Fig. 2(a), and this tangential force provide necessary condition for OAM rotation of particles.
As the Ag particle moves from the edge to the center, the absolute value of the azimuthal
force first increases and then decreases. Its extremum values are formed at positions close to
the OV ring. As shown in Fig. 3(c), F, always points to the positive direction of the z-axis
because of the forwarding scattering, when the particle is within the range of the OV ring, it
maintains a relatively high value as the size of OV ring is comparable with that of the particle.
Thus, it can overcome the gravity force and achieve the z-direction manipulation.
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Fig. 3. The distributions along the radial direction of forces in (a) x-, (b) -, and (c) z- direction
of a 300 nm Ag particle in the field of focused OV with topological charge of 3. (d-f) The same
force distributions in the field of OV with topological charge of 5. The red arrows indicate the
positions of the OV rings.

The lower row of Fig. 3 shows the force distributions of the Ag particle in the field of
focused OV with topological charge of 5. Comparing with the result in Fig. 3(a), the
morphology of the force distribution of the particle remains the similar. Since the OV ring



becomes larger, both the peak and valley values of F,, move radially outward, which results in
a larger range of potential well. Similarly, in Fig. 3(e), the peak value of the azimuthal force
provided by the phase change of OV also shifts radially outward. In Fig. 3(f), as the Ag
particle moves from the edge to the center, the F, of the particle increases first and then
decreases. Its peak and valley are formed at the position at the ring and the center of OV,
respectively, which is different from that in Fig. 3(c). As the ring of OV with topological
charge of 5 is larger than the size of the particle, the scattering force is lowest at the central
dark spot due to the phase singularity. This result proves that OV can manipulate Ag
nanoparticles in the radial and longitudinal directions. The azimuthal force arising from the
phase gradient in the circular direction has the potential to be applied to optical spanners.
Furthermore, with these force distributions, we calculated the trapping potential depths in
two cases of OV tweezers with topological charges of 3 and 5, by using Eq. (4). As shown in
Figs. 4(a) and (b), potential wells are generated and the potential depths inside the OV rings

are 1.6x10°k,T and 1.8x10°k,T , respectively, which are two orders of magnitude larger

than 10k,7 , indicating that the particle can be stably trapped. Obviously, the field of focused

OV with a larger topological charge can produce even larger trapping range and deeper
potential well. Notice that the potential wells are asymmetrical and the valleys are off-center.
The former is the result of the nonuniformity of the focal fields, which can be attributed to the
differences of real-ideal phase and transmittance coefficients. The latter error can be attributed
to the mesh size used in the simulation and that the potential wells were calculated with the
integral of finite force ranges from left.
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Fig. 4. Potential depths of an Ag particle along the radial direction in the fields of focused OVs
with topological charges of (a) 3 and (b) 5. The red arrows indicate the positions of the OV
rings.

3.3 Rotation of Metal Nanopatrticles in Focused Optical Vortices

Generally, the change of the topological charge will change the size of the OV ring, and the
size of the Ag particle will also affect its force distribution in the focal OV field. To
investigate the rotational dynamics and confirm the relationship between OAM and
topological charge, we numerically studied the effects of Ag particles radius (100 nm ~ 400
nm) and OV topological charge (1 ~ 6) on the optical force and behavior of the particle. We
placed the Ag particle at the maximum intensity ring (x = 0.37 pm) of OV with topological
charge of 3 and measured the azimuthal force of the particle every 50 nm from 100 nm to 400
nm. Since OV is a circular light field, according to its symmetry, we can measure the force of
the metal nanoparticle at one point to represent the characteristics of the circle where this
point is located. After that, the instantaneous azimuthal velocity of the particle was calculated
according to Eq. (5). From Fig. 5(a), it can be seen that the azimuthal force of the Ag particle
increases with the particle diameter, because of the increase of the scattering cross-section. In
Fig. 5(a), as the radius of the Ag particle increases, the instantaneous azimuthal velocity of the
particle decreases, which is consistent with Eq. (5) that the instantaneous azimuthal velocity



of the particle is directly and inversely proportional to the £, and radius of particle,

respectively. Although larger scattering cross-section of the Ag particle can be lead to larger
F,, the instantaneous azimuthal velocity of the particle decreases because of the viscous

resistance.
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Fig. 5. Influences of particle radius and topological charge on the force. (a) The azimuthal force
exerted on Ag particle with different sizes (black curve) and the corresponding rotation speed
(red curve) at the maximum intensity ring of OV with topological charge of 3. (b) The
distribution of A (black curve) and rotation speed (red curve) of the Ag particle at the
maximum intensity ring of OV with topological charge from 1 to 6.

Similarly, we calculated the azimuthal force of the Ag particle with a radius of 300 nm at
the maximum intensity ring of OV with topological charge from 1 to 6. The instantaneous
azimuthal velocity of the Ag particle increases first and then decreases with topological
charge. It should be noticed that the increasing of the radius and range of OV ring eventually

reduce the average intensity of OV ring. According to I', =v-R derived from Eq. (6), the

torque can be obtained by calculating the instantaneous azimuthal velocity. Therefore, we
defined the ratio of torques betweenn=1and n=6 as A=T", /T, to describe the relationship

between the particle motion state and topological charge. As expected from Eq. (6), the torque
distribution shown in Fig. 5(b) is proportional to the topological charge. With larger
topological charge, light in OV carries larger OAM, which can provide larger torque for the
rotation of the particle. This also laid the foundation for the application of flexible optical
spanners based on the OV generated by metalens.

3.4 Effect of Focal Length for Optical Vortex and Related Force

In order to study the effect of focal length for focused OV, we utilized the method of
controlling a single variable by choosing a fixed topological charge and changing focal length.
In the case of focused OV with topological charge of 3, we selected focal lengths, from 2 pm
to 10 um at a step size of 1 pum, to design metalenses. Under the same conditions, we
conducted simulation calculations to obtain the focal OV fields. Fig. 6(a) shows the
relationship between the radii of the OV rings and the focal lengths of the metalenses.
Considering the influence of diffraction, the diameter was taken as the distance D between
the maximum electric field intensity points on a ring. It can be clearly seen that as the focal
length increases, the radius of the OV ring increases linearly. This feature enriches the
flexibility of OV tweezers based on metalens. For different sizes of metal particles, the
appropriate radius of the OV ring can be obtained by choosing the proper focal length of
metalens.
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Fig. 6. (a) Relationship between the radii of the OV rings and the focal lengths of the
metalenses. The blue dots indicate the radius distribution of the OV ring. The black line is
fitted by using the least square method. (b) The distribution of E,, (black curve) of the focal OV
field and Fy (red curve) of the Ag particle at the maximum intensity ring of focused OV with
focal length from 2 pm to 10 um.

Subsequently, we calculated the maximum value of the normalized electric field intensity
(E,) in these OV fields. Then, we placed an Ag nanoparticle with radius of 300 nm at the
maximum intensity ring of the OV field for the simulation of the azimuthal force the particle
subject. As shown in Fig. 6(b), with the increase of focal length, the trends of E,, and F) are
similar. Both of them have peaks at the focal length about 3 um and then decline. As the
increase of the radius of the OV ring will lead to a decrease in the intensity of the focused OV
field under the same incident conditions. Consequently, the azimuthal force the particle
subject will also decrease. This can be explained according to our previous work [47] that the
magnitude of the driving force of metal nanoparticle along the direction of phase gradient is
linearly related to the phase gradient.

4. Conclusion

In summary, we numerically studied focused vortex metalenses with different topological
charges (3 and 5). It was shown that the metalens can flexibly control the focused OV field by
changing the designed topological charge. By calculating force distribution and trapping
potential, we found that metal nanoparticles can be stably trapped inside the OV ring. In
addition, we verified OAM of the generated OV by metalens through detailed analysis of the
particle rotation characteristics. We found that the azimuthal force and rotation velocity were
directly proportional and inversely proportional to the particle size, respectively. As the
topological charge increases, the torque of metal particles with the same size at the OV ring
increases. Furthermore, we demonstrated that the size of the OV ring has a positive correlation
with the focal length within the focal length range of our study (2 um ~ 10 pm), but the
maximum intensity value will decrease as the focal length becomes larger. Both the radius of
the OV ring and the range of the optical spanner can be controlled by selecting appropriate
focal length and topological charge, and this provides a great degree of flexibility for shaping
force and manipulating particles. Therefore, the manipulation of particles by vortex metalens
is versatile, and it is possible to be applied in optical spanners, micro-rotors, lab-on-a-chip
devices, and other related fields.
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