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ABSTRACT

Tractor beams have received increasing attention. The generation of tractor beams is an important issue in practical
applications. In this paper, Pancharatnam-Berry (PB) metasurfaces were designed to generate non-paraxial Bessel tractor
beams. The optical pulling forces (OPFs) exerted on dielectric particles with specific radii on the axis of the non-paraxial
Bessel beam were obtained. The presence of OPFs depended on the size of the particles, indicating the potential of the
non-paraxial Bessel tractor beam for separating particles. Such a feature illustrated the possibility of selective optical
manipulation and sorting. This setup of metasurface has good potential in such aspects as lab-on-a-chip.

Keywords: optical pulling force, non-paraxial Bessel beam, tractor beam, Pancharatnam-Berry metasurface

1. INTRODUCTION

Since Ashkin’s seminal work on optical trapping in 1970 [1], optical manipulation has experienced a flourishing
development. Besides the original “trapping [2, 3]”, other manipulation forms, such as “pulling [4]”, “spinning [5]” and
“rotating [6]” have been developed. They have a wide range of application prospects in biosynthesis [7] and
microstructure assembly [8] and so on. Among these forms of manipulation, the counter-intuitive “optical pulling”
stands out [9-12]. Till now, a variety of ways to achieve optical pulling force (OPF) have been applied. These methods
can be divided into two categories. The first category of methods relies on some special properties of the target and
background to generate OPFs passively. OPFs depend on the target with exotic optical parameters [13] and structured
material background [14, 15]. The other category “actively” generates OPFs through the properties of the beams
themselves. For example, coherent beams with a certain angle between the propagation directions, such as Gaussian
beams [16] or plane waves [12], can exert OPFs on the particles. Similar results can be obtained with a single structured
beam, such as a solenoid beam [17, 18] or a non-paraxial Bessel beam [9, 19].

It is a typical method to achieve OPFs on target particles with a single non-paraxial Bessel beam. Bessel beams have
been applied in the optical sorting before [20, 21]. Through selective optical trapping on diffraction rings of different
orders, researchers separated particles of different sizes. In previous studies, it has also been reported that the OPFs
provided by non-paraxial Bessel beams was related to the radii of the particles [22], which also enables optical sorting
with the OPFs in non-paraxial Bessel beams. Hence, a facile and efficient method to generate non-paraxial Bessel beams
is highly necessary.

Traditional methods to generate non-paraxial Bessel beams require special axicon lenses [23] or a spatial light modulator
(SLM) [24]. To generate a structured Bessel beam, additional optical device should be added. These all lead to the
complexity of the entire optical system. Metasurface devices alleviate these problems. Metasurfaces have the ability to
flexibly adjust the phase locally, and can add additional phase gradients [25] or the phase of optical vortices [26] to the
initial phase profile. Such devices have good prospects for miniaturization and integration.

In this paper, we designed Pancharatnam-Berry (PB) metasurfaces, and the effect of the metasurfaces to generate non-
paraxial Bessel beams was verified. The beams were expected to exert anomalous OPFs on dielectric particles. We
expected to study the influence of parameters such as particle radius on the OPFs on the basis of verifying the existence
of the OPFs, and study the possibility of non-paraxial Bessel tractor beams for optical sorting.
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2. THE DESIGN OF THE METASURFACES

The PB metasurfaces in this paper are composed of titanium dioxide (TiO,) cuboid nanofins with a refractive index of
2.42 on the silica substrate as Fig. 1(b) shows. Each nanofin acts as a half-wave plate, which changes the polarization
angle of a linearly polarized incident beam, or the phase of the circularly polarized incident beam. As Fig. 1(c) shows,
when the nanofin rotates by an angle of 6 in the counterclockwise direction, the phases of the outgoing left or right-
handed circularly polarized beam change by minus or plus 26, respectively. By rotating nanofins appropriate angles, the
desired phase distribution can be obtained. The nanofins were arranged in rings, with a spacing of 370 nm between each
circle, and a spacing of 350 nm between each nanofin on a circle.

To generate a non-paraxial Bessel beam, the phase distribution should meet:

w(X, y)=27ﬂw/x2+y2 sinﬂ+marctan(l), (1)
X
where (X, y) are the Cartesian coordinate of an arbitrary location on the metasurface. Parameter / is the wavelength of the

incident beam, m is the topological charge of the Bessel beam, and j is the half cone angle of the non-paraxial Bessel
beam. According to Eq. 1, the rotation angle of the nanofins can be written as:

o(x, y):u(%,/x2+y2 sinﬂ+%~marctan(%)), )

where u is a parameter related to beam polarization. For a left-handed circularly polarized (I-circ-pol) beam, u=-1, and
for a right-handed circularly polarized (r-circ-pol) beam, u=1.
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Fig. 1 (a) The schematic diagram of the generation of non-paraxial Bessel beams with the PB metasurface. (b) The
schematic diagram of the cuboid nanofin. H = 600 nm, L = 250 nm, and W = 95 nm. (c) Changes in the phase of incident
left and right-handed circularly polarized light when the nanofin is rotated.
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3. SIMULATIONS WITH THE METASURFACES

In this section, in order to study the features of the optical forces in the non-paraxial Bessel beams on particles, we
generated the beams with the metasurfaces designed above, and calculated the optical force exerted on the target
particles in the simulations in vacuum with the finite difference time domain (FDTD) method. The radius of the
metasurfaces were 10 um. Incident beams were plane waves with left or right-handed circular polarization (I-circ-pol and
r-circ-pol beams). The power of the incident beams was 0.01 W. The dielectric particles were polystyrene spheres with
the refractive index of 1.55. The radius of the particle was expressed in kr (k is the wave number of the non-paraxial
Bessel beam, and r is the radius of the sphere particle). We specified that the pulling force of the particles towards the
light source is negative, and the pushing force is positive.

With the PB metasurfaces, incident plane waves with left and right-handed circular polarizations were employed in the
simulations. Figs. 2(a) and (c) show the x-z cross-sectional views of the normalized intensity distributions of the non-
paraxial Bessel beams with the two incident beams. The beams generated with the small-sized metasurfaces were
satisfactory. In the following simulations to calculate the optical forces, the particles were located at the optical axis of z
= 2 um, where the intensity of the beam was at its maximum. Optical forces on particles with radii from kr = 0.4 to kr =
4 at the optical axis were calculated. It can be seen from Figs. 2(b) and (d) that the OPFs on particles in a non-paraxial
Bessel beam were selective, and OPFs were exerted on the sphere particles with radii around kr = 2 with both the two
incident beams, and the trend of the optical forces changing with the particle radius is almost the same. The differences
between the two cases were within the error range. It is because the only difference between the two beams was the
rotation of the polarization, and the target particle was a uniform sphere. Such a kind of non-paraxial Bessel beam can be
regarded as a tractor beam, and the exit of OPFs depended on the radii of the particles. Particles with radii around kr = 2
were pulled towards the source, while particles with other radii were pushed away. Such a feature provides a possible of
sorting nanoparticles based on their sizes employing the non-paraxial Bessel tactor beam.
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Fig. 2 (a) and (b) The non-paraxial Bessel beam generated with the PB metasurface with incident beams of left and right-
handed circular polarization, resp5ectively. (c) and (d) Optical forces as a function of particle radii for two incident beams.
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4. CONCLUSIONS

In this paper, PB metasurfaces were designed to generate non-paraxial Bessel tractor beam with the incident I-circ-pol
and r-circ-pol beams. The metasurfaces generated desired beams satisfactorily with the two incident beams, and the
tractor beams exerted OPFs on dielectric particles without the aid of the background or the exotic optical parameters of
particles. The exit of OPFs depends on the radius of the target particles, and such a feature indicates the possibility of the
non-paraxial Bessel beam for optical sorting based on the sizes of particles. Hence, our work has a potential application
in optical particle manipulation and sorting, and this setup of metasurface has good potential in such aspects as lab-on-a-
chip.
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