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S1: Optical transfer characteristics of the nanopost meta-atoms

The transmission amplitude (T) and phase shift (¢) of the nanopost meta-atoms were calculated for both
transverse electric (TE) and transverse magnetic (TM) polarizations using the FDTD (finite-difference time-domain)
Solutions, as depicted in Figures S1(a) and S1(b), respectively. To embody the proposed metasurface, an ensemble
of 8 x 8 meta-atoms have been selected out of the TiO2 nanopost candidates whose cross-sectional dimensions
(w and /) range from 70 to 270 nm, marked by black star symbols. The selected meta-atoms were confirmed to
induce a complete 2m phase shift for both TE and TM polarizations and give rise to an average transmittance

exceeding 0.8 for normal incident light.
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Fig. S1 Optical characteristics of the meta-atoms. Simulated optical transmission T and phase shift ¢ of the
nanoposts in terms of the cross-sectional dimensions of w and / under normally incident (a) TE- and (b) TM-
polarized beam conditions with a fixed height of h = 500 nm and a period p= 350 nm. Black star symbols represent

the selected meta-atoms.

S2: Relationship between the phase profiles of vortex pairs and their design parameters

To select appropriate parameters pertaining to the metasurface that lead to the desired optical trapping function,
the phase profile of the vortex pair was assessed in four different cases. The spot size (d) of the incident Gaussian
beam was equal to the diameter of the metasurface, which was 93 um. First, as shown in Figure S2(a), the vortex-
pair phase was calculated by altering m2 from one to six, with a = m1 = 0. The phase profile of the vortex-pair
beam led to a single-phase singularity, as in the case of the vortex phase profile. For a = 0 and m1 (m2) (taking
values from one to six), the phase profiles emulated the behavior of a single vortex, as depicted in Figure S2(b).
This phenomenon arises because the two vortex-phase singularities overlap, resulting in an observable
topological charge equivalent to m1 + m2. Meanwhile, to maintain a proper distance between the two particles

during the optical trapping, another six cases of off-axis distances, including a in the range of 0 to 0.25 x d with
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intervals of 0.05 x d, were considered and analyzed as shown in Figure S2(c). As depicted in Figure S2(d), although
the two topological charges can assume different values, the asymmetry in terms of the phase profile may affect
the electric field distribution and the resulting trapping characteristics. For example, two distinct representative
cases were selected to validate the simulation results, as depicted in Figure S2(e). Considering the electric field
distributions of the two cases, m1 =1, m2 = -3 and m1 = 1, mz = 3, with the same numerical value but different
topological charges (see Figure 3(d)), it was asserted that there existed only a single bright spot in the case of m:
=1, mz2 = -3; by contrast, there were two bright spots in the case of mi1 =1, m2 = 3, which is similar to the case in
which the vortex-pair beam exhibits the same absolute topological charge value. When the values of the two
topological charges are not the same, however, the phase profiles of the two vortices will be noticeably
differentiated from each other. This indicates that the phase variation within the light beam will exhibit distinct
characteristics that differ from the case of typical helical patterns associated with the orbital angular momentum.
As a result of these differences in the phase profile, the properties of the beam may be altered in terms of the
optical forces and trapping behavior. Finally, to ensure that the designed metasurface can effectively fulfill its

intended function, two sets of topological charges (m1=3, m2=-3,a=14umand mi=1, mz=1, a = 14 um) were

chosen.
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Fig. S2 Phase profiles of the vortex pairs in terms of their design parameters including m1, mz, and a. Four cases
were sequentially investigated by varying (a) mz, (b) m1 and mz, (c) a, and (d) m2, with the rest of the parameters
fixed. (e) Calculated far-field intensity profiles of the vortex-pair beams with topological charge combinations of

mi=1mz;=-3,andmi=1, mx=3.

S3: Effects of the spot sizes of incident Gaussian beams on the vortex-pair beam profiles

To examine the impacts of the diameters of the incident Gaussian beams on the vortex-pair beam, numerical
simulations were performed. As presented in Figure S3, the impact of the vortex on the optical field distribution
of the Gaussian beam, with radii ranging from a to 6a, was mainly explored. Herein, a refers to the initial off-axis
distance between the two vortices, which is equivalent to 14 um. Figure S3(a) shows that under TE polarization
conditions, the beam power gradually shifts toward the right and ultimately converges at the center of the spot
at larger incident beam radius values. Under TM polarization conditions, as shown in Figure S3(b), the two intense
spots initially appear to be linked to each other and begin to be set apart at increasing beam spots. With a larger
distance between the two spots, their intensities are escalated to evolve eventually into two separate beams.
These results provide valuable insights into the influences of the incident beam size on the field profile associated

with the vortex-pair beam.
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Fig. S3 Effects of the Gaussian beam radius (res, varying from 14 to 84 um at 14 um intervals) on the simulated

vortex-pair beam profiles in the (a) TE and (b) TM cases.

S4: Vortex-pair beam-mediated optical trapping of dielectric microbeads

For an optical tweezer, the principal mechanism of manipulating particles derives from the gradient (Fg) and
scattering forces (Fs).1™3 Conventional, focused Gaussian beam-based optical tweezers often rely on a gradient
force to confine particles.*> Regarding vortex beam-based optical trapping, a scattering force plays a prime role,
which is known to induce the rotational motion of the particle, thus leading to the spinning thereof.®’ In the case
of the proposed vortex-pair beam, the particles are believed to be predominantly trapped and firmly immobilized
by the transverse gradient force, without invoking significant rotation driven by the weak orbital angular
momentum.® As depicted in Figure S3(a), the dielectric microbeads are attracted toward the beam’s center in the
vicinity of the glass slide, in both cases of topological charges with the same or opposite signs. We attempted to
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analyze the transverse optical trapping force from the perspective of the principle of fluid mechanics according
to Stokes's law.® As shown in Figure S3(b), when the sample chamber was moved along the x- or y-axis, the
microbeads in the suspension medium primarily succumbed to the viscous (Fvis) and transverse gradient forces.
Herein, the transverse gradient force refers to the force exerted on the microbeads in the lateral direction,
perpendicular to the beam propagation.'®!! In the context of the proposed vortex-pair beam, the gradient force
was primarily responsible for trapping and immobilization of the particles. The viscous force stems from the
viscosity of the surrounding medium, >3 which is regarded as a resistive force that opposes the motion of the
particles as they move through the fluid. In the case of optical trapping, the viscous force acts in conjunction with
the transverse gradient force to control the movement and positioning of the trapped particles.” When the power
at the beam waist is increased to 5 mW, the gradient force prevails over the viscous force so that the microbeads
can be captured by the vortex and remain stationary. The sample plate should be moved at a sufficiently slow

velocity (vxand vy) to limit the viscous force.
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Fig. S4 (a) Front- and (b) side-views of the configuration of the proposed optical trapping scheme.



S5: Positional coordinates of the two strong beam spots corresponding to the two

topological charges with the same sign
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Fig. S5 XY center coordinates corresponding to the two strong spots in the vortex pair beam in the case of m1 =

1, m=1.

S6: Evolution of vortex-pair beams from plane wave mode to tightly focused mode

ZOL“ Sample chamber

. % & v |

<

Tight focus mode

Fig. S6 Schematic of the evolution of vortex-pair beams from a plane wave mode to a tightly focused mode.



S7: Procedure used to fabricate the metasurface and its structural images

Electron beam resist

——

Spin coating EBL Patterning

Glass substrate
TiO,

ALD Blanket etch ~"===—=mmmmm== (), yoc plasma "t iEEsAEEE

=>

Fig. S7 Electron-beam lithography (EBL)-based fabrication process for the designed metasurface. (ALD: atomic

layer deposition)
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