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Quasi-perfect vortices generated
by Pancharatnam-Berry phase
metasurfaces for optical spanners
and OAM communication

Xiang Zhiyuan?, Shen Zhe!** & Shen Yaochun?

Optical vortex (OV) can be used in the fields of optical manipulation and optical communication
because of its inherent orbital angular momentum (OAM). The size of the OV ring increases with

the correlated topological charge (TC), making the OV with large TC not suitable for optical rotation
and short-distance communication. Perfect vortex (PV) has attracted much attention due to that its
optical transmission profile is almost independent of TC. In this manuscript, we proposed a method
to generate quasi- perfect vortices (Q-PVs) by Pancharatnam-Berry (PB) phase metasurfaces, the
so-called Q-PV can be regarded as an annularly focused optical vortex whose focal ring in the focal
plane has an angular phase gradient. It has a similar property to PV in that its light profile hardly
changes with TC in the focal plane. We demonstrated that the Q-PV can be used for optical spanners
that particles are trapped and rotated on the specific orbit. Non-coaxial and coaxial Q-PV arrays were
further generated for OAM communication applications. We believe that the proposed Q-PVs has
potential applications in optical manipulation and optical communication.

Optical vortex (OV) as a kind of Laguerre-Gaussian (LG) mode beam with spiral phase and orbital angular
momentum (OAM), has main applications in the fields of particle trapping and manipulation'~ and optical
communication®. OV has singularity with a donut shape, leading to destructive interference at the central light
field. Due to the oblique feature of the Poynting vector in the OAM field, the trapped particles will rotate along
the OAM orbit field”®. In the past several years, OV has been developed as an optical spanner and received wide
attention®*°-!1. Various kinds of optical spanners such as focused optical spanners!?, plasmonic spanners!® have
been developed. The complex amplitude of OV has Hilbert factor exp(il8), where I is the number of topological
charge (TC), and 6 is the azimuth angle'. TC is the key parameter of OV, and it is proportional to the OAM and
the radius of light field. Because of the changeability of OAM, OV has a wide range applications in the field of
optical communication, such as quantum information coding'>'6, wavelength division multiplexing(WDM)",
Dammann grating splitting'®'°. However, the ring radius of the vortex intensity profile strongly depends on the
TC, thus limiting its application on fiber coupling and multiplexing. OAM sources with changeable TCs as well
as fixed rings are highly desirable for optical manipulation and communications®.

Perfect vortex (PV), whose ring profile and divergence angle keep the same size under different TCs
could provide a perfect solution. Traditional PVs were generated by the Fourier transform of a Bessel-Gaussian
beam?* by using several bulky optical elements including conical lens, spiral phase plate or spatial light modula-
tor (SLM), and lens?**>?. Alternatively, PV has also been generated by using conical lens to generate annular
beam and SLM to mark vortex phase, and it has been used to achieve fixed orbit OAM manipulation in the tight
focal field. In 2014, a similar beam was generated by SLM imprinting the phases of the diffraction ring lens
and spiral phase plate?”. However, the generation of these beams requires complex and bulky optical elements
and precise light path adjustment.

Recently, the study of metasurfaces makes optical devices tend to be flattened and integrated. Dielectric meta-
surfaces consist of nanofins in subwavelength scale, providing a powerful and efficient platform for light field
regulation in cases of amplitude, phase, and polarization®*%. Pancharatnam-Berry (PB) phase optical elements
use the idea of geometric phase with polarization transmission, which recently has been used in the applications
of OV generation®*! and OV spanners®*?2. There have appeared some excellent works for PV generation by
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using PB phase metalens. In 2017, Liu proposed the generation of PV by the combination of three metalenses
with convex lens phase, Bessel phase, and vortex phase?. In 2018, Yang combined these phases on one single
plasmonic metasurface based on PB phase to obtain a 3D broadband PV*.

In this manuscript, the dielectric metasurfaces based on PB phase were employed to combine the annular
focusing phase and OV phase to generate quasi- perfect vortex (Q-PV). The Q-PV beam in our work can be
understood by adding angular phase gradient to the focal ring in the focal plane formed by the metasurfaces.
Different from the previous quasi-PV based on the Fourier transform of high-order quasi-Bessel beams*, our
Q-PV beam emphasizes a PV-like effect, which has completely difference in the generation mechanism. It is
expected that the generated Q-PVs with different TCs have fixed light field profiles in the focal planes. The
generated Q-PV has technically eliminated the Bessel phase, which generally exists in traditional PV due to the
Bessel series expansion®®**. With the generated Q-PV, 3D optical trapping can be achieved since the size and
position of the focal ring are adjustable, while only 2D trapping can be achieved with traditional PV due to the
non-diffraction propagation property. Besides, we can generate a new kind of optical spanner in that particles
are rotated on a fixed orbit with different torques. The Q-PV can be used in OAM communication for integrated
photonic devices. Since the metasurface can easily form an array, either coaxial or non-coaxial communication
can be achieved. All in all, the proposed Q-PV may broaden the applications of optical information coding and
storage, photon computing, micromechanics, and lab-on-a-chip.

Results
Theoretical description of Q-PV.  Our proposed Q-PV is ideally defined by

E(r,0,f) = 8(r —ro) - exp(ild), (I = 1,2,3...), (1)

where findicates that the Q-PV light field will be formed at the z=fplane, r, 8 are the polar coordinates in the
beam cross-section in the focal plane, 6(*) is the Dirac §-function, [ is the TC and r is the ring radius of the
light field. The part after the equal sign keeps exactly the same form as that of PV, It means the Q-PV has the
same property with PV in the focal plane that the maximum intensity ring at r, has noting with TC. Function
8(*) can be expanded based on the principle of generalized Snell’s law*, and the transmission function of Q-PV

can be expressed as
T(r,0) = exp <ik (f —\/fP4 (- r0)2>) - exp(ild), (2)

where k = 277/ is the wave vector at the working wavelength A, 0 is the azimuth angle, [ is the number of TC,
respectively. Fresnel diffraction integral theory was used to accurately calculate the light field distribution. The
field intensity of Q-PV on the z-transmission plane can be expressed as

E(r,p,2) = g/zoexp (ik(\/ 2422 —\/fr+(r— 70)2>) ~]z(%)rdr, (3)

where p is the integral radius of the aperture, p, is the lens size, and J(*) is the I' Bessel function, which can be
considered as the combination of the circular aperture diffraction of the PB phase metasurface and the ' OV
light.

The metasurface design.  We used an all-dielectric PB phase metasurface consisting of elliptic nanoposts®
array on a SiO, substrate, as shown in Fig. 1a. A right-handed circularly polarized (RCP) Gaussian light normally
illuminated the SiO, substrate from the bottom up, passing through the nanoposts array and form a Q-PV with
left-handed circularly polarized (LCP) state®. The beam’s working wavelength was set with 532 nm and the waist
radius was twice the radius of the metasurface. To uniformly produce a Q-PV, the nanoposts on the SiO, sub-
strate were arranged in ring shape. According to PB phase principle, the rotation angle of each nanopost should
be o = ¢/2. Extract the phase term of Eq. 2 and accept the phase-angle conversion relationship, we obtain the
following expressions for the phase and rotation angle distributions, respectively:

o=~ o)) 5

Figure 1b shows the local arrangement of the metasurface. The distance between the adjacent ring is 330 nm,
and the distance between each nanopost in the ring is 330 nm, too. The toroidal arrangement of the metasurface
could make the light field of Q-PV more even. Figure 1c shows the structure of a single nanopost with a height
of H=600 nm, the long axis is L =250 nm, and the short axis is W=95 nm. The TiO, nanopost is an artificial
birefringent material with high refractive index at visible light wavelength. It can accurately control the emis-
sion phase delay of the partially transmitted light within 27 range®. For high permittivity metasurfaces, due to
a strong local waveguide effect, the interaction among adjacent nanoposts can be ignored®. At the same time,
the TiO, nanopost has a transmittance of up to 90% in the visible light band*. Figure 1d shows the transmission
efficiency and the phase delay of a single nanopost in the case of RCP source. It shows that the TiO, nanopost
has a transmission efficiency at different rotation angles is close to 1, and only if the transmission efficiency is
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Figure 1. The metasurface design for generating Q-PV. (a) The schematic for generating Q-PV by PB phase
metasurface. (b) The enlarged local part of the PB phase metasurface. (c) The structure of each nano-elliptic unit
in one period. (d) The distribution of the transmission efficiency and the phase delay in the case of the angle
between the long axis of the nanopost and the positive half-axis of the x-axis are 0 to 180 (degree).
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Figure 2. The phase and electric field distributions of Q-PVs. (a,e,i) The simulated phase distribution after
the metasurface when [ equals 1, 5, and 10, respectively. The insets show the designed phase distributions.
(b,£,j) The longitudinal section of the Q-PV light field on the xOz plane; (c,g,k) The simulated electric field
intensity distributions in the focal planes and the insets represent the corresponding phase distributions; (d,h,1)
The theoretical light field calculated by Fresnel integration diffraction theory. All the simulated light field
distributions were normalized.

decreased at angles of 0 or 90 degrees, still remaining above 75%. The red line with dots shows the phase delay
of the TiO, nanopost varying with rotation angle, which conforms to the phase-angle conversion relationship.

The generated Q-PVs by metasurfaces. To generate Q-PV, we firstly chose metasurfaces with aper-
ture diameter D of 20 pm, [ of 1, 5, 10, f of 15 pm, r, of 5 um to perform numerical simulations and made a
comparison with the light field calculated by Fresnel integral diffraction theory. Figure 2a,e,i show the sim-
ulation results of the designed phase distributions of different TCs when [ equals 1, 5, and 10, respectively.
Phase values were obtained by extracting the transmission electrical field components and calculating with
arctan2[Im(Ex) /Re(Ex)]. The simulated phase distributions agree with the theoretical ones. This proves that the
designed metasurface can well accomplish phase control. Figure 2b,f,j respectively show the light field distribu-
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Figure 3. The radii of the Q-PV ring under different TCs and focal lengths. (a) The relationship between TC
(I=0, 5, 10, 15, 20) and r. The dots were fitted by straight-line fit method. The slopes of fitting lines with TCs of
1,5 and 10 are k), k(s and k), respectively. (b) The relationship between fand r when [ equals to 5, r, equals to
5 um.

tions of the Q-PV field in the xOz plane when [ equals 1, 5, and 10. We can see that as the TC increases, the actual
focal ring gradually deviates from the position of the designed focal length of f=15 um, which can be attributed
to the Poynting vector’s oblique nature of the light field. However, the ring-shaped distribution in the designed
focal plane remains unchanged. Figure 2¢,g,k show the simulated light field in the focal plane with different /,
their ring-shape distribution hardly changed with TC. The insets of Fig. 2c,g,k are the phase distribution of the
corresponding focal planes. The number of the mutation in the phase pattern corresponds to the number of TC.
Figure 2d,h,i show the theoretical light field distributions of Q-PVs calculated with Eq. 3, we can see that the
simulation results were consistent with theoretical results. Therefore, the designed PB phase metasurface can
successfully generate Q-PVs whose ring-shaped light field distributions hardly changed with TC.

As we know, the radius of the focal OV ring is positively correlated with TC. In order to study the divergence
of the Q-PV, we quantitatively calculated the relationship between the measured radius (r) and TC by replacing
the lens phase with the annular focusing phase. When designed radii (r,) were different, as shown in Fig. 3a. We
took focal OV as a comparison, as shown by the black line, the slope of the fitted line is 0.904. When r, increases
to 5 um, we found that r still increased with TC, but the trend of the increase significantly reduced, appearing
as the slope of the fitted straight line decreases to 0.299. When r, was set to 10 um, the increasing slope of the r
was further limited to 0.221. This kind of divergence was also found in reference® as the Q-PV has a lower slope
for the relationship between TC and r when r, was larger. Meanwhile, when the focal length was set from 2 to
20 um, we can see that r hardly changes with different focal lengths, as shown in Fig. 3b. Therefore, the divergence
characteristics of the Q-PV are not affected by the designed focal length.

Optical spanners with Q-PVs.  Particles can be trapped and rotated in the focal OV. Since Q-PV has fixed
radius of the focal ring, we will explore the new possibility of Q-PV being used in the applications of optical
tweezers and spanners. We firstly simulated the Q-PV to trap SiO, Mie-particles by choosing metasurfaces with
aperture D of 20 um, [ of 1, 3, 5, fof 15 um, r, of 5 um. Meanwhile, the intensity of the incident light was set as 300
hv (i.e., the power of the light source was set to 0.00093 mW). The position of the SiO, dielectric particle was set
to the maximum intensity point of the focal ring (z= 14 um), and along the x-axis from — 10 pm to 10 um, every
0.2 pm a step. We calculated the horizontal component of optical force exerted on the SiO, particles, as shown
in Fig. 4a. Since the force distribution has symmetry at x=5 pm and -5 pm, x= —5 um was taken as an exam-
ple. The force at x= —6 pum shows that when the dielectric particle was close to the outer side of the focal ring,
it firstly received an increasing optical force pointing to the center of the focal ring, and then the optical force
gradually decreased to 0, which was just at the center of the focal ring of Q-PV (i.e., x= —5 pum). As the particle
continue to move towards the inner side of the focal ring, it was pulled by increasing and decreasing optical pull-
ing forces in turn, suggesting that the dielectric particle would be trapped in the center of the Q-PV focal ring.
By using Eq. 11, we calculated the trapping potential for SiO, particle that integrated from x= — 10 pum, as shown
in Fig. 4b. The trapping potential under each TC reached the lowest point of potential energy when the radius
equals 5, and the depth of the potential wells reach below—200 kpT. In general, when the depth of trapping
potential reaches — 1 k3T, the particles can be stably trapped in the light field. Therefore, the dielectric particles
can be stably trapped in the center of the orbit of the Q-PV.

Then we detected the OAM of Q-PV by detecting the angular optical force of metallic particles. The using of
metallic particles is because they have high absorption and scattering that maximizes the transfer of OAM from
the Q-PV?%. Using Ag particles with a radius of 0.2 um, we tested the angular force of the micro-sized particles
every 30° on the focal ring, and the obtained results are shown in Fig. 4c. As TC increases, the angular optical
force exerts on the metallic particles gradually increases. The fluctuation of the force distribution was due to the
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Figure 4. The force distributions when ! equals 1, 3, 5. (a) The optical force along the x-direction; (b) The
trapping potential along the x-direction; (c) The angular optical force of metallic particle every 30 degrees along
the focal ring of Q-PV.

Figure 5. The non-coaxial array of Q-PV. (a) The design phase distribution of the Q-PV non-coaxial array;

(b) The light field intensity distribution in the focal plane; (¢) The phase distribution in the focal plane, the blue
rectangle boxes out the phase of Q-PV at that position and TC; (d) The partially enlarged phase distributions in
the focal plane, dotted lines indicate the position and number of phase fringes.

uneven intensity of the light field, which was caused by the discrete distribution of nanoposts of the metasurface.
We concluded that Q-PV not only can stably trap particles on fixed orbits, but also it can provide optical angular
force that increases with TC for optical spanner use.

Q-PV arrays. Recently years, multichannel WDM technology based on metasurface has been favored by
many researchers®. In order to design a single metasurface with multi-channel OAM states, coaxial and non-
coaxial Q-PV arrays are generated by stacking the complex amplitudes of Q-PV that carrying different TCs. By
superimposing complex amplitudes of different single Q-PVs, the summation complex function is calculated,
and the phase profile of the Q-PV array is then determined.

By introducing a linear phase gradient along the 6 direction onto the phase of Q-PV:
exp [ikrS (sinf - sinf, + cosh - cosby,)/f ]33, where (r, 0) is the polar coordinate parameter of each sampling point
on the metasurfaces, (S, 8,) is the designed position of the Q-PV in polar coordinates in the focal plane, the
Q-PV will propagate away from the z-direction at a certain diffraction angle. The single phase of Q-PV in the
array could be expressed as.

®,, = krS(sind - sinf, + cosd - cosby,)/f + (k (f —\/fP4 - ro)z) + 1, - 9). (6)

where n=1, 2, 3, 4. By using the phase packing formula, we finally got the combinate phase of the non-coaxial
Q-PV array*!:

Durray = arg{z exp(idDi)}. 7)

i=1

Note that the italic i in the formula is the imaginary unit.

As shown in Fig. 5, a non-coaxial Q-PV array composed of four single Q-PVs is demonstrated here. The size
of metalens is 40 pm x 40 um, focal length f=50 pum, the displacement distance S, =10 um, the parameters of
every single Q-PV are listed as follows, Q-PV, (I, =1, 6,=90°), Q-PV, (},=3, 8,=180°), Q-PV; (;=5, 8;=0°) and
Q-PV, (I,=8, 6,=270°). Figure 5a shows the PB phase distribution that produced the Q-PV array. The intensity
distribution of the Q-PV array at the propagation distance z=50 um is shown in Fig. 5b. The results show that
the focal ring of four different TCs have the same radius. The center positions of the four Q-PVs are located at
(10 pm, 90°), (10 pm, 180°), (10 pm, 0°), and (10 um, 270°), respectively, expressed in polar coordinates, and are
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Figure 6. The coaxial array of Q-PV. (a) The designed phase distribution of the coaxial array; (b) The light field
distribution in the focal plane; (c) The phase distributions in the focal plane; (d) The phase information of each
Q-PV ring.

consistent with the designed position displacement (S, 6) of each Q-PV. The phase distribution in the focal plane
is shown in Fig. 5¢,d. The blue rectangles box out the position of each Q-PV in Fig. 5¢, Fig. 5d shows the partially
enlarged phase pattern. The interference fork fringe pattern can be observed near the Q-PV center, which is due
to the fact that Q-PV exudes oblique upward at a certain angle after adding the linear phase gradient. The effect
characteristics similar to isoclinic interference occur. The number of fork fringe reflects the TC of each Q-PV,
which is consistent with the designed TC. The generated non-coaxial PV array has potential applications in the
field of optical communication.

When several concentric rings that carrying different OAM information are combined to form a single meta-
surface array, the position of each OAM information will become certain, which is because the radius of the focal
ring can maintain the designed ring radius ry, especially when TC is in the range of 1 to 10. By combining Egs. 2
& 7, the phase formula of the coaxial Q-PV metasurface array is obtained, following as.

D oaxial = arg (Z exp(ik (f — ,/f2 +(r— ri)z) + - 9)) (8)
i=1

As is shown in Fig. 6, the size of metalens is 40 um x 40 pm, focal length f=15 um, Ar=2 pm, n=7, the
parameters of every single Q-PV are listed as follows, Q-PV, (r,=3 um, [, =1), Q-PV, (r,=5 um, [,=2), Q-PV,
(r;=7 pm, ;=3), Q-PV, (r,=9 um, [,=4), Q-PV; (r;=11 pum, [5=5), Q-PV (r,=13 pm, [s=6), Q-PV, (r,=15 pum,
I,=7). The phase distribution of the 7-ring coaxial array is shown in Fig. 6a. The intensity distribution of Q-PV
at z=15 pm is shown in Fig. 6b, and the measured radii of each Q-PV ring are r’=2.8 pm, r,’ =5 pm, r;’ =7 pm,
ry =9 pm, r5 =11 pm, r¢’ =13 pum, r,’ =15 um. They are consistent with the designed radii. The corresponding
phase distribution is shown in Fig. 6¢. In this case, the phase distributions at the position of each ring are less
recognizable. Figure 6d shows the extraction of the phase information of each Q-PV ring, and the OAM informa-
tion of each ring can be clearly distinguished, which is consistent with the number of TCs at the designed position
of each Q-PV ring. The generated coaxial PV array has potential applications in the fields of ultra-high-density
information storage and photon computing.

Conclusions

In summary, as an alternative candidate to PV, our Q-PV was produced based on PB phase metasurface, it can be
regarded as an annular light field with vortex phase gradient. Compared with the PVs mentioned by the prede-
cessors, the Q-PV was generated by using a metasurface with combined phases, which can more accurately and
conveniently define the focal light field. With the increase of the designed radius, the Q-PV can better get rid of
the influence of TC on the radius of the maximum light intensity ring, which is not affected by focal length as
well. Through the calculation of optical forces, particles can be trapped on the focal plane and rotated around the
Q-PV ring. The Q-PV can be used for optical spanners that provide different angular optical forces with different
TCs. Non-coaxial and coaxial arrays with Q-PVs were successfully generated, demonstrating the possibilities in
the applications of optical information coding, photonic computing, and ultra-high-density information storage.
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Methods

Simulation method. The full-wave simulation results shown in Figs. 2, 5, and 6 were performed using
Lumerical FDTD solutions. The optical forces were calculated by the optical force calculation toolbox based on
Maxwell stress tensor (MST) available in commercial software Lumerical FDTD solutions.

Calculation methods. The force of micro-/nano- sized particles in the light field can be calculated by inte-
grating the MST on the particle surface. The time-average force (including gradient force and scattering force)
exerted on the particle can be expressed as

(F) = / {gRe[E n)EF — Z(E E)n+ %Re[u(H -mH*] - %(H : H*)n}ds, )

where € and p are the relative permittivity and relative permeability of the medium among the particle under
test, and # is the normal unit perpendicular to the integration area ds. For further calculation of the trapping
potential for a particle at p, it is necessary to integrate the optical force of particle at position from oo to p,. The
trapping potential can be calculated with integral of continuous or discretized forces as follows.

Po
U(po) = —/ F(p)dp. (10)
Ulpn) = Y _F(pj) Ap, (11)
j=1

where p,, is the position of particle # on the x-axis in the focal plane, Ap is the distance between adjacent measure-
ment points (particle n and particle n+ 1), and F(p;) is the force on the particle at the position j. Generally, the
trapping potential of the optical trap can usually be unified in the units of k3T, where kg is Boltzmann’s constant,
and T is normal temperature.

Data availability
The data that support the findings of this study are available within the paper.

Received: 20 October 2021; Accepted: 5 January 2022
Published online: 20 January 2022

References
1. Albaladejo, S., Marques, M. I, Laroche, M. & Saenz, J. ]. Scattering forces from the curl of the spin angular momentum of a light
field. Phys. Rev. Lett. 102, 113602 (2009).
2. Ng, J., Lin, Z. & Chan, C. T. Theory of optical trapping by an optical vortex beam. Phys. Rev. Lett. 104, 103601 (2010).
3. Grier, D. G. A revolution in optical manipulation. Nature 424, 810-816 (2003).
4. Gregg, P, Kristensen, P. & Ramachandran, S. Conservation of orbital angular momentum in air-core optical fibers. Optica 2, 2
(2015).
5. Liu, E. et al. Robust transmission of orbital angular momentum mode based on a dual-cladding photonic quasi-crystal fiber. J.
Phys. D Appl. Phys. 52,2 (2019).
6. Gibson, G. et al. Free-space information transfer using light beams carrying orbital angular momentum. Opt. Express 12, 5448-5456
(2004).
7. Garces-Chavez, V. et al. Observation of the transfer of the local angular momentum density of a multiringed light beam to an
optically trapped particle. Phys. Rev. Lett. 91, 093602 (2003).
8. Curtis, J. E. & Grier, D. G. Structure of optical vortices. Phys. Rev. Lett. 90, 133901 (2003).
9. Simpson, N. B., Dholakia, K., Allen, L. & Padgett, M. ]. Mechanical equivalence of spin and orbital angular momentum of light:
an optical spanner. Opt. Lett. 22, 52-54 (1997).
10. Paterson, et al. Controlled rotation of optically trapped microscopic particles. Science 2, 2 (2001).
11. MacDonald, M. P. Creation and manipulation of three-dimensional optically trapped structures. Science 296, 1101-1103 (2002).
12. Shen, Z., Su, L., Yuan, X. C. & Shen, Y. C. Trapping and rotating of a metallic particle trimer with optical vortex. Appl. Phys. Lett.
109, 2 (2016).
13. Zhang, Y. et al. A plasmonic spanner for metal particle manipulation. Sci. Rep. 5, 15446 (2015).
14. Allen, L., Beijersbergen, M. W., Spreeuw, R. J. C. & Woerdman, J. P. Orbital angular momentum of light and transformation of
Laguerre Gaussian laser modes. Phys. Rev. A 45, 8185-8189 (1992).
15. Molina-Terriza, G., Torres, J. P. & Torner, L. Twisted photons. Nat. Phys. 3, 305-310 (2007).
16. Bozinovic, N. ef al. Terabit-scale orbital angular momentum mode division multiplexing in fibers. Science 340, 1545-1548 (2013).
17. Mehmood, M. Q. et al. Visible-frequency metasurface for structuring and spatially multiplexing optical vortices. Adv. Mater. 28,
2533-2539 (2016).
18. Lei, T. et al. Massive individual orbital angular momentum channels for multiplexing enabled by Dammann gratings. Light Sci.
Appl. 4, €257 (2015).
19. Moreno, L, Davis, J. A., Cottrell, D. M., Zhang, N. & Yuan, X. C. Encoding generalized phase functions on Dammann gratings.
Opt. Lett. 35, 1536 (2010).
20. Liu, Y. et al. Generation of perfect vortex and vector beams based on Pancharatnam-Berry phase elements. Sci. Rep. 7, 44096 (2017).
21. Ostrovsky, A. S., Rickenstorff-Parrao, C. & Arrizon, V. Generation of the “perfect” optical vortex using a liquid-crystal spatial light
modulator. Opt. Lett. 38, 534-536 (2013).
22. Garcia-Garcia, J., Rickenstorff-Parrao, C., Ramos-Garcia, R., Arrizon, V. & Ostrovsky, A. S. Simple technique for generating the
perfect optical vortex. Opt. Lett. 39, 5305-5308 (2014).
23. Ostrovsky, A. S., Rickenstorff-Parrao, C. & Arrizon, V. Generation of the “perfect” optical vortex using a liquid-crystal spatial light
modulator. Opt. Lett. 38, 534-536 (2013).

Scientific Reports |

(2022) 12:1053 | https://doi.org/10.1038/s41598-022-05017-0 nature portfolio



www.nature.com/scientificreports/

24. Garcia-Garcia, J., Rickenstorff-Parrao, C., Ramos-Garcia, R., Arrizén, V. & Ostrovsky, A. S. Simple technique for generating the
perfect optical vortex. Opt. Lett. 39, 5305-5308 (2014).

25. Chen, M., Mazilu, M., Arita, Y., Wright, E. M. & Dholakia, K. Dynamics of microparticles trapped in a perfect vortex beam. Opt.
Lett. 38,4919-4922 (2013).

26. Vaity, P. & Rusch, L. Perfect vortex beam: Fourier transformation of a Bessel beam. Opt. Lett. 40, 597-600 (2015).

27. Xin, J. et al. Generation of Bessel beams from a diffractive ring lens. Opt. Commun. 310, 25-30 (2014).

28. Kildishev, A. V., Boltasseva, A. & Shalaev, V. M. Planar photonics with metasurfaces. Science 2, 1289 (2013).

29. Yu, N. & Capasso, F. Flat optics with designer metasurfaces. Nat. Mater. 13, 139-150 (2014).

30. Shen, Z. et al. Generation of optical vortices with polarization-insensitive metasurfaces. IEEE Photon. J. 12, 1-10 (2020).

31. Shen, Z., Xiang, Z. Y., Wang, Z. Y., Shen, Y. C. & Zhang, B. F. Optical spanner for nanoparticle rotation with focused optical vortex
generated through a Pancharatnam-Berry phase metalens. Appl. Opt. 60, 4820-4826 (2021).

32. Ma, Y, Rui, G., Gu, B. & Cui, Y. Trapping and manipulation of nanoparticles using multifocal optical vortex metalens. Sci. Rep. 7,
14611 (2017).

33. Zhang, Y., Liu, W,, Gao, J. & Yang, X. Generating focused 3D perfect vortex beams By plasmonic metasurfaces. Adv. Opt. Mater.
6,2 (2018).

34. Liang, Y. et al. Rotating of low-refractive-index microparticles with a quasi-perfect optical vortex. Appl. Opt. 57, 79-84 (2018).

35. Lin, R. & Li, X. Multifocal metalens based on multilayer Pancharatnam-Berry phase elements architecture. Opt. Lett. 44, 2 (2019).

36. Chen, X. et al. Dual-polarity plasmonic metalens for visible light. Nat. Commun. 3, 1198 (2012).

37. Li, Z., Liu, W, Cheng, H., Chen, S. & Tian, J. Manipulation of the photonic spin hall effect with high efficiency in gold-nanorod-
based metasurfaces. Adv. Opt. Mater. 2, 1700413 (2017).

38. Zhao, Y., Edgar, J. S., Jeffries, G., McGloin, D. & Chiu, D. Spin-to-orbital angular momentum conversion in a strongly focused
optical beam. Phys. Rev. Lett. 99, 073901 (2007).

39. Liu, W. et al. Energy-tailorable spin-selective multifunctional metasurfaces with full Fourier components. Adv. Mater. 31, 1901729
(2019).

40. Liu, W. et al. Aberration-corrected three-dimensional positioning with a single-shot metalens array. Optica 7, 17061713 (2020).

41. Yue, E Y. et al. Multichannel polarization-controllable superpositions of orbital angular momentum states. Adv. Mater. 29, 2 (2017).

Acknowledgements

This work was supported by National Natural Science Foundation of China (61805119), Natural Science Founda-
tion of Jiangsu Province (BK20180469; BK20180468), Fundamental Research Funds for the Central Universities
(30919011275). The authors wish to thank the anonymous reviewers for their valuable suggestions.

Author contributions
Z.S. was responsible for the original research concept and the accurate physical interpretations. Z.Y.X. was
responsible for the numerical simulations and the manuscript draft. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:1053 | https://doi.org/10.1038/s41598-022-05017-0 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Quasi-perfect vortices generated by Pancharatnam-Berry phase metasurfaces for optical spanners and OAM communication
	Results
	Theoretical description of Q-PV. 
	The metasurface design. 
	The generated Q-PVs by metasurfaces. 
	Optical spanners with Q-PVs. 
	Q-PV arrays. 

	Conclusions
	Methods
	Simulation method. 
	Calculation methods. 

	References
	Acknowledgements


