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Topological Charge Inversion of Optical Vortex with

Geometric Metasurfaces

Yuchao Zhang, Jie Gao,* and Xiaodong Yang*

The topological charge (TC) inversion of optical vortex is demonstrated along
the beam propagation direction by using plasmonic geometric metasurfaces
with the initial wave fronts designed from the principle of caustic surface.
The detailed TC inversion evolution process is observed together with

the transmutation point where the vortex vanishes. The orbital angular
momentum (OAM) mode distributions during the TC inversion process are
studied to show the dynamic redistributions of OAM mode density between
the central area and the surrounding area of the beam with the total OAM

dynamic TC inversion has been realized
with the noncanonical optical vortex by
using an astigmatic lens,'>' showing
the OAM is a superposition of LG modes
with different charges and the OAM mode
density can be dynamically redistributed
across the beam. In this case, the total
OAM value is kept constant, but the local
OAM mode density is changed. However,
this method to generate TC inversion of

conserved. Furthermore, the TC inversion of self-accelerating vortex beam
along the parabolic trajectory is presented. The realization of controlling TC
inversion of optical vortex along arbitrary beam trajectory paves the way for
many applications with more complex functionalities in optical trapping and
manipulation, optical sensing, quantum information and computation, and

data communication.

1. Introduction

Optical vortex beams with screw phase dislocations have raised
extensive attention due to their unique characteristics of phase
singularities in light beam carrying orbital angular momentum
(OAM), enabling a wide variety of applications such as optical
trapping of atoms,['3l optical communication,*! quantum
information and computation,’®-% spin-orbit OAM transforma-
tion, 1! and Bose-Einstein condensates and superfluids.'213]
The helix phase structure of optical vortex can be represented in
the form of exp(ilg), where @ is the azimuthal angle around the
phase singularity, and I represents the topological charge (TC).
As the most essential parameter of optical vortex, TC describes
the phase increase around the vortex center and plays an impor-
tant role in applications. For example, in quantum information
processing, TC is used for data encoding and decoding, while
in optical manipulation, TC controls the strength and sign
of the optical torque applied on particles. For a well-defined
Laguerre-Gaussian (LG) beam, the TC represents the OAM of
photons and it should keep invariant as the beam propagates
in free space due to the OAM conservation law.'* Recently,
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optical vortex requires the noncanonical
phase distribution and the conversion
from an astigmatic lens, which increases
the optical system complexity and also
limits the photonic chip integration.
Besides, the generated TC inversion beam
has an irregular intensity profile and it is
hard to control the transmutation point
and beam propagation trajectory.

Recently, plasmonic metasurfaces made
of nanoantenna arrays in ultrathin metallic films have provided
a powerful and functional platform for tailoring the phase,
intensity, and polarization of light.'’-'1 The transmission
efficiency of plasmonic metasurfaces is relatively low due to
the large ohmic loss of metal. In order to solve this problem,
dielectric metasurfaces made of silicon or titanium oxide
have been considered to manipulate light with ultrahigh
efficiency.?°22l In particular, geometric metasurfaces can be
engineered to generate well-defined Pancharatnam-Berry
geometric phase profiles in a broad wavelength range,?>-?’]
for building on-chip wavefront shaping devices such as optical
vortex generators, 2832 flat optical lenses,?338 compact wave
plates,?>* and multiplexed holograms.**’] In addition,
holographic free-electron light source based on plasmonic
metasurfaces has been realized for generation of visible to
near-infrared vortex beams.*®!

In this work, the TC inversion of optical vortex beam is dem-
onstrated along the beam propagation direction by using the
ultrathin plasmonic metasurfaces constructed from nanoslit
antenna arrays with the geometric phase profiles designed
from the principle of caustic surface. Compared to the previous
work, the proposed approach to realize TC inversion of optical
vortex provides the controllable optical vortex transformation
along an arbitrary beam trajectory. Besides, only a single metas-
urface with compact size is utilized to realize the TC inversion,
which is convenient for integration into optical systems. The
detailed TC inversion evolution process is observed including
the predesigned transmutation point in a broad wavelength
range. The dynamic redistribution of OAM mode density
between the central area of r < 10 um and the surrounding
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area of r > 10 um of the beam is also analyzed according to
the simulated OAM mode distributions, while the total OAM
across the beam is conserved. In addition, the TC inversion
of self-accelerating vortex beam along the parabolic trajectory
is presented. Our demonstrated results will pave the way for
many promising applications in optical trapping and manipula-
tion, optical sensing, quantum information and computation,
and data communication.

2. Results and Discussion

2.1. Design of Plasmonic Geometric Metasurface

As shown in Figure 1a, each unit cell of the plasmonic geometric
metasurface contains a nanoslit antenna with a certain orienta-
tion angle. The nanoslit antennas are etched in a thin gold film
with thickness of 50 nm on glass substrate using focused ion
beam (FIB) method. The width and length of each nanoslit
antenna are 80 and 200 nm, respectively, and the unit cell period
is 330 nm. When a circularly polarized beam transmits through
the nanoslit antenna with orientation angle 6, the induced geo-
metric phase shift of 20 is introduced to the converted spin
component. The desired geometric phase profile of the metas-
urface is then obtained by arranging the nanoslit antennas with
the designed rotation angles to form a spatially inhomogeneous
array. Figure 1b is the simulated electric field |E| distributions
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for the right-handed and left-handed circular polarizations (RCP
and LCP), with the observed strong polarization anisotropy. The
scanning electron microscope (SEM) image of the fabricated
homogeneous array of nanoslit antennas is shown in Figure 1c.
For the transmission under circular polarization basis, the inci-
dent beam has LCP and the total transmitted beam through
the metasurface contains both the LCP (original spin) compo-
nent and the RCP (converted spin) component. The original
spin transmission is defined as the intensity ratio between the
transmitted LCP component and the incident LCP beam, while
the converted spin transmission is defined as the intensity ratio
between the converted RCP component and the incident LCP
beam. The polarization conversion efficiency (CE) is defined as
the intensity ratio between the converted spin component and
the total transmitted beam. Figure 1d plots the measured and
simulated spectra of original spin transmission (LCP, green
line), converted spin transmission (RCP, blue line), and CE
(red line). The converted RCP transmission is between 1% and
5%. The observed maximum conversion efficiency is around
55% near 800 nm, where the plasmonic resonance occurs.
Previously, caustic curves along arbitrary convex trajectories
have been realized with the geometrical optics method based
on the conical ray bundles emitted from circles on the input
wavefront plane.*l Here, the geometric phase profile encoded
on the plasmonic metasurface is designed from the principle
of caustic surface for demonstrating the TC inversion of optical
vortex. The initial field profile located on the input plane of
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Figure 1. a) Schematic of the unit cell design of the nanoslit antenna at orientation angle of 6. b) Simulated electric field |E| distributions of nanoslit
antenna under circular polarizations at 633 nm. c) An SEM image of the fabricated homogeneous nanoslit antenna array. d) Measured and simulated
transmission spectra and conversion efficiency spectra under circular polarization basis.
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z =0 is defined as ¥(xy,yo,z2 = 0) = G(r) exp (1kQ(xo,Y0)), Where
the initial wave front @geom = kQ(xo,yo)represents the geometric
phase shift from the metasurface and k is the wavenumber. The
optical field at the propagation distance z can be obtained by
the Fresnel diffraction formula

Wxy.2)= [ %G(Vo)exp{ik[Q(xon%]} )

Based on the stationary phase approach, the integration
in Equation (1) is mainly determined by the critical points
that fulfill the two conditions of (x — xy)/z = dQ/dx, and
(y — v0)/z = dQ/dy,. Then, the caustic curve along the beam
propagation direction can be parametrically expressed as
[f2), g(2), z]- As shown in Figure 2a, one point with the fixed
z = 2z parameter on the caustic curve corresponds to a circle
C(z = 2’) on the input plane and a conical ray bundle emitted
from this circle will intersect at this point. As the z parameter
changes, the formed continuous caustic is the locus of the
apexes of the conical ray bundles emitted from the expanding
and shifting circles on the input plane,* as shown in the red
line of Figure 2a. The circle function of C(z) is expressed as
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(%0 — %2 + (Yo — yo)? = R(2)? where x, and y, are the center of
the circle defined by x, = f— zf and y. = g — z¢/, and the radius
R(z) is used to control the size of the circle. Such circle function
relates the propagation distance z with the circle C(z) on the
input plane, so that the distance z can be expressed as the func-
tion of the point on the initial plane, z = z(x(,y,). When there is
no optical vortex contained in the initial beam, the conical ray
bundle emitted from C(z) will be focused into the point [f{z),
2(2), 2], and the initial function Q(xy, y,) is given by

Qo yo) = %J:{[f ©f +lg @] - [@] }dg

S
_(f‘"())2 +(g=Y0)’
2z
when a vortex structure exp(ilg) is imposed to the initial field,
the initial phase profile becomes exp[i(kQ + lg)]. In this case,
the stationary phase condition for the Fresnel diffraction inte-
gral becomes

(2)

ldep dQ _x-x ,1dp dQ _y-y

kdx, dx, z kdy, dyo 2 (3)

Vortex beam ?

SN=mos)i\NSrr=

Sowmmmmemans\\]
ANSSSSNNVL T

-ttt mNN\
D ettt W |

-
P
'
[}
1
\
A Y
A Y
N=es
A N 4
—
b=
=1

A\SN==er21!1

Figure 2. a) Schematic illustration of the principle of caustic curve. The conical ray bundle emitted from circle C(z") intersects at a point on the
plane z = 7/, and as the circle expanding and shifting on the input plane, the intersect points form the caustic curve, as marked by the red curve.
b) Schematic illustration of the principle of caustic surface with the imposed vortex structure to the initial field, where the rays emitted from circle C(z’)
intersect in a circle D(Z') on the plane z = Z'. As the circle expanding and shifting on the input plane, the intersect circles form the caustic surface S.
The input plane is divided by the yellow dashed circle into inner zone with TC of —1 and outer zone with TC of +1. c) The geometric phase profile
on the input plane encoded in the metasurface, and the yellow dashed circle divides the input plane into inner zone and outer zone. d) An SEM image
of the fabricated metasurface structure corresponding to the central area in (c).
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For a large wavenumber k values, the terms Id¢/kdx, and
ldgp/kdy, are much smaller compared with other terms and
could be neglected, so the optical field in the propagation
distance z is still mainly contributed by the emanation points
on the circle C(z). In this case, upon using polar coordinates of
(%0,Y0) = 1o (cos @,sin @) and (x, y) = p(cos 6, sin 6), the complex
field distribution at distance z is calculated byF(z) = Jexp (il¢)
exp (—ikrop cos (¢ — 6)/z)de = 2x](krop/z)exp (i16).4% Therefore,
at the propagation distance z, the field is a vortex field with
TC or vorticity being equal to I, and its intensity distribution
approximately behaves like a Bessel function with order I.

Form the view of optical catastrophe theory, the caustics are
singularities of differentiable mappings induced by the families
of rays with the direction along the phase gradient. For the initial
beam without vortex phase structure, the rays from circle C(2')
propagate along the direction 1 = (dQ/dx,, dQ/dy,) and intersect
at the point [f{2'), g(2’), 2'] on the caustic curve, as shown in
Figure 2a. In this case, for the point on the caustic curve, there
are infinite rays that cross each point, while for other points in
the space, there are only two rays that cross each point. Thus,
the number of the rays is discontinuity on the caustic curve
(changes from 2 to o), and this type of abrupt change in the
configuration of critical points is known as a “catastrophe.”.
After the vortex phase structure is imposed on the initial field,
the direction of rays will be deflected at a small angle Al = (d¢/
dxy, do/dy,)/k with respect to the origin direction 1. Because the
wavenumber k is very large, so the Al imposes a small pertur-
bation to the origin direction 1. As shown in Figure 2b, in this
case, the rays emitted from circle C(z') will pass through the
points offset to the origin point [f{z’), g(z'), 2] on the caustic
curve. The ray bundle intersects the z = 2’ plane with a circle
D(2’), and each ray is tangential to this circle. As the circle C(z)
expands and shifts on the initial plane, the generated circle
D(z) would move along the original caustic curve, forming a
doubly ruled surface S. Inside the doubly ruled surface S, there
is no light ray passing through, and outside the surface S each
point has two rays passing through, so the number of the rays
entering into the surface S abruptly changes from two to zero,
forming a caustic surface in the physical space and a resultant
optical vortex field, as shown in the inset of Figure 2b. From
the above analysis, it can be concluded that at the propagation
distance z the caustic optical field is mainly determined by the
initial field at circle C(z). If a vortex structure is imposed on the
circle C(z), the optical field at the distance z will have a vortex
field with TC being equal to that on the circle C(z). As a result,
optical vortex fields with varying TC values located at different
propagation distances z can be generated by different circles
C(z) on the input plane. As shown in Figure 2b, the input plane
is separated by the yellow dashed circle into the inner zone
with TC of -1 and the outer zone with TC of +1. Then the C(z2)
in the inner zone will produce the vortex with TC of —1 at the
lower propagation distances, while the C(z) in the outer zone
will create the vortex with TC of +1 at the higher propagation
distances. The entire input plane will generate the TC inversion
beam. The dividing line of the yellow dashed circle corresponds
to a propagation distance zr named as the transmutation point
of the TC inversion process.

In this work, both the TC inversion of optical vortex beam
propagating along the straight line and the TC inversion of
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self-accelerating vortex beam following the parabolic trajectory
are demonstrated. For the first case, the straight line can be
expressed as the parameter functions of z, [f{z) =0, g(z) =0, z].
Next, a function L(z) is introduced to describe the vortex TC
at different distances with L(z) = {- 1, z < z; 1, z > 27}, where
zr =50 um is the transmutation point of the TC inversion. The
initial phase distribution is obtained by substituting the param-
eter functions of caustic curve f{z) and g(z) into Equation (2)
to calculate the function Q(x, y) and then adding the vortex
phase structure exp[iL(z)@] to kQ. The total geometric phase
profile on the input plane encoded in the metasurface is

Pgeom (%, ¥) =kQ (%0, y0)+ L[2(%0, yo)|arctan(yo /%) (4)

where the wavenumber is k = 27r/A4 and the function z(xy, yo) is
deduced from the circle function (xy — %)% + (Yo — yJ)? = R(z)%.
For the vortex beam propagates along the straight line,
f=g=f=g=0,sothatx. =f—2f =0and y.=g—2¢ = 0.
As the radius function R(z) is chosen to be R(z) = z/3, the
corresponding circle function is xf+y;=2%9 and thus
z=3,/x; +ys. On substituting these results into Equation (2),
the function Q(xo,yo)=—+/(%s+y5)/3 is obtained. At the
wavelength A = 0.633 um, the wavenumber k = 9.9, so that
the total geometric phase could be derived by employing
Equation (4)

Peom =—3.34/(x0 +75) + L(2) arctan(y, /x,) (5)

with z=34/x5 +ys, as displayed in Figure 2c. Finally, the meta-
surface is formed by rotating the nanoslit antenna within each
unit cell with the orientation angle 6(xy, y,) determined by half of
the transmitted geometric phase shift as 6(xq,yo) = @geom (*o> Yo)/2-
The SEM image of the fabricated metasurface structure is shown
in Figure 2d, corresponding to the central area of the phase
distribution in Figure 2c.

2.2. TC Inversion of Optical Vortex Beam

The TC inversion process of optical vortex from —1 to +1 is first
simulated using the Fresnel-Kirchhoff integral. Figure 3a,b
displays the evolution processes of the intensity distributions
and phase profiles at the propagation distance z = 30 um,
z =40 um, z = 50 um, z = 60 um, and z = 70 um, respectively.
At z = 30 um, the intensity distribution has a well-defined
Bessel-like pattern and its phase profile shows one vortex
structure with TC of —1 located at the center, with counter-
clockwise-increased helical phase. At z = 40 um, the Bessel-like
intensity pattern is deformed and the main lobe of ring-shaped
pattern is divided into two connected lobes. For the phase profile
at z =40 um, besides the central vortex structure, there are other
phase defects presenting near the central vortex. At z = 50 um,
it can be seen that the intensity pattern completely becomes
two nonconnected lobes, and the central vortex structure in the
phase profile completely vanishes, indicating the transmutation
point z of the TC inversion process. At z = 60 um, the inten-
sity pattern resumes the shape of two connected lobes, which is
similar to the pattern at z = 40 um, but the phase profile shows
a central vortex structure with the clockwise-increased helical

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

z=50 pm

www.advopticalmat.de
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Figure 3. a) Simulated cross-sectional intensity distributions and b) the corresponding phase profiles for the TC inversion process at the propagation
distances of z=30 um, z =40 um, z= 50 um, z= 60 um, and z = 70 um. c) Measured intensity distributions at the wavelength of 633 nm at different
propagation distances. d) Measured interferometry patterns of TC inversion beam interfered with a spherical wave, and the white arrow indicates the

phase discontinuous cut line.

phase. Also some phase defects present near the central vortex.
At z = 70 um, the intensity pattern is completely changed into
the regular Bessel-like ring-shaped pattern again and its phase
profile shows the vortex structure with TC of +1 at the center.

The TC inversion evolution process from —1 to +1 is then
observed from the fabricated metasurface at the wavelength of
633 nm. Figure 3c shows the measured intensity distributions
at different propagation distances, and Figure 3d plots the
corresponding interferometry patterns interfered with a spher-
ical wave. It is shown that the evolution process of the intensity
patterns is coincident with the simulated results, including the
regular Bessel-like ring-shaped pattern, two connected lobes,
and two nonconnected lobes at different propagation distances.
At z = 30 um and z = 70 um, the interference fringes show
well-defined spirals with counterclockwise rotation at z = 30 pm
and clockwise rotation at z = 70 um, suggesting the optical
vortices with the inversed TCs from -1 to +1. At z = 40 um, a
phase discontinuous cut line containing a vortex chain with alter-
nating charge of +1 and —1 is presented along one radial direc-
tion, which shows the TC has a fractional value between —1 and
0. While at z = 60 um, a phase edge dislocation appears again
along one radial direction, showing the TC with a fractional
value between 0 and +1. At z = 50 um, the interferometry ring
structures are continuous without any spiral structure, giving
the TC of 0.

It should be emphasized that in our approach the beam
propagates completely in free space, thus this TC inversion
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process does not involve any wave front dislocation induced
by external discontinuities. Therefore, according to the
angular momentum conservation law, the OAM should keep
invariant.') However, the TC inversion beam is not a pure
Laguerre-Gaussian mode with the defined OAM state, so here
we decompose the beam into the superposition of Laguerre—
Gaussian modes carrying different TCs, as shown in Figure 4.
In this figure, the mode weight is calculated by the formula:
cm = (MF(r, @)= H F(r,p)exp(—im@)rdrde, where F(r, ¢)
represents the field distributions and |m) = exp (img) is the
eigenfunction of the angular momentum operator —id/d¢.>%
The left figure in Figure 4 plots the total OAM mode distribu-
tion, showing that the mode distribution for this TC inversion
beam is mainly contributed by the |l = — 1) and |l = + 1) states.
The total OAM mode distribution is conserved at different
propagation distances, so the TC inversion process does not
conflict with the OAM conservation law. Although the total
OAM is kept invariant, the OAM mode density is dynamically
redistributed across the beam during its evolution. In Figure 4,
the dynamic OAM mode redistributions between the cen-
tral area of r < 10 um (top row) and the surrounding area of
r> 10 um (bottom row) of the beam are plotted. In the inner
zone, at z = 30 um the OAM is mainly constituted by |l = -1)
state, and at z = 40 um the weight of |l = +1) state increases but
is still smaller than |l = —1) state. At the transmutation point
zp = 50 pm, the weight of |l = —1) state and |l = +1) state have
almost the same value in the central area. At z = 60 um, the
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Figure 4. The calculated OAM mode distributions of the TC inversion beam at different propagation distances. The left figure is the total OAM mode
and the top row and bottom row in the right figure represent the dynamic OAM mode redistributions within the central area of r < 10 um and the

surrounding area of r > 10 um of the beam.

weight of |l = +1)state increases and is larger than the weight
of |l = —1) state, and finally at z = 70 um the OAM is mainly
constituted by |l = +1) state in the central area. During the evo-
lution of TC inversion from |l = 1) to | = +1), the OAM mode
in the central area changes from |l = —1) state to || = +1) state,
and at the transmutation point these two states have the same
weight. The OAM states in the outer zone also change accord-
ingly to keep the total OAM across the beam conversed. This
dynamic redistribution of OAM mode density will benefit many
applications based on OAM states such as quantum informa-
tion processing and data communication. In order to minimize
the side effects in practical applications, the generated TC
inversion beam can be further spatially filtered by a pinhole,
or directly coupled into a single-mode optical fiber or a specific
air-core fiber with diameter of several micrometers.l>>2

The broadband response of the metasurface is also demon-
strated. Figure 5 shows the measured intensity distributions
of TC inversion beam at the wavelength of 808 and 988 nm at
different propagation distances. As the wavelength changes,
the corresponding transmutation point is varied according
to the relationship zr(4;) = zr(A4))-Ay/A;, which is derived
from the change of Fresnel propagation phase in Equation (1),
so the transmutation point for 808 and 988 nm is around
60 and 80 um, respectively. It is shown that the measured

()

A =808nm

(b) z=60pm 7=

A=988nm
pm

evolution processes of TC inversion at 808 and 988 nm are
almost the same as that at 633 nm, indicating the broadband
operation capabilities of the metasurface.

2.3. TC Inversion of Self-Accelerating Vortex Beam

The TC inversion of self-accelerating optical vortex beam propa-
gating along the parabolic trajectory is further demonstrated.
For the parabolic trajectory, the parameter function of para-
bolic curve is [f(z = 22/900, g(z) = 0, z], and the TC function
is chosen as L(z) = {-1, z £ z +1, z > z7}, where z1 = 100 pm.
In this case, f = z/450, g =0, x.=f-zf =-2%/900, and y. = 0.
The corresponding circle function is (x, +2° /900)* +y5 = 2* /17,
so that z=,/(x,+2"/900)* +y; . According to the integration of

Equation (2), the function Q(xy,y) is expressed as

12 ) e (/900 x0) + (g =)’
Q(x"’y")_zjo{[ztso] 17}d§ 22

=(2’/35735-2)/34 -

(6)
[(2% /900 — x,)* +y0*]/22

At the wavelength A = 0.633 um, the wavenumber k = 9.9, so
that the total geometric phase is derived from Equation (4) as

=80 pm

o

=80 pm =90 pm =100 pm

Figure 5. Measured intensity distributions at different propagation distances at the wavelength of a) 808 nm and b) 988 nm at different propagation distances.
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Figure 6. a) The phase profile used to generate the self-accelerating TC inversion beam propagating along the parabolic trajectory. The yellow dashed
line divides the phase plane into inner zone with TC of —1 and outer zone with TC of +1. b) Measured intensity distribution in the x—z plane to
demonstrate the evolution process of the self-accelerating TC inversion beam. ¢) Measured transverse intensity profiles and d) interferometry patterns
at four different propagation distances (p1, p2, p3, and p4) marked by the white dotted lines in (b).

Ogeom = 0.3(2° /35735—2) —
+ L(z)arctan(y, /%)

with z =/(x, + 2% /900)’ +y; . Figure 6a shows the corresponding

phase profile for the TC inversion beam with parabolic trajec-
tory, and the yellow dashed circle in the figure divides the inner
zone {(Xo,Yo)|z(%o0.yo) < zr} and the outer zone {(xy,y0)|2(X0,Yo)
> z1}, and the inner zone has TC of —1 and the outer zone has
TC of +1.

To demonstrate the evolution process of self-accelerating
TC inversion beam, the intensity distributions at the propaga-
tion distances from z = 0 um to z = 200 um at the interval
of 5 um are captured at the wavelength of 633 nm for assem-
bling the intensity distribution along the beam propagation
in the x—z plane, as plotted in Figure 6b. It is shown that the
generated self-accelerating vortex beam follows the prede-
signed parabolic trajectory and exhibits the diffraction-free
behaviors. Unlike the traditional self-accelerating beam with
only one main lobe along the predesigned trajectory,*>->°!
this self-accelerating vortex beam has the doughnut-like
vortex core moving along the trajectory. Figure 6¢ is the
transverse intensity profiles at four different propagation
distances of z = 30 pm (p1), z = 60 pm (p2), z = 140 pm (p3),
and z = 170 um (p4) for the self-acceleration TC inversion

5[(2Z /900 — xo)2 + y(,z]/z
(7)
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beam with parabolic trajectory. The vortex fields at the posi-
tions of pl and p2 with z < 100 um have TCs of -1, while
the vortex fields at p3 and p4 with z > 100 um have TCs of
+1. Tt is clearly seen that the intensity profile has a Bessel-like
pattern at each position and the vortex core moves from left to
right. Figure 6d shows the corresponding interferometry pat-
terns with the plane wave, where the interference fork fringes
have downward orientation at the positions of pl and p2 and
upward orientation at the positions of p3 and p4, indicating
the vortex beams have the inversed TCs from —1 at z < 100 um
to +1 at z > 100 um. Furthermore, it should be pointed out
that since the self-accelerating beam propagates completely in
free space and the TC inversion process does not involve any
wavefront dislocation induced by external discontinuities, the
OAM for the self-accelerating vortex beam is also conserved.

3. Conclusion

In summary, the TC inversion of optical vortex beam from
|l = —1) state to |l = +1) state in free space has been demon-
strated along arbitrary beam trajectory by using the plasmonic
geometric metasurfaces made of nanoslit antenna arrays
with the initial phase profiles designed from the principle of
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caustic surface. The detailed TC inversion evolution process is
observed with the predefined transmutation point where the
vortex structure vanishes. The dynamic redistribution of OAM
mode density between the central area of r < 10 um and the
surrounding area of r > 10 um of the beam is also analyzed
according to the simulated OAM mode distributions, with
the conserved total OAM across the beam. The TC inversion
of self-accelerating vortex beam along the parabolic trajectory
is further demonstrated. Such demonstrated TC inversion
beams will be useful for a wide range of applications with more
complex functionality and performance, especially in optical
trapping and manipulation, optical sensing, quantum informa-
tion and computation, and data communication. For example,
these beams can introduce space-dependent optical torques,
which is highly advantageous for optical manipulation in
sorting and selecting particles and biomolecules. Such beams
could also provide the possibility of creating the entanglement
of varying quantum numbers along curved paths for quantum
information processing and quantum computation.

4. Experimental Section

Numerical Simulations: The simulations shown in Figure 1 were
conducted by using the finite-integration time-domain solver of the
CST Microwave Studio software. In the simulation, periodic boundary
conditions were employed along both x and y-directions in the unit cell.
The permittivity of gold was taken from spectroscopic ellipsometry data
fitted with a general oscillator model, and the refractive index of glass
substrate was 1.45. The evolution process of TC inversion beam shown
in Figure 3a,b was calculated by using the Fresnel-Kirchhoff diffraction
integral

— ’ ikr
lP(XerZ):%HT(XOJO)[w]erS (8)
N

where W(xo, yo) is the complex amplitude distribution located at
the z = 0 plane with surface area S and normal direction n; t' is the
vector between the source point and a point in the z = 0 plane, r is
the vector between the point in z = 0 plane and a point in the plane at
the propagation distance z, and k = 2m/A is the wavevector. Since the
Laguerre—Gaussian modes formed a complete Hilbert set, the OAM
mode distributions of the TC inversion beam shown in Figure 4 were
calculated by using the inner product between the vortex beam field and
the Laguerre-Gaussian modes in Hilbert space.

Sample Fabrication: A 50 nm thick gold film was deposited on a
glass substrate using electron-beam evaporation. Then the designed
antenna arrays were milled in the gold film using FIB system (FEI Helios
Nanolab 600, 30 kV, 9.7 pA). Two metasurface samples were fabricated
to generate TC inversion beams. The metasurface sample to generate
TC inversion beam along the straight line contained 150 x 150 unit
cells, and the sample to generate self-accelerating TC inversion beam
propagating along the parabolic trajectory contained 300 x 300 unit
cells. Each unit cell contained a milled subwavelength nanoslit with size
of 200 nm x 60 nm at a specified orientation angle. According to the
designed geometric phase profiles, the orientation angle for the nanoslit
antenna in each unit cell was determined and used in the FIB fabrication
of metasurface sample.

Optical Characterization: The transmission spectra through the
metasurface sample under circular polarization basis shown in
Figure 1d were measured with a collimated broadband Tungsten-
Halogen source, where a combination of a linear polarizer and an
achromatic quarter-wave plate was used to convert the incident light
to circularly polarized wave. The light beam was focused normally onto
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the sample using a 50x objective lens and the transmitted light was
collected by another 10x objective lens to a spectrometer (Horiba,
iHR 550). A transparent glass substrate was utilized to normalize the
transmission spectra. Since the metasurface sample operated in a broad
wavelength range from 600 to 1000 nm, three diode lasers operating at
different wavelengths of 633, 808, and 988 nm were employed in the
experiments. The intensity profiles and the interferometry patterns of TC
inversion beams were captured by a microscope imaging system with
a 20X objective lens, a 0.5X tube lens, and a CCD camera placed on a
translation stage.
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