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Generation of Nondiffracting Vector Beams with Ring-Shaped
Plasmonic Metasurfaces

Yuchao Zhang, Xiaodong Yang,* and Jie Gao†

Department of Mechanical and Aerospace Engineering, Missouri University of Science and Technology,
Rolla, Missouri 65409, USA

 (Received 17 April 2019; revised manuscript received 7 June 2019; published 25 June 2019)

Nondiffracting Bessel, Mathieu, and Weber vector beams are generated by using ring-shaped plasmonic
geometric metasurfaces. The nondiffracting vector beam is produced by the superposition of two off-axis
right-handed and left-handed circularly polarized nondiffracting scalar beams described by the Whittaker
integral, which are simultaneously generated by a single metasurface with the ring-shaped phase profile.
The polarization states of the generated nondiffracting vector beams are analyzed by the Stokes param-
eters and the orbital angular momentum states are measured by the beam interference. In addition, the
selfhealing properties of nondiffracting vector beams are further demonstrated, showing that not only
the beam profiles but also the polarization states can be recovered behind the small opaque obstacle.
The demonstrated ring-shaped plasmonic metasurfaces provide a compact and efficient platform to pro-
duce complex nondiffracting vector beams and pave the way to many promising applications related to
spin and orbital angular momentum conversion, quantum information processing, optical manipulation,
and optical communication.

DOI: 10.1103/PhysRevApplied.11.064059

I. INTRODUCTION

Optical vector beams with space-variant polarization
states have drawn considerable interest in many areas due
to their unique properties such as tight focusing, spin and
orbital angular momentum, and strong longitudinal electric
field [1–5]. The applications of vector beams range from
optical tweezers to single molecule imaging, near-field
optics, and spin-obit transformation [6–14]. Recently, vec-
tor beams combined with nondiffracting properties show
the invariant transverse beam profiles and polarization
states along the beam propagation under ideal conditions
[15–19]. Based on the exact solution of Maxwell’s equa-
tions, three types of nondiffracting scalar beams, including
Bessel, Mathieu, and Weber beams, are obtained. The most
common nondiffracting vector beam is the radially and
azimuthally polarized Bessel vector beams, which have
been proven to be useful for applications for imaging
and metrology [13,14]. With selfhealing properties, it is
shown that nondiffracting scalar beams could reconstruct
the beam profiles after being obstructed [16,17], while for
the nondiffracting vector beams with space-variant polar-
ization states, it is essential to investigate the selfhealing
properties of both the beam profiles and polarization states.

Until now, the methods used to generate nondiffracting
vector beams are still limited by using the bulky spatial
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light modulator (SLM) together with the complicated 4-f
lens system and spatial filter for separating and combining
different spin components of the vector beam. In addition,
the material dispersion of SLM as well as the aberra-
tion and misalignment of optical elements greatly decrease
the system’s performance and limit the operational wave-
length range. Recently, plasmonic metasurfaces made
of nanoantenna arrays in metallic thin films have been
designed for tailoring the beam wavefront. By introducing
the geometric phase accompanied with polarization con-
version [20–25], metasurfaces have been widely used for
making integrated beam conversion devices such as opti-
cal vortex generators [26–29], flat lenses [30–35], compact
wave plates [36–39], and multiplexed holograms [40–44].

Here, the ring-shaped plasmonic geometric metasur-
faces are designed to produce the nondiffracting Bessel,
Mathieu, and Weber vector beams across a broadband
wavelength range between 500 and 1000 nm. Based on
subwavelength nanoslit antenna arrays fabricated on gold
films, the ring-shaped plasmonic metasurfaces with diam-
eters of 50 µm are able to generate the nondiffracting
vector beams in two separated channels by the superpo-
sition of off-axis right-handed and left-handed circularly
polarized nondiffracting scalar beams described by the
Whittaker integral. The polarization states of nondiffract-
ing vector beams are analyzed by the Stokes parame-
ters and the orbital angular momentum (OAM) states
are characterized by the beam interference. Furthermore,
the selfhealing properties of nondiffracting vector beams
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are demonstrated, given that both the beam profiles and
polarization states are reconstructed behind the small
opaque obstacle. The designed ring-shaped plasmonic
metasurfaces present a compact and effective platform for
the generation of complex nondiffracting vector beams
and enable a broad range of applications such as spin
and orbital angular momentum conversion, quantum
information processing, optical manipulation, and optical
communication.

II. DESIGN OF RING-SHAPED PLASMONIC
METASURFACE

The designed plasmonic metasurface consists of the
subwavelength nanoslit antennas with different orientation
angles etched in a gold film with a thickness of 50 nm on a
glass substrate, as shown in Fig. 1(a). The nanoslit antenna
has a period of 330 nm, and the width and length of each
nanoslit are 60 and 200 nm, respectively. The introduced
geometric phase from a nanoslit antenna is determined
by the orientation angle θ of the nanoslit. When a circu-
larly polarized beam is incident on the nanoslit antenna,
the transmitted beam will contain both the original spin
component with no phase shift and the converted spin com-
ponent with the induced geometric phase shift of 2θ . For
the right-handed circularly polarized (RCP) incidence, the
transmitted left-handed circularly polarized (LCP) compo-
nent has a phase shift of 2θ , while for the LCP incidence,
the transmitted RCP component has a reversed phase shift

(a) (b)

(c) (d)

FIG. 1. (a) Schematic of the nanoslit antenna unit cell. (b) Sim-
ulated electric field distributions of nanoslit antenna (1 nm above
the top metal surface) under different incident polarizations of
VLP, HLP, RCP, and LCP. (c) A SEM image of a homogeneous
nanoslit array. (d) Measured and simulated transmission spectra
under circular polarization basis.

of (−2θ ) [45,46]. The geometric phase of the nanoslit lies
in the two plasmonic resonant modes under vertical and
horizontal linear polarizations (VLP and HLP) having dif-
ferent phase retardations, which is similar to birefringent
materials such as liquid crystals [47]. The optical field dis-
tribution and the transmission spectrum of the metasurface
under circular polarization basis are simulated by employ-
ing the CST Studio Suite package, where the periodic
boundary conditions are used along the x and y directions
for the unit cell. The permittivity of gold is taken from
spectroscopic ellipsometry data, and the refractive index
of the glass substrate is 1.45. As shown in Fig. 1(b), the
electric field distributions of plasmonic resonant modes for
the nanoslit antenna are simulated at 1 nm above the top
metal surface under different incident polarizations. It is
observed that the electric field is mainly concentrated at
the upper and lower edges of the nanoslit under VLP, while
the electric field is concentrated at the left and right edges
of the nanoslit under HLP, so that there exists strong polar-
ization anisotropy for the nanoslit between VLP and HLP.
Since the circularly polarized optical modes are the super-
position of two linearly polarized modes under VLP and
HLP with a ±π /2 phase shift, the electric field distribu-
tions under RCP and LCP are mainly located at the edges
of the nanoslit, but show mirror symmetry with respect
to the vertical axis between them. The 50-nm-thick gold
film is deposited on the glass substrate using electron-
beam evaporation, then the nanoslit antenna arrays are
milled in the gold film using a focused ion beam sys-
tem (FEI Helios Nanolab 600, 30 kV, 9.7 pA). The SEM
image of the fabricated homogeneous array of the nanoslit
antenna is shown in Fig. 1(c). Figure 1(d) is the mea-
sured and simulated transmission spectra under circular
polarization basis for the original spin component (LCP,
green line) and the converted spin component (RCP, blue
line). The transmission efficiency of plasmonic metasur-
faces is relatively low due to the large Ohmic loss of
metal. However, the principle of Pancharatnam-Berry (PB)
geometric phase-based metasurfaces can be extended to
the dielectric metasurfaces made of silicon or titanium
oxide, which have very low absorption loss for manipu-
lating light with ultrahigh transmission efficiency and high
polarization conversion efficiency [23–25]. Furthermore,
recently developed liquid crystal micro-optical elements
based on the patterned birefringent liquid crystals can gen-
erate geometric phase profiles with very high efficiency
for beam shaping [48,49]. Compared with plasmonic and
dielectric metasurfaces fabricated by focused ion beam or
electron-beam lithography with high costs, the liquid crys-
tal micro-optical elements provide a competitive platform
for flat optics not only with high efficiency, but also with a
much lower cost.

Next, the geometric phase profiles encoded on the meta-
surfaces for generating the nondiffracting vector beams are
derived. It has been proven that the general nondiffracting
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scalar beam can be represented by the Whittaker integral
[15,50–52]

ψ(r, θ) = 1
kt

∫ π

−π
A(ϕ) exp[iktr cos(ϕ − θ)]dϕ. (1)

This is the inverse Fourier transform of the function
�(ρ,ϕ) = 4π2A(ϕ)δ(ρ − kt)/ktρ in cylindrical coordi-
nates, and the function A(ϕ) is the angular spectrum
of the field ψ(r, θ) defined on a ring of radius kt in
angular spectrum space. The function A(ϕ) determines
the type of nondiffracting scalar beam. For the Bessel
beam, A(ϕ) = exp(inϕ). For the Mathieu beam, A(ϕ) =
cem(ϕ; q)+ isem(ϕ; q), where cem(ϕ; q) and sem(ϕ; q) are
the even and odd angular Mathieu functions with order m
and ellipticity parameter q. For the Weber beam, A(ϕ) =
taniμ(ϕ/2)H(sin ϕ)/

√
sin ϕ, where H(·) is the Heaviside

function [18]. After getting the function for a nondiffract-
ing scalar beam, the form of the nondiffracting vector beam
in the transverse electric (TE) mode is generated from the
following process [15]

ETE(r, θ , z) =
√

2[ψ+(r, θ)e− − ψ−(r, θ)e+] exp(ikzz),

(2)

ψ±(r, θ) =
∫ π

−π
exp(±iϕ)A(ϕ) exp[iktr cos(ϕ − θ)]dϕ,

(3)

e± = (ex ± iey)/
√

2, (4)

where e± is the circular polarization basis, e+ represents
LCP, and e− represents RCP. The function ψ±(r, θ) in
Eq. (3) is calculated by ψ±(r, θ) = −i exp(±iθ)[∂/∂r ±
i(1/r)∂/∂θ ]ψ(r, θ), and by substituting Eq. (1) into this
equation, the function ψ±(r, θ) is obtained, which is
the inverse Fourier transform of the angular spectrum
exp(±iϕ)A(ϕ) on a ring of radius kt.

Consequently, the nondiffracting vector beams are gen-
erated by superimposing the LCP spin component and
the RCP spin component with different phase profiles on
the angular spectrum plane. The phase profile for LCP is
PL = arg[exp(+iϕ)A(ϕ)], while the phase profile for RCP
is PR = arg[exp(−iϕ)A(ϕ)]. Since the metasurface formed
by rotating the nanoslit antennas will generate geomet-
ric phase profiles of ϕgeom(x, y) and −ϕgeom(x, y) for the
LCP and RCP components, the geometric phase profiles
for the LCP and RCP components need to be designed
separately. In addition, in order to separate the converted
spin component with respect to the original spin compo-
nent, a linear phase gradient of 2πx/
(
 = 1.6 μm) is
imposed into the phase profile so that the converted spin
component will propagate off-axis with an deflection angle
of α = arctan(λ/
), where 
 is the period of the phase
gradient. The geometric phase for the converted LCP spin

component is PL + 2πx/
, while the geometric phase for
the converted RCP spin component is −(PR + 2πx/
).
Finally, the total geometric phase profile for producing
the nondiffracting vector beam is obtained by superim-
posing the geometric phase profiles of both the LCP and
RCP components and then calculating the argument of the
summation complex function [46,53]. By using such an
approach, the superimposed LCP and RCP components
are simultaneously produced with a single metasurface, as
shown in Fig. 2(a). The total geometric phase profile from
the superposition of the LCP and RCP components is then
expressed as

PL,R = arg[exp(±iϕ)A(ϕ)], (5)

Rring =
{

1 20 μm < r < 25 μm
0 else , (6)

ϕgeom(x, y) = Rring arg
{

exp
[

i
(

PL + 2πx



)]

+ exp
[

i
(

−PR − 2πx



)]}
, (7)

where Rring is a ring function to confine the phase profile
inside an annular ring since the integration of Eq. (1) to
generate the nondiffracting beam is limited to an annular

(a)

(b)

(c)

FIG. 2. (a) The converted off-axis RCP and LCP spin com-
ponents transmitted from the metasurface. (b) The process for
designing the total geometric phase profile encoded on the meta-
surface to produce the nondiffracting Mathieu vector beam. (c)
Phase profiles and SEM images for the nondiffracting Bessel,
Mathieu, and Weber vector beams.
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ring shape in the angular spectrum plane. The total geo-
metric phase shift ϕgeom(x, y) defined by Eq. (7) contains
two terms. For the RCP incidence, the first term with phase
gradient 2πx/
will deflect the converted LCP component
into the angle α = arctan(λ/
) with the phase profile PL,
while the second term with phase gradient −2πx/
 will
deflect the converted LCP component into the angle −α
with the phase profile −PR. For the RCP illumination, the
situation is reversed, so that the total converted beam con-
tains two channels at the deflection angles of α and −α.
When the input beam has linear polarization along the y
axis, which is the superposition of RCP and LCP incidence
as ey = (e+ − e−)/

√
2i, the transmitted beam is a super-

position of LCP and RCP components propagated along
the two deflection channels. For the channel at a deflection
angle of α, the geometric phase profile is exp(iPL)e− −
exp(iPR)e+, which matches Eqs. (2)–(4). For the channel
at a deflection angle of −α, the geometric phase profile is
exp(−iPR)e− − exp(−iPL)e+, which also generates a non-
diffracting vector beam, but the phase is inversed between
LCP and RCP components compared with the first chan-
nel. Here, only the first channel is selected in the following
experiment and analysis.

Figure 2(b) shows the process for designing the geomet-
ric phase profile encoded on the metasurface to generate
the nondiffracting Mathieu vector beam. First, the seventh-
order Mathieu function A(ϕ) = ce7(ϕ; q)+ ise7(ϕ, q) with
the ellipticity parameter q = 15 is selected. Then the phase
profiles for PL and PR are obtained by using Eq. (5), and the
linear phase gradients exp(i2πx/
) and exp(−i2πx/
)
are imposed to PL and PR, respectively. Finally, the total
geometric phase profile for generating the nondiffract-
ing Mathieu vector beam is obtained according to Eq.
(7). With the same process, the zero-order Bessel vec-
tor beam can be generated by setting A(ϕ) = 1, and the
fourth-order Weber vector beam is generated by setting
A(ϕ) = taniμ(ϕ/2)H(sin ϕ)/

√
sin ϕ with the parameter

μ = 4. Figure 2(c) lists the geometric phase profiles and
the corresponding SEM images of the fabricated ring-
shaped plasmonic metasurfaces for producing the non-
diffracting Bessel, Mathieu, and Weber vector beams in the
wavelength range from 500 to 1000 nm.

III. MEASUREMENT OF NONDIFFRACTING
VECTOR BEAMS

Figure 3 shows the schematic of the experimental setup.
The collimated optical beam from a laser diode at wave-
lengths of 532, 633, 808, or 988 nm is first transmitted
through a linear polarizer to create the linearly polarized
beam with y axis polarization, and then the input beam
is focused onto the metasurface by a 10× objective lens.
The converted nondiffracting vector beam splits into two
channels with deflection angles of α = 21◦ and −α =
−21◦, and only the first channel is measured. Another 10×

FIG. 3. Schematic of the experimental setup to measure the
nondiffracting vector beam.

objective lens for the Fourier transform is placed along
the deflection direction to obtain the nondiffracting vector
beam.

The generated nondiffracting Bessel, Mathieu, and
Weber vector beams shown in Fig. 4 are observed 10 cm
behind the Fourier transform lens. The first column plots
the intensity distributions of the three types of vector
beams without being analyzed by the linear polarizer,
and the second to fifth columns are the intensity distri-
butions analyzed with the linear polarizer with rotation
angles of 0◦, 45◦, 90◦, and 135◦. The first row shows the
transverse intensity distributions of the zero-order Bessel
vector beam, displaying the petal structures with a petal
number of two and the azimuthal polarization. It is easy
to prove that for the zero-order Bessel beam A(ϕ) = 1,
the explicit solutions for the zero-order Bessel vector
beam is ψ±(r, θ) = 2iπJ1(ktr) exp(±iθ) and ETE(r, θ) =
4πJ1(ktr)[−sin(θ)ex + cos(θ)ey], which represents an
azimuthally polarized beam. The second row gives the
transverse intensity profiles of the seventh-order Mathieu

FIG. 4. The intensity distributions without polarization ana-
lyzer (the first column) and the intensity distributions analyzed
with the linear polarizer with angles of 0◦, 45◦, 90◦, and 135◦ (the
second to fifth columns) for the generated nondiffracting Bessel,
Mathieu, and Weber vector beams 10 cm behind the Fourier
transform lens at 633 nm.

064059-4
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vector beam, showing the patterns of elliptic rings and the
petal structures with a petal number of two away from
the beam center. As the linear polarizer rotates, the petal
structure also rotates, which indicates the beam is nearly
azimuthally polarized away from the center. For the main
lobe near the beam center, the more complex polariza-
tion structure is observed and it also varies with the linear
polarizer. The third row plots the transverse intensity pro-
files of the fourth-order Weber vector beam, giving the
patterns of parabolic curves. With the linear polarizer at
rotation angles of 0° and 90°, the shapes of parabolic
curves are symmetric with the x axis, while at the rota-
tion angles of 45° and 135°, the shapes of parabolic curves
have nonsymmetric patterns.

Next, the polarization distributions of the nondiffracting
vector beams are measured by the Stokes parameters, as
shown in Fig. 5(a). The zero-order Bessel vector beam is
azimuthally polarized. The polarization distribution for the
seventh-order Mathieu vector beam is more complicated,
where the polarization state is nearly azimuthally polarized
for the zones away from the beam center, but the polar-
ization state is close to radially polarized near the beam
center. The fourth-order Weber vector beam has a similar
behavior as the Mathieu vector beam, with the polariza-
tion state close to azimuthally polarized away from the
beam center but radially polarized near the beam center.
In order to investigate the OAM states of the nondiffract-
ing vector beams, each generated beam is interfered with
a linearly polarized plane wave through a Mach–Zehnder
interferometer, and the interference patterns are shown in
Fig. 5(b). The OAM state is related to the vortex structure
in the beam, which can be observed as the fork structure
in the interference pattern. It is shown that no vortex struc-
ture exists for the zero-order Bessel vector beam. For the
seventh-order Mathieu vector beam, there are seven sepa-
rated vortices with unity topological charge present within
the main lobe of the beam (marked with white arrows). For
the fourth-order Weber vector beam, there are a series of
vortices distributed along the axis of symmetry and located
at the opening to the left of the parabolic curves (marked
with white arrows).

(a)

(b)

Bessel Mathieu Weber

FIG. 5. Polarization distributions (a) and interference patterns
(b) of the nondiffracting Bessel, Mathieu, and Weber vector
beams. The vortex structures are marked by the white arrows.

FIG. 6. The intensity distributions for the generated non-
diffracting Bessel, Mathieu, and Weber vector beams at different
wavelengths of 532, 633, 808, and 988 nm.

Furthermore, in Fig. 6, the broadband response of the
metasurface is demonstrated at four different wavelengths
of 532, 633, 808, and 988 nm. The polarization analysis of
the zero-order Bessel vector beam at different wavelengths
is presented in Fig. 7, which shows the same results as
previously measured at the wavelength of 633 nm. It is
shown that the ring-shaped plasmonic metasurfaces per-
form well for generating all three types of nondiffracting
vector beams across the wavelength range from 500 to
1000 nm, indicating the broadband operation capabilities
of the metasurface.

Finally, the selfhealing properties of the generated
nondiffracting vector beams are experimentally demon-
strated in Fig. 8. It is well known that the nondiffract-
ing scalar beam exhibits structure robustness against the
imposed perturbation and the beam profile will be recon-
structed along the propagation. Since the nondiffract-
ing vector beam is formed by the superimposition of
two nondiffracting scalar beams, it is expected that the

FIG. 7. The intensity distributions without the polarization ana-
lyzer (the first column) and the intensity distributions analyzed
with the linear polarizer with angles of 0◦, 45◦, 90◦, and 135◦
(the second to fifth columns) for the nondiffracting Bessel vector
beams at different wavelengths of 532, 633, 808, and 988 nm.
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(a)

(b)

(c)

(d)

(e)

(f)

FIG. 8. (a), (c), and (e) The selfhealing processes of the non-
diffracting Bessel, Mathieu, and Weber vector beams with inten-
sity profiles plotted at z = 4, z = 6, z = 8, and z = 10 cm. (b), (d),
and (f) The polarization analysis with the linear polarizer for the
reconstructed beams at z = 10 cm.

nondiffracting vector beam is able to reconstruct both the
beam profile and polarization state. A small opaque obsta-
cle is placed at the location of z = 4 cm to block a part of
the beam, and the beam profiles are captured at the prop-
agation distances of z = 6 cm, z = 8 cm, and z = 10 cm
to monitor the selfhealing properties. Figures 8(a), 8(c),
and 8(e) present the reconstruction processes of the Bessel,
Mathieu, and Weber vector beams, respectively. It can
be seen that the blocked parts of all three types of the
nondiffracting vector beams gradually recover themselves
with the increasing propagation distance. At z = 10 cm,
all the nondiffracting vector beams can completely recon-
struct the blocked parts. Figures 8(b), 8(d), and 8(f) are the
polarization analyses for the reconstructed beams located
at z = 10 cm. It shows that the polarization states of the
reconstructed beams have similar behaviors as those of
the unperturbed beams in Fig. 4. It is demonstrated that
the nondiffracting vector beams generated by the metasur-
faces have the special selfhealing propagation properties
where both the beam profiles and polarization states can
be recovered behind the obstruction.

IV. CONCLUSION

In summary, three types of nondiffracting vector beams
including Bessel, Mathieu, and Weber vector beams are
generated by using the ring-shaped plasmonic geometric

metasurfaces in a broadband wavelength range from 500
to 1000 nm. The nondiffracting vector beam is produced
by the superposition of two off-axis RCP and LCP non-
diffracting scalar beams described by the Whittaker inte-
gral. All three types of nondiffracting vector beams are
generated by the geometric phase profiles in the angular
spectrum plane encoded on the ring-shaped metasurfaces.
The polarization states and OAM states of the gener-
ated nondiffracting vector beams are also analyzed. The
selfhealing properties of nondiffracting vector beams are
further demonstrated, showing that not only the beam pro-
files but also the polarization states can be reconstructed
behind the obstruction. The produced nondiffracting vec-
tor beams with ring-shaped plasmonic metasurfaces will
advance many promising applications in spin-to-orbital
angular momentum conversion, quantum information pro-
cessing, particle manipulation and transportation, and opti-
cal communication.
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