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Abstract A nanoslit-arrayed plasmonic lens that can generate
plasmonic vortex with linearly polarized light is theoretically
and numerically studied. The topological charge (TC) of gen-
erated plasmonic vortex is the sum of the geometrical charge
of the proposed plasmonic lens and additional angular mo-
mentum of +£1. The plasmonic vortex is determined by the
pitch of the plasmonic lens, the nanoslit rotation directions,
as well as the polarization direction of the incident light.
Combination of the geometry parameters of the plasmonic
lens and the polarization direction of linearly polarized inci-
dent light, plasmonic vortexes with arbitrary TC are flexibly
generated. Moreover, by cutting the continuous nanoslit ar-
rays into segments, highly ordered plasmonic vortexes are
realized with small plasmonic lens size. Comparisons with
two slit plasmonic lenses are also presented to demonstrate
the unique properties of the proposed plasmonic lens in plas-
monic vortex generation.

Keywords Surface plasmon polaritons - Plasmonic lens -
Plasmonic vortex

Introduction

Surface plasmon polaritons (SPP) are surface electromagnetic
waves coupled with collective oscillation of electrons at
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metal-dielectric interfaces [1]. The unique properties of SPP
such as field localization and enhancement make them have a
broad range of applications from sensing, lithography, and
photovoltaic devices to integrated optical devices [2-5]. In
recent years, the SPP-based plasmonic vortex has attracted
much research interest [6—14], which is a near-field pattern
having a Bessel function distribution with a spiral phase dis-
tribution at the interface of metal and dielectric. The plasmon-
ic vortex has various applications such as optical tweezers,
light focusing, and ultra-thin optical vortex plates [14—-17].
Various plasmonic geometries have been presented to gener-
ate plasmonic vortex, such as plasmonic rings [18, 19], plas-
monic Archimedes spiral [20, 21], chiral plasmonic slits [7,
10, 22] , and nanoslit-arrayed plasmonic lenses [16, 23, 24].
However, the excitation of SPP is highly sensitive to the po-
larization state of incident light. Usually, only the component
of incident light that is polarized perpendicularly to the metal-
lic ridges or slits can be coupled into SPP [25]. To excite
plasmonic vortex, radially polarized beam and vortex beam
with spin and orbital angular momentums are utilized [7, 10,
18, 22]. Nevertheless, it is of less practicality because the
preparation of radially polarized beam or vortex beam typical-
ly requires a complicated setup and the center of the beam and
the plasmonic lens must coincide. Moreover, circularly polar-
ized light with spin angular moment of 1 are utilized to
generate plasmonic vortex [7, 9, 10, 20]. However, due to
the SPP polarization sensitivity, it is difficult to generate plas-
monic vortex with linearly polarized light.

In this paper, we propose a nanoslit-arrayed plasmonic lens
that can generate arbitrarily ordered plasmonic vortex with
linearly polarized incident light. The principle and the plas-
monic vortex generation properties are theoretically and nu-
merically analyzed. The overall effects of the geometric pa-
rameters and the polarization state of incident light on plas-
monic vortex generation are studied. By cutting the
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continuous nanoslit arrays into segments, highly ordered plas-
monic vortexes are realized with a small plasmonic lens size.
Moreover, for comparison, two conventional plasmonic
lenses with linearly polarized incident light are numerically
simulated.

Structure and Theoretical Analysis

The proposed plasmonic lens is schematically shown in Fig. 1.
Two arrays of nanoslits are etched in a thin gold film on a SiO,
substrate. The plasmonic lens is illuminated by a plane wave
from the bottom of the SiO, substrate with normal incidence.
The SPP launched at the air/gold interface is supposed to
generate plasmon vortex at the center of the plasmonic lens
with linearly polarized incident light. The top view of the
plasmonic lens is shown in Fig. 1b. The two arrays of
nanoslits are bent to Archimedes curves. The inner curve is
described as follows:

I”ZI”()—FI/I/\SPP% (1)
where rg is the minimum radius of the curve and Agpp is the
SPP wavelength. The maximum radius of the curve is r(+
nAspp. Positive and negative n values denote a right-handed
and a left-handed spiral, respectively. The distance between
the two nanoslit arrays is D. The nanoslits in the inner and
outer arrays are oriented at angles « and g+ 90° with re-
spect to the x axis, respectively. The distances between adja-
cent nanoslits along the Archimedes curves in the same array
are nearly the same and labeled as S. The two arrays of
nanoslits are offset by S/2 along the Archimedes curves to
reduce near-field coupling and scattering of the SPP by neigh-
boring nanoslits [25].

Here, we define a local u - v coordinate system as shown in
Fig. 1b. The origin is at the center of a nanoslit on top of the
gold film. The u and v axes are parallel and perpendicular to
the longer edge of the inner nanoslit, respectively. For a line-
arly polarized light with polarization angle ¢/ with respect to

Fig. 1 a A 3D illustration of the a
proposed plasmonic lens, which
consists of two arrays of nanoslits
etched in a thin gold film on a
SiO; substrate. b Top view of the
proposed plasmonic lens
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the x axis, the polarization state can be expressed as the com-
bination of two orthogonally and linearly polarized polariza-
tions as follows:

FY/J = Eg cosipx + Ey sinyy = Eq cos(v) — )it
+ Eo sin(y) — o)V (2)

When the size of the nanoslits is considerably smaller than
the wavelength of incident light, the nanoslits serve as SPP
point sources. Moreover, when the nanoslits are narrow
enough, only the component of the incident light that is po-
larized perpendicularly to the longer edge of the nanoslits can
be coupled into SPP. Assuming the structure is large enough
and the nanoslits are arrayed closely, the coupled SPP near the
inner nanoslit array is proximately given by the following
[26]:
f)gpp = Ey sin(yh— ) Ce ™ cos(¢ + ag)z

+Eg cos(1h— ap) Ce = cos(¢p + ag + 7/2) - exp(ikspp D)z
(3)
where C is the coupling coefficient, kspp is the wave vector of
SPP, and &, = (k3pp—kj) /2 is the wave vector along z axis.
Neglecting the propagation loss of SPP and setting D = Agpp/
4, we get the following:

0

1 .
E gpp = F—= EgCe Fiet 00z (4)

V2

where the minus and plus signs correspond to 1) = g —45°
and 1) = +45°, respectively. For linearly polarized light,
the angular momentum is zero. However, with the proposed
plasmonic lens, the coupled SPP near the inner nanoslit array
has a phase term of ¢ along the azimuthal direction in
Eq. (4), which means that an additional angular momentum
of +1 is generated.

The SPP excitations near the inner nanoslit array could act
as secondary sources. By integrating the secondary sources
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along the inner curve, the electric field at a point (R, €) near the
center of the structure can be calculated as follows [20, 22]:

» 2T

— —Y ik Rep—re,
Espp (R,H) = ESPPe < >Vd¢ (5)
0

27 1 — ( . >

—a _ - o ik, | Rgpre,

— / +Z—E0Ce k;zeimoeiwe R }"d(;b
o V2

Neglecting the propagation loss of SPP and using
%, = —kspp @, we have the following:

27
— 1 P I U
Espp(R,0) = F2—=E(Ce k"‘ei’“[‘/ @10 ikser cos(0-0) ikseery gy
0

V2

= ?2\/§7rE0 Ceﬁkizroei(ks""r"iao)ei(nil)anil (ksppR)
(6)

and the intensity distribution inside the plasmonic lens is as
follows:

I(R,0) = 2w [0C?e 13| J it (ksppR) (7)

where the Archimedes curve equation given in Eq. (1) is used
and the structure is assumed to be large enough with respect to
Aspp so that its size can be approximated with rq. J,, .. is the
(n %+ 1)th Bessel function of the first kind, and the order n £ 1
denotes the topological charge (TC) of the generated plasmon-
ic vortex field. The TC of the generated plasmonic vortex is
the geometrical charge of the plasmonic lens 7 add or minus 1,
corresponding to the polarization angle 1) = ay—45° or
1= oy +45°, respectively.

Simulation Results and Discussion

To check the theoretical analysis, simulations using finite ele-
ment software COMSOL Multiphysics are performed. In the
simulations, the refractive index of gold is taken from refer-
ence [27] and that of SiO; is 1.45. The incident wavelength A
is 800 nm. The SPP wavelength A, is 782 nm. The thickness
of the gold film is 200 nm. The distance between the adjacent
nanoslits is § = 400 nm. The distance between the two
Archimedes curves is D = Agpp/4 = 195.5 nm. The size of all
nanoslits is 250 nm x 60 nm. The calculation region is a cyl-
inder with diameter of 12\ and height of 4. The bottom
surface is incident boundary and set with scattering boundary
condition. The top surface is set with perfectly matched layer
adsorbing boundary condition, and the remaining surfaces are
set with scattering boundary condition. Non-uniform mesh
with maximum cell size of 10 nm for the nanoslit region and
that of \/12 at the air/gold interface is applied to guarantee the
simulation accuracy.

The simulated results are shown in Fig. 2. The
nanoslits in the inner and outer arrays are oriented at
angles 45° and 135° with respect to the x axis, respec-
tively (ap=45°). According to the theoretical analysis,
plasmonic vortex field with TC of n+1 can be gener-
ated for 0° and 90° linearly polarized incident light,
respectively. The first and second rows of Fig. 2 show
the intensity |EZ|2 distributions at the gold film top sur-
face (z=0 plane) for »=0° and 90° linearly polarized
incident light, respectively. The third and fourth rows of
Fig. 2 are the E, phase distributions at z=0 plane which
correspond to the first and second rows of Fig. 2, re-
spectively. From the left to the right columns, the pitch
of the plasmonic lens varies from —Agpp to 2Agpp With
an increment of Agpp (n varies from —1 to 2). As ex-
pected, plasmonic vortexes are successfully generated.
The TC of the generated plasmonic vortex is confirmed
by comparing the primary ring size and the phase var-
iation along the azimuthal direction in the center of the
plasmonic lens [9, 22]. The TCs of generated plasmonic
vortexes for ¢ =0° linear polarization incidence are 0 to
+3, while those for »=90° linear polarization incidence
are —2 to +1. The simulation results agree well with the
theoretical analysis. When the TC of the plasmonic vor-
tex is 0, the field near the center of the plasmonic lens
is centrally symmetric with a bright spot at the origin,
as shown in Fig. 2a, g. The phase distributions are
patterned with concentric circles, as shown in Fig. 2i,
0. The full width at half maximum of the focal spot is
about 280 nm (~0.35)\). When the TC of the plasmonic
vortex is not zero, the intensity distributions are also
centrally symmetric but with dark centers, as shown in
Fig. 2b—f, h. The size of the dark center increases with
the TC of the plasmonic vortex. The phase distributions
near the center of the plasmonic lens vary the TC times
of 27w along the azimuthal direction, as shown in
Fig. 2j—n, p. The rotation directions of the phase distri-
butions near the center of the plasmonic lens are clock-
wise and anticlockwise which correspond to the positive
and negative TC.

Moreover, the plasmonic vortex also depends on the
orientation direction of the nanoslits. Figure 3a shows
the intensity |EZ|2 distribution at z=0 plane with n=1
and ¥ =0° linear polarization incidence, but the orienta-
tion of all nanoslits is altered by 90° with respect to those
in Fig. 2c. In other words, the nanoslits in the inner and
outer arrays are oriented at angles 135° and 45° with
respect to the x axis, respectively (ag=135°). Compared
with the intensity and phase distributions shown in
Fig. 2c, k, it is found that the TC of generated plasmonic
vortex changes from +2 to 0. Such phenomenon can be
easily explained by changing a from 45° to 135°, and the
minus and plus signs in Eq. (4) is reversed for the same
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Fig.2a-h Simulated intensity |£,|* distributions at z = 0 plane forn= — 1
to 2 with ¢ =0° and 90° linear polarization incidence. i—p Simulated E,
filed phase distributions at z = 0 plane correspond to (a—h). The angle oy

linearly polarized incident light. Further changing the ro-
tating direction of the Archimedes curves, as shown in
Fig. 3b, f, the plasmonic vortex returns to +2 ordered. In
addition, the intensity distributions for ay=0° are shown
in Fig. 3c, d. When the incident light is 45° and 135°
linearly polarized, the TCs of generated plasmonic vortex
are 0 and +2, respectively. The E, phase distributions at
z=0 plane which correspond to Fig. 3a—d are shown in
Fig. 3e-h, respectively.

To make the plasmonic lens have comparable size, the
minimum radiuses 7y for n= —1 to 2 in Fig. 2 are set to
be 5Aspp, 4Aspp, 4Aspp, and 3Agpp, respectively. For
higher-ordered plasmonic vortex, the pitch of the plas-
monic lens needs to be increased; thus, the size of the
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is 45°. The arrows in this figure and the figures below indicate the
polarization directions of the incident light

plasmonic lens must be increased. A better solution for
generating higher-ordered plasmonic vortex is to cut the
continuous Archimedes curves into segments, which can
be described as follows:

nAspp

r=ro+ mod (me, 2m) (8)
where m is an integer that denotes the number of the
segments and mod(m¢, 27) represents the remainder of
the division of m¢ by 27. The integrating result of
Eq. (6) could be as follows [22]:

E'sep(R,0) = T2/ 2rEgCe *pgellhsrmrozan) glmxns0 g (kspoR)
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Fig.3 a Intensity distribution at z = 0 plane with n = 1 and v = 0° linearly
polarized incident light, where the orientation of all nanoslits is altered by
90° with respect to those in Fig. 2¢. b Intensity distribution when further
changing the rotating direction of the Archimedes curves. ¢—d Intensity

The TC of generated plasmonic vortex is m x n+ 1. By
combination the geometric parameters m and #n, plasmonic
vortex with high TC could be generated with small plas-
monic lens size. The simulated results for m =2 and 3 are
typically shown in Fig. 4. The nanoslits in the inner and
outer arrays are oriented at angles 45° and 135° with
respect to the x axis, respectively (cg=45°). The first
row of Fig. 4 shows the intensity |E.|* distributions at
z=0 plane with (m, n) = (2, 1) and (3, 2) for 90° and 0°

a m=2, n=1 b m=2, n=1

0

T
r
0 0
8
y |
] 0 | n

x (um)

h

y (um)

0 |
X (um)

distributions for «g=0° with 45° (¢) and 135° (d) linearly polarized
incident light, respectively. e-h E, phase distributions correspond to (a—
d), respectively

linear polarization incidence, respectively. The corre-
sponding phase distributions are shown in Fig. 4e—h. In
order to better illustrate the TC of generated plasmonic
vortex, the centers are blocked with solid circles in the
phase maps [22]. The TC of the generated plasmonic vor-
tex is 1 to 7 with an increment of 2. The minimum radi-
uses for (m, n) = (2, 1) and (3, 2) are 4\gpp and 3Agpp,
respectively. The maximum radiuses for these two plas-
monic lens are both only 5Agpp.

m=3, n=2 d m=3, n=2

. y (um)

0.5

y (pm)

x (Hm)

0
x (um)
Fig. 4 a—d Intensity distributions at z = 0 plane with (m, n) = (2, 1) and (3, 2) for 90° and 0° linear polarization incidence, respectively. e-h E_ phase
distributions correspond to (a—d)

s

x (um)

X (1m)
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Fig. 5 a Simulated intensity

distributions at z =0 plane for a
circular plasmonic lens. The
radius of the ring is 4\gpp. b
Simulated intensity distribution
for an Archimedes spiral
plasmonic lens. The Archimedes
curve is 7 =4 \gpp + Agpp®/27.
Both of the nanoslit widths are
60 nm. Insets shows the phase
distributions. The incident light is
0° linearly polarized

0.5

Till now, we have shown that the proposed plasmonic
lens can generate plasmonic vortex with linearly polarized
incident light. The TC of the generated plasmonic vortex is
determined by the polarization state of incident light, the
geometric parameters n and m, which are the pitch of the
plasmonic lens in the units of Agpp and the number of
Archimedes curves segments, respectively, and the orienta-
tion angles of the nanoslits. Different combinations of the
geometry parameters and the polarization direction of the
linearly polarized incident light could flexibly generate
plasmonic vortex field with arbitrary TC. At last, the
unique properties of the proposed plasmonic lens in plas-
monic vortex generation can be clearer by comparing with
a circular slit plasmonic lens and an Archimedes spiral slit
plasmonic lens. The intensity distributions at z=0 plane for
these two plasmonic lenses with 0° linearly polarized inci-
dent light are shown in Fig. 5a, b, respectively. Because of
the geometric phase [6], the SPP interfere destructively at
the center of the circular slit plasmonic lens, leading to a
dark center, while SPP interfere constructively at the center
of the Archimedes spiral slit plasmonic lens, leading to a
bright spot at the center. For these two plasmonic lenses,
due to the SPP excitation polarization sensitivity, the inten-
sity distributions inside the plasmonic lenses are inhomoge-
neous along the azimuth direction and are proportional to
cos’¢p. Moreover, the E. field phase distributions at z=0
plane for these two plasmonic lenses are shown within
the insets of Fig. 5a, b, respectively. The phase distributions
are not linearly changing with the azimuthal angle. The
inhomogeneous intensity distributions and nonlinear phase
variation along the azimuthal direction indicate that these
two plasmonic lenses cannot generate plasmonic vortex
with linearly polarized incident light.

Conclusion

In conclusion, a plasmonic lens which consists of two
arrays of nanoslits bent to Archimedes curves and can
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generate plasmonic vortex with linearly polarized light
is theoretically and numerically investigated. With the
proposed plasmonic lens, additional angular momentum
of +1 is generated with linearly polarized incident light.
The TC of the generated plasmonic vortex by this plas-
monic lens is found to be the sum of the geometrical
charge and the additional angular momentum. It is
shown that the generated plasmonic vortex depends on
the pitch of the plasmonic lens, the nanoslit orientation
directions, and the polarization direction of incident
light. Combination of the geometry parameters and the
polarization direction of linearly polarized incident light
could flexibly generate plasmonic vortex with arbitrary
TC. Moreover, by cutting the continuous Archimedes
curves into segments, highly ordered plasmonic vortexes
are realized with a small plasmonic lens size. At last,
two slit plasmonic lenses illuminated with linearly po-
larized light are simulated to demonstrate the unique
superiority of the proposed plasmonic lens in plasmonic
vortex generation. The flexible method to generate plas-
monic vortex with the proposed plasmonic lens may
have potential applications in optical trapping, optical
data storage, nanoscale microscopy, and quantum
computing.
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