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Abstract

We investigate the excitation of surface plasmon polaritons (SPPs) using a metallic nanoaperture array illuminated by circularly
polarized Laguerre-Gaussian (LG) vortex beams. The direction of SPP excitation is tunable by changing the circular polarization
and topological charge of LG beams. The left- or right-handed circular polarization determines SPP propagation on either side of
the nanoaperture array. Furthermore, varying the topological charge of LG beam will result in beam splitting of SPPs. We also
utilize a composite nanoaperture array with different periods to achieve unidirectional excitation of SPPs. The study provides an
interesting approach to control the excitation direction of SPPs and may find great applications in SPP generators and optical

switches.
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Introduction

Surface plasmon polaritons (SPPs) are excited due to the cou-
pling of incident light and collective oscillations of electrons
at the interface of metal and dielectric, the field of which can
be tightly confined and strongly enhanced on the metal surface
[1, 2]. SPPs have been investigated intensively in plasmonic
circuits [3], second harmonic generation [4-9], photolithogra-
phy [10, 11], photodetectors [12—14], and solar cells [15, 16].
Since the wavevector of SPPs is larger than that of incident
light in free space, they cannot be directly coupled to each
other. Traditional approaches to excite SPPs like the
Kretschmann prism [2] usually brings about bulk size of op-
tical elements. Subwavelength scatters [17, 18] may benefit to
developing compact SPP generators, but the excitation effi-
ciency is relatively low. Metallic subwavelength grating
[19-22] could be a proper candidate to reach both acceptable
element size and excitation efficiency.
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Exciting SPP efficiently in a well-defined direction evokes
many considerations in recent years. A diversity of optical
configurations such as metallic slits [23-29], ridges [30-32],
and nanoantennas [33-35] have been proposed to achieve
unidirectional excitation of SPPs. The metasurfaces have also
been employed to improve the efficiency of SPP excitation
[36, 37]. Apart from utilizing asymmetric structures and inci-
dent angles, the excitation direction is also tunable by chang-
ing the polarization of incident waves [38, 39]. Since polar-
ized incident waves possess certain spin angular momentum
(SAM), the SPP excitation can be contributed to the scheme of
spin-orbit coupling [40, 41]. On the other hand, the direction
of SPP excitation can also be manipulated by the orbital an-
gular momentum (OAM) [42], which is usually yielded by
using Laguerre-Gaussian (LG) vortex beam [43, 44].

In this work, we shall investigate the directional excitation
of SPPs on a metallic metasurface illuminated by circularly
polarized LG beams [45], which possess both SAM and
OAM. The metasurface is composed of a periodic
nanoaperture array on metal surface with each period of the
array constructed by perpendicularly oriented nanoapertures.
Since the SAM is associated with the polarization of incident
beam, it could determine the side direction of SPPs propagat-
ing on the metal surface. On the other hand, the OAM related
to the topological charge of the LG beam will arouse beam
splitting of SPPs on both sides of the array. The excitation
direction is governed by the matching condition of
wavevectors concerning the incident beam and SPPs together
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with the reciprocal lattice vector of the array. The reciprocal
lattice vector of the array can compensate the difference of
wavevectors between the incident beam and SPPs. By using
a composite array with different periods, the beam splitting
should be restrained and SPPs are excited in a single direction
on the metal surface. The direction and splitting angle of SPP
excitation will be discussed in detail. The study provides an
efficient approach to control the excitation direction of SPPs
and may find promising applications in nanoscale optical
sources and switches.

Structure and Principle

The structure used to excite SPPs is shown in Fig. 1a. The LG
beam with a phase factor exp.(if(p) is normally incident on the
gold film with a thickness of 200 nm, where ¢ stands for the
topological charge and ¢ is the azimuthal angle. A metallic
nanoaperture array (MNA) is supposed to be fabricated on the
film, which can couple LG beam to SPPs. The wavevector of
SPPs is given by

EdEm
€a+eEm

kspe = ko (1)
where kg =270/\ with A =632.8 nm being the incident wave-
length in air. €, denotes the relative permittivity of gold and
€4 = 1. The wavelength of SPPs is given by Agpp = 27t/kspp.
The width of the MNA is W=15 pum and the length L = 15 um.
In each period of the array, there are two columns of
nanoapertures with a distance @, which are oriented at angels
45° and 135° with respect to the x-axis, as shown in Fig. 1b.
Thus, the corresponding apertures in the two columns are
vertical to each other. The length and width of the
nanoapertures are given by /=200 nm and w = 40 nm, respec-
tively. The period of the MNA is denoted by p. It should be
mentioned that only the electric field components of the

Fig. 1 a Schematic of the directional plasmonic coupler that is able to
selectively control the emitting channels of SPPs. The red arrows indicate
the four alternative paths of the SPPs excitation. b Specific structural
details of the MNA. For the two apertures with perpendicular
orientation, the horizontal distance is ¢ and the vertical distance is D/2.
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incident light that are perpendicular to the apertures could
efficiently excite SPPs, as depicted with E; and E, in
Fig. 1b. For incident light with linear or circular polarization,
the electric field can be decomposed into two orthogonal com-
ponents E; and E,, as shown in the inset of Fig. 1. The phase
difference between E; and E, is + 7t for linear polarization
incidence. For circular polarization, the phase difference
should be + 7t/2. Furthermore, if the distance of two nearest
apertures d = A\gpp/4, the launched SPP from the left aperture
will acquire an additional phase of 71/2 when it propagates to
the right one. When the light with left-handed circular polar-
ization (LCP) impinges on the MNA, the excited SPPs will
experience constructive interference on the left side of the
array and destructive interference on the right. Consequently,
SPPs will be excited and propagate on the left side of metal
surface. As the light with right-handed circular polarization
(RCP) is incident, the SPPs will only couple to the right. For
linearly polarized light incidence, SPPs will propagate evenly
on both sides of the array since linear polarization can be
decomposed by LCP and RCP.

As the circularly polarized LG beam impinges on the
MNA, the direction of SPP excitation can be flexibly con-
trolled by the circular polarization and topological charge of
the beam. The amplitude of the LG beam is given by [44].

=\ 7 [%]me"p{wj(;w<w2<2z)>e"(l‘)"’)

ikor?z z
exp |—i(2p + |€| + 1)tan” ,
{ 22 ] XP{I @Cp+lt+1) (m)]

(2)

where w(z) = wo[ 1 + (z/zg)*]""? is the beam radius at distance z,
Wy is the beam waist, and zp is the Rayleigh range. The Gouy
phase is given by (2p + €] + 1)tan"' (z/z). The Laguerre poly-

29172 &

nomials LJD[' (x) = 1 since the radial nodes are equal to 0 in the

system. For a vortex LG beam with twisted phase distribution,
the positive and negative topological charges will lead to

D and p represent the periodic space of the aperture pairs in the y- and
x-coordinate directions, respectively. The field components E; and E, are
orthogonal. The inset in the center depicts decomposition of incident
electric field



Plasmonics (2020) 15:727-734

729

contrary rotation of phase and opposite directions of the OAM
in the x-y plane. The OAM of LG beam arouses in-plane
wavevectors koan along azimuthal directions, as shown in
Fig. 2a. k,~ky denote the effective in-plane wavevectors that
satisfy the wavevector matching conditions for £=1.
Correspondingly, k,~ky are effective in-plane wavevectors
for £=—1. The directions of koan are reversed for opposite
topological charges. The in-plane wavevector of LG beam
could be given by koan = {7/[27(€)], where 7({) is the effec-
tive radius of the LG beam with topological charge ¢. In the
cases of £ ==1,

2
r(f):% 1+(§> : ZR:WTM%' (3)

Fig. 2 a Schematic of the MNA
structure and in-plane
wavevectors associated with
OAMs of LG beams (red rings).
k,~k4 and k,~Kk 4 represent the in-
plane wavevectors for {=1 and
£=—1, respectively. b
Wavevector matching conditions
for exciting SPPs. kspp, G, and
koam denote the wavevectors of
SPPs, reciprocal lattice vector of
MNA, and in-plane wavevector
of LG beam, respectively. «v is the
splitting angle of excited SPPs on
each side of the MNA. There are
four possible directions of koam
that can satisfy the wavevector
matching condition, correspond-
ing to k,~k, for £=1 and k,~ky
for £=—1. ¢ Wavevector
matching condition for illumina-
tion of LG beam with LCP as £ =
1. d Wavevector matching condi-
tion for illumination of LG beam
with RCP as £=1

In order to excite SPPs, the wavevector matching condition
below has to be satisfied,

G + koam = kspp, (4)

where G =|G|=27/p is the reciprocal lattice vector of the
MNA. The amplitudes of G and kgpp are determined by the
array period and Eq. (1), respectively. When fixing the inci-
dent LG beam spot size and topological charge, the amplitude
of Koawm 1s also determined. Then, the directions of kgpp and
koam can be figured out by plotting two circles with radius
|kspp| and [koawm|, which are centered at the start and ending
points of vector G, respectively. The intersection points of the
two circles are the shared ending points of kgpp and Koam, as
shown in Fig. 2b. There are four solutions for Eq. (4), indicat-
ing four possible propagation directions of the excited SPP

(d)
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beams for a certain topological charge such as £ = 1 with linear
polarization. Since the direction of SPP excitation by MNA is
sensitive to the circular polarization of incident waves, the
SPPs should propagate on only one side of the MNA if the
LG beam is circularly polarized. Figure 2 ¢ and d show the
wavevector matching conditions and corresponding directions
of koan in LCP and RCP circumstances as £ = 1. For incident
light with LCP, k, and k;, can satisfy the wavevector matching
condition, while k. and k4 take effect for RCP incidence. As
the topological charge becomes negative, the wavevector
matching condition can still be satisfied. In this case, LG beam
offers in-plane wavevectors of the same directions in different
locations of beam spot that are symmetric to the former with
respect to the spot center. For larger topological charge, the
OAM-associated wavevector becomes larger accordingly.
The higher order reciprocal lattice vector may take part in
the wavevector matching. However, the SPP excitation effi-
ciency should become lower. In this regard, we only consider
the case |£| =1 in the present work.

Results and Discussions

To validate the above analysis, we perform numerical simula-
tions for SPP excitation and propagation by using finite-
difference time-domain (FDTD) method. First, we consider
a MNA structure consisting of five columns of nanoapertures.
The wavelength of incidence is A = 632.8 nm, and the corre-
sponding SPP wavelength Agpp =603 nm with the refractive
index of gold obtained from the experimental data [46]. The
period of the array p = 600 nm. The other parameters are given
by D =300 nm and d = 150 nm. The normally incident LG
beam is aligned to the center of the MNA. The beam width of
LG beam is supposed to cover more apertures to achieve
higher efficiency of SPP generation.

The numerical simulation results are shown in Fig. 3. For
incidence of linearly polarized LG beam with £ = 1, there are
four SPP beams (1~4) generated on the metal surface, as
shown in Fig. 3a. It should be mentioned that the amplitudes
of beams 1 and 4 are stronger than that of beams 2 and 3.
According to the wavevector matching condition depicted in
Fig. 2, the SPP beams 1~4 are generated with the aid of the in-
plane wavevectors koan = ka~ky, respectively. Note that k,
and k. are provided by the left half part of the LG beam spot
while ky, and kg by the right. The SPP beam 2 should suffer
more propagation loss than beam 1 since the former is initially
generated at the left side of the incident beam spot with the aid
of k. and propagates on the right. The SPP beam 3 is weaker
than 4 because it is generated at the right of the incident spot
and propagate along the left direction. When the topological
charge becomes negative, the in-plane wavevector changes to
opposite direction at every point. Thus, we can observe the
generated SPP beams 2, 3 are stronger than 1, 4 as shown in
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Fig. 3b. The lateral profiles of SPP field amplitudes show the
amplitude differences of the four SPP beams, as shown in
Fig. 3a and b. The amplitude of beam 1 or 4 is up to 40%
larger than that of beam 2 or 3 as £ = 1. The amplitude differ-
ences of beam 2, 3 and 1, 4 remain the same valueas { =— 1. It
should be mentioned that if the horizontal linear polarization is
rotated by 90°, the phase difference of E| and E, components
changes from 7t to 0. Neither will destructive interference of
SPPs happen on both sides of the MNA. The results for ver-
tical linear polarization are the same with that for horizontal
polarization in Fig. 3a and b.

Next, we change the polarization of LG beam to be circular.
For LG beam with LCP, the excited SPPs should propagate
along the left direction for both £=+ 1 and only beams 1, 3 are
generated, as shown in Fig. 3c and d. The results coincide with
our theoretical analysis. The SPP beam 1 is stronger than 3 for
¢ =1 and the result reverses for £{=— 1 since they are excited by
different parts of the LG beam spot. For LG beam with RCP, the
excited SPPs propagate along the right direction and only beams
2, 4 appear. The SPP beam 4 is stronger than 2 for £=1 and the
beam 2 becomes stronger for £ =— 1, as shown in Fig. 3¢ and f.

According to the wavevector matching condition shown in
Fig. 2b, the splitting angle « of excited SPP beams is given by

ksep|” + |G|~ |koawm|”
o = 2acos . 5
< 2|kspp |G| ®)

The splitting angle as a function of the MNA period is
depicted in Fig. 4a. We perform FDTD simulations of MNA
composed of six columns of nanoapertures with varying pe-
riods. The LG beam with RCP and topological charge £ =1 is
illuminated on the MNA. The numerical results agree well
with the theoretical predictions. It is found that « increases
from 20.02 to 23.92° as the period increases from 0.55 to
0.62 um. Then, it begins to decrease as p increases. Such a
trend can be deduced from the wavevector matching condi-
tion. As the period of MNA determines the reciprocal lattice
vector G and the amplitudes of kgpp and ko are fixed, the
maximum of splitting angle appears when koan is vertical to
G. Under this condition, we can predict that the maximum
splitting angle locates at p =0.62 um, which coincides well
with the numerical result. In addition, the splitting angle is
also tunable by varying the incident wavelength. Note that
both the SPP wavevector and in-plane wavevector of LG
beam are varying with the incident wavelength as indicated
in Egs. (1) and (3). We perform numerical simulations for
incident LG beam with RCP and ¢=1. The period of the
MNA is fixed at p =0.6 um. Figure 4 b shows the analytical
and numerical results of the SPP splitting angle for different
incident wavelengths. In the range A =0.55~0.65 um, « in-
creases from 17.1 to 29.4°. The maximum angle appears when
A=0.65 um. Then, the splitting angle decreases to o =27.17°
at A =0.7 um, which also agrees well the theoretical analysis.
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x (Hm)

Fig. 3 FDTD simulation results of the electric field distributions (|E|) on
the metal surface illuminated by LG beams with a linear polarization and
=1, b linear polarization and {=—1,c¢ LCPand {=1,d LCP and { =—

Therefore, by altering the structural period and incident wave-
length, the splitting angles of SPP beams could be largely
tailored.

In order to obtain single directional excitation of SPPs, we
construct a composite structure with different periods of
MNAs. As shown in Fig. 5a, the periods of the two MNAs
on the left and right are denoted by p; and p,, respectively.
Then, the corresponding reciprocal lattice vectors are G = 271/
p1 and G, =27/p,. As the center of LG vortex beam is aligned
to the middle of the structure, the OAM on the left (right) part
of LG beam should interact with the left (right) MNA. The
wavevector matching conditions are shown in Fig. Sbas {=+
1. For £=1, only the in-plane wavevectors k, and k, take
effect in matching Eq. (4). It is apparent that there are
koam =k, on the left and koam =K, on the right.
Consequently, the SPPs beams 1 and 4 can be excited. For

1,eRCPand £=1,fRCP and £=— 1. The SPP beams excited in different
directions are labeled with the numbers 1~4. The insets in a and b depict
the lateral profiles of SPP field amplitudes

£=—1, we have Koam = Ko on the left and koan = Ky on the
right. The SPPs beams 2 and 3 can be excited. The angles
between G and koan are denoted by 6, and 6, in the left
and right MNA arrays, respectively. For the composite
MNAS structure, the angles can be given by

[kspp|* + |G1 [*—|koam|*
0, = acos , 0
: ( 2|kspp|"|Gi] ’

2 2 2
4 S<|kSPP| + |Gz~ |koam]| ) (6)

2|Kkspp || G2|

If the periods of the two MNAs in the composite structure
are chosen such that G| + G, = 2kgppcost), we can have
0= 60, =0,, which means that the SPP beams propagate in

Fig. 4 Splitting angle o of SPP (a) (b)
beams as a function of a MNA 30 35
period p and b incident

wavelength. The LG beam is with 27L

RCP and £=1. The red solid
curve and blue circles represent
the analytical and numerical
simulation results, respectively

181

15

— analytical — analytical

O numerical © numerical

0.61
p (um)

0.55 0.58

0.64

0.64 0.67

A (um)

0.67 0.70 0.61 0.70
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: =1

Fig. 5 a Structure of composite MNAs and in-plane wavevectors associ-
ated with the OAMs of LG beams for £=+1. The periods of the two
MNAs are p; and p», respectively. b Wavevector matching conditions for
{==+1. Gy and G, represent the reciprocal lattice vectors of the two

opposite directions. Obviously, as the incident LG beams are
circularly polarized, SPPs shall propagate along a single
direction.

y (um) y (um)

y (um)

x (Hm)

Fig. 6 Electric field distributions of SPPs excited by the composite
MNAs under illumination of LG beams with a linear polarization and
¢ =1, b linear polarizationand {=—1,¢ LCPand {=1,d LCP and { =—

@ Springer

MNAs. There should be koam =K, or ky, for £=1 and koan = ke or Ky
for {=—1. 0, and 0, are azimuthal angles indicating the propagation
directions of SPPs. In the implementation, we set 6; =6,

Numerical simulations are performed to verify the above
analysis. In the calculation, we have p; =500 nm and p, =
778 nm. The other parameters of the composite MNAs are

X (Hm)

1,e RCP and £=1, f RCP and {=—1. The insets in a and b depict the
lateral profiles of SPP field amplitudes at a distance of A =1.2 pm from
the array boundaries
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the same with that of the uniform array. The LG beam is
normally incident on the middle of the two MNAs. For line-
arly polarized LG beam with £=1, SPP beams 1 and 4 are
respectively excited on the left and right sides, as shown in
Fig. 6a. As the topological charge is negative, SPP beams 2
and 3 are launched, as shown in Fig. 6b. The simulation results
coincide well with the wavevector matching condition. The
insets of Fig. 6a and b show the lateral profiles of SPP ampli-
tudes. The amplitudes are recorded at a distance of A =
1.2 um from the array boundaries. It is found that the ampli-
tude of beam 4 is ~40% larger than that of beam 1 as £=1.
The amplitude differences of beam 2 and 3 remain the same
value as £ =— 1. In Fig. 6¢, only SPP beam 1 appears in the left
array as the incident LG beam is with LCP and ¢ = 1. For RCP
incidence, only SPP beam 4 is excited in the right direction as
presented in Fig. 6e. When £ =— 1, the LG beam with LCP is
converted to SPP beam 3 and propagates in the left lower
direction, as shown in Fig. 6d. While for LG beam with
RCP, SPP beam 2 is launched in the right upper direction, as
shown in Fig. 6f. The simulated results are 6 =60, =6, ="7.78°.
The results verify that unidirectional SPP beam can be obtain-
ed using circularly polarized LG beams impinging on the
composite MNA structure. Therefore, we can achieve unidi-
rectional SPPs excitation by manipulating the polarization and
the topological charge of the LG beam.

Conclusion

In conclusion, we have investigated the excitation control of
SPPs on a metal surface using circularly polarized LG beams.
In order to realize the coupling between SPPs and normally
incident LG beams, a MNA structure is employed. The side
direction of SPP excitation on the metal surface is determined
by the circular polarization of the incident beam. As the light
with LCP is incident, SPPs are excited and propagate on the
left side of the array. On the contrary, SPPs should propagate
on the right. As the incident LG beams possess OAM, which
is determined by the topological charge, the excited SPPs will
experience beam splitting on each side of the array.
Furthermore, the composite MNAs with different periods are
also utilized to control the SPP excitation direction by manip-
ulating the wavevector matching condition. By varying the
topological charge and circular polarization direction of the
incident beam, SPPs can be finally generated on either side
of the array and propagate along a certain fixed direction. The
study may have great applications in developing compact
plasmonic devices such as optical switches and SPP
generators.
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