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ABSTRACT

Surface plasmon polaritons carrying orbital angular momentum (OAM), namely, as plasmonic vortices, have attracted considerable
attention in optical trapping, quantum information processing, and communications. The previous studies of near-field OAM are limited to
generate only one single plasmonic vortex, which inevitably degrades further on-chip applications. Geometric metasurfaces, two-dimensional
counterpart of metamaterials, enable the unprecedented capability in manipulating the phase, polarization, and amplitude of electromagnetic
waves, providing a flexible platform in controlling plasmonic vortices. Here, we propose and experimentally demonstrate an approach to
realize the multiplexing of terahertz (THz) plasmonic vortices based on geometric metasurfaces. Under the illumination of circularly polar-
ized THz waves, multiple plasmonic vortices with identical topological charges are generated at the metal/air interface. Furthermore, the con-
version from spin angular momentum to multiple plasmonic OAM, i.e., multiple plasmonic vortices with different topological charges, is
also demonstrated. Geometric metasurfaces consisting of paired air-slits with different in-plane orientations are designed to demonstrate
these characteristics. Our proposed approach may open an avenue for on-chip applications with increasing information capacity.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0027950

Electromagnetic (EM) waves can carry spin angular momentum
and orbital angular momentum (OAM), which are characterized by
circularly polarized (CP) beams and vortex beams.1 SAM is associated
with the spin of a photon, and the SAM of CP EM waves can be 6�h
per photon. EM waves possessing OAM, which is related to a helical
phase structure, always show doughnut-shaped field distributions.
Unlike SAM of CP EM waves, OAM of EM waves can have an infinite
number of eigenmodes, and thus, OAM can be applied into high-
capacity data transmission, communication, and data storage.2,3 The
traditional methods for generating vortex beams are dependent on
spatial light modulators,4 spiral phase plates,5 Q-plates,6 and
computer-generated holograms.7 However, these approaches are lim-
ited to the bulky volume of OAM generators, which restricts the devel-
opment of integrated systems and applications.

Metasurfaces, the two-dimensional counterpart of metamaterials,
can accurately tailor the phase, polarization, and amplitude of EM

waves, providing an ultrathin and ultra-compact platform for develop-
ing miniaturized and integrated devices with unusual functionalities.
A plethora of applications such as generalized Snell’s law,8,9

metalens,10–15 spin-Hall effects,16 holograms,17–19 invisibility,20 and
nonlinear optics21,22 are demonstrated based on metasurfaces.
Geometric metasurfaces consisting of antennas with identical shape
and spatially variant orientations can implement the conversion of
spin-to-orbital angular momentum, providing a connection between
SAM and OAM. By carefully controlling the orientation of each
antenna, the incident CP EM waves can be converted into vortex
beam(s),23–36 M€obius strips,37,38 and composite vortices.39–41 Recently,
near-field OAM associated with a plasmonic vortex has attracted
considerable attention due to its potential applications in on-chip
quantum information processing and communications. One method
to generate plasmonic vortex is to design air-slit arrays or catenary
structures with different orientations embedded in a metal film (to
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generate the desired phase profile).42–45 The other method is related to
designing spiral- and whirlpool-shaped air slits that can generate
OAM because of the optical path difference along the azimuthal
angle.46,47 However, the previous studies of near-field OAM are lim-
ited to generate only one single plasmonic vortex. Therefore, the on-
chip applications are inevitably constrained when multiple plasmonic
vortices are needed. Here, we propose and experimentally demonstrate
an approach to design desired geometric metasurfaces for multiplexing
THz plasmonic vortices. For the incidence of CP THz waves, multiple
plasmonic vortices with identical/different topological charges are gen-
erated at the metal/air interface. The unique approach for generating
multiple plasmonic vortices may open a window in manipulating
SPPs and designing multifunctional on-chip devices.

Figure 1 shows the schematic of the multiplexing of near-
field OAM. A geometric metasurface consisting of orthogonally
distributed air-slits with different in-plane orientations is
designed to generate the desired phase profile. Under the illumi-
nation of CP THz waves, the circular-shaped geometric metasur-
face can excite multiple plasmonic vortices with a helical
wavefront. As shown in Fig. 1, two plasmonic vortices with identi-
cal topological charges (or different topological charges) can be
obtained just by rotating each air-slit. Therefore, the multiplexing
of plasmonic vortices is dependent on the modulation of the pure
geometric phase, and thus, the corresponding metasurfaces are
defined as geometric metasurfaces.

The detailed structure parameters of air-slits are w¼ 130lm,
l¼ 300lm, q0 ¼ 4104lm, and d1¼ d2¼ kspp/2� 342lm [see Fig.

2(a)]. kspp ¼ k
ffiffiffiffiffiffiffiffiffi
edþem
edem

q
represents the SPP wavelength, and k ¼ 684lm

is the incident wavelength. ed and em are the permittivity of air and
metal, respectively. For one air slit embedded in the metal film, the
excited SPPs (under the illumination of CP THz waves) can be
approximately considered as an in-plane dipole [see Fig. 2(b)]. The
corresponding electric-field distribution in point p can be written
as

Ez ¼ e�jazAðh0Þe6iuðh0Þeiksppjq�q0 j; (1)

where uðh0Þ ¼ /ðh0Þ � h0. q is the distance between point p and the
origin of coordinates (point O). ja is the attenuation coefficient.

When circular-shaped air-slit arrays are embedded in the metal
film [see Fig. 1(b)]. The total electric-field distribution at point p can
be illustrated as

Ez ¼ e�jaz
ð
ðAðu0inÞe6i/ðh0inÞ þ Aðu0outÞe6i/ðh0outÞe6ikspp�

kspp
2 Þ

� eikspp jq�q0 jdh0

¼ e�jaz
ð
A0e

6ið2n�1Þh0eiksppjq�q0 jdh0 / J6ð2n�1Þðksppq0Þ; (2)

where uðh0Þ ¼ /ðh0Þ � h0. q is the distance between point P and point
O. According to Eq. (2), a plasmonic vortex with the topological
charge of 6ð2n� 1Þ is excited in the origin of coordinates. n is the
slit-rotation factor that is defined as the ratio between the rotation
angle of the slit in a turn and 2p. “6” is determined by the chirality of
the incident CP THz waves.

For generating a plasmonic vortex at position O1 (x1, y1), the cor-
responding electric-field distribution at point p can be illustrated as

Ez ¼ e�jaz
ð
ðAðu0inÞe6i/inðh00inÞ þ Aðu0outÞe6i/outðh00outÞe6ikspp�

kspp
2 Þ

� eiksppjq1�q00 jdh0

¼ e�jaz
ð
A0e

6ið2n�1Þh00eikspp jq1�q00 jdh0 / J6ð2n�1Þðksppq1Þ; (3)

where q1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � x1Þ þ ðy � y1Þ2

q
and h00 ¼ arctan y�y1

x�x1. In addi-

tion, the rotation angles of the air-slits are h0in ¼ h00in ¼ nh0 and h0out
¼ h00out ¼ nh0 þ p=2.

For multiple plasmonic vortices, i.e., two plasmonic vortices at o1
and o2, the electric field distribution at point p can be illustrated as

FIG. 1. Schematic of the multiplexing of plasmonic vortices: under the illumination
of RCP THz waves, two plasmonic vortices are generated on the interface between
air and gold film.

FIG. 2. (a) Structure of the geometric metasurface for generating multiple plas-
monic vortices. (b) Schematic for exciting SPPs based on an air-slit. (c)–(e) The
optical images of designed geometric metasurfaces for generating two plasmonic
vortices with topological charges of þ1, þ1 (c), þ2, þ2 (d), and þ2, þ1 (e).
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Ez ¼ e�jaz
ð
ðAðu0inÞe6i/inðh1

00
in Þ þ Aðu0outÞe6i/outðh1

00
outÞe6ikspp�

kspp
2 Þ

� eiksppjq1�q00 jdh0 þ e�jaz
ð
ðAðu0inÞe6i/inðh2

00
in Þ

þ Aðu0outÞe6i/outðh2
00
outÞe6ikspp�

kspp
2 Þeikspp jq2�q00 jdh0

¼ e�jaz
ð
A0e

6ið2n1�1Þh001 eiksppjq1�q00 jdh0
�

þ
ð
A0e

6ið2n2�1Þh002 eiksppjq1�q00 jdh0
�

/ J6ð2n1�1Þðksppq1Þ þ J6ð2n2�1Þðksppq2Þ; (4)

where q2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx � x2Þ þ ðy � y2Þ2

q
. h001 ¼ arc tan y�y1

x�x1 and

h002 ¼ arc tan y�y2
x�x2.

The required phase profile of the metasurface is governed as
follows:

U h0ð Þ ¼ arg exp
2p
k
� qþ s1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ s12 � 2qs1 cos h0 � h1ð Þ

q� ���

þ 2n1 � 1ð Þ � h0
�

þexp 2p
k
� qþ s2 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 þ s22 þ 2qs2 cos h0 � h2ð Þ

q� ��

þ 2n2 � 1ð Þ � h0
��

(5)

where S1 and S2 are the distances of the two plasmonic vortices away
from the origin of coordinates. The topological charges of these two
vortices are 2n1-1 and 2n2-1, respectively.

To experimentally demonstrate the multiplexing of plasmonic
vortices, we fabricate three samples to generate two plasmonic vortices
with topological charges of þ1 and þ1 [see Fig. 2(c)], þ2 andþ2 [see
Fig. 2(d)], þ2 and þ1 [see Fig. 2(e)], respectively. It should be noticed
that dual-turn distributed air-slit arrays (each turn consisting of
circular-distributed of pair air-slit arrays) were designed to demon-
strate the multiplexing of plasmonic vortices, since the multi-turn
design will enable stronger field enhancement than that of the single-
turn. In addition, the designed structures [see Figs. 2(c)–2(e)] can only
excite the Ez-component of plasmonic vortices, and the other compo-
nents (Ex- and Ey-components) can be neglected. The distance
between two turns was kspp. Conventional photolithography and mag-
netron sputtering coating were utilized to fabricate these samples. A
polyimide film with a thickness of 25lm and a permittivity of
e ¼ 3:5þ 0:035i was selected as a substrate. A layer of gold film with
a thickness of 0.2lm (and with predesigned air-slits) was coated on
one surface of the substrate. In experiment, a near-field scanning THz
microscopy system (NSTMs) was utilized to detect the electric field
distributions as well as phase distributions of the designed samples
under the illumination of right-hand circularly polarized (RCP) THz
waves. The samples were fixed, while the THz tip mounted on a trans-
lation stage was located closed to the samples to collect spatial electric
field distributions.

As a feasibility study, a geometric metasurface that can generate
two plasmonic vortices with topological charges of þ1 and þ1 in the
antidiagonal direction is demonstrated, as shown in Fig. 3. The
slit-rotation factor is n1¼ n2¼ 1. For the incidence of right-hand

circularly polarized (RCP) THz waves, the topological charges of these
two plasmonic vortices are þ1 and þ1. In this paper, the multiple
plasmonic vortices are excited under the illumination of RCP THz
waves [for left-hand circularly polarized (LCP) incidence, the theoreti-
cal model and numerical calculations of the multiplexing of plasmonic
vortices are supplied in the supplementary material, Sec. I]. According
to Eq. (4), the excited SPPs can be analytically expressed as
Jþ1ðkSPPq1Þ þ Jþ1ðkSPPq2Þ, which corresponds to two þ1-order
Bessel functions. Figure 3(a1) shows the analytical electric field distri-
bution (jEzj2). There are two doughnut-shaped plasmonic vortices
observed in the anti-diagonal direction. One plasmonic vortex is
located at A(�484lm, 484lm), while the other one is placed at
B(484lm, �484lm). The corresponding phase distribution of such a
geometric metasurface is shown in Fig. 3(b1). The overall phase change
is 2p around points A and B. The numerical calculations are carried
out based on the finite-element method (FEM), as shown in Figs. 3(a2)
and 3(b2). Two plasmonic vortices are observed under the illumination
of RCP THz waves [see Fig. 3(a2)], and the spatial helical phase struc-
tures in the antidiagonal direction reveal the topological charge (þ1)
of the vortices [see Fig. 3(b2)]. Figures 3(a3) and 3(b3) illustrate the
measured electric field distribution and the corresponding phase pro-
file, respectively. In comparison with Figs. 3(a1)–3(a3), the measured
field distribution is well matched with the analysis model and numeri-
cal simulation. A slight discrepancy between the measurement, calcu-
lation, and analysis model can be attributed to fabrication errors and
the finite number of air slits. In addition, the phase distributions in
Figs. 3(b1)–3(b3) are matched with each other. The calculated efficien-
cies of the excited SPPs and plasmonic vortices are given in the
supplementary material, Sec. I.

FIG. 3. (a1) and (b1) Analysis, (a2) and (b2) numerical, and (a3) and (b3) measured
results of the electric field and phase distribution of THz plasmonic vortices with
n1¼ n2¼ 1.
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To demonstrate the versatility of the proposed approach for mul-
tiplexing THz plasmonic vortices, we further study the generation of
plasmonic vortices with the topological charge of þ2 in the horizontal
direction, as shown in Fig. 4. In this situation, the slit-rotation factor is
n1¼ n2¼ 1.5. The excited SPPs at the metal/air interface can be
approximately described as Jþ2ðkSPPq1Þ þ Jþ2ðkSPPq2Þ. Therefore, two
plasmonic vortices with the topological charge ofþ2 can be generated.
As shown in Fig. 4(a1), we observe two symmetrically distributed plas-
monic vortices along the x-axis. A plasmonic vortex is distributed
around C(�1368lm, 0), while the other one is located around D
(1368lm, 0), respectively. Compared with the case of n1¼ n2¼ 1, the
excited plasmonic vortices in this case (n1¼ n2¼ 1.5) show a larger
radius of hollow fields. The phase distribution of the plasmonic vorti-
ces is shown in Fig. 4(b1). There are two phase jumps from -p to p,
demonstrating the topological charge of þ2. By carefully controlling
the orientation of each air-slit in the metal film, the required phase
profile [according to Eq. (5)] can be obtained. As shown in Fig. 4(a2)
for the RCP incident THz waves, two plasmonic vortices are excited,
due to the modulation of the predesigned phase profile. The calculated
phase distribution is illustrated in Fig. 4(b2). In experiment, these two
plasmonic vortices are measured around points C and D, as shown in
Fig. 4(a3). As illustrated in Fig. 4(b3), the corresponding phase distri-
bution across a turn is 4p. It can be concluded that the topological
charge of the plasmonic vortices can be well modulated by parameters
of n1 and n2, respectively.

Our approach can not only excite the SPPs to form multiple plas-
monic vortices with identical topological charge but also harness the
incident CP THz waves into plasmonic vortices with different topolog-
ical charges. Figure 5(a1) shows the electric field distribution based on
the analytical mode [see Eq. (4)]. Here, the slit-rotation factors are
n1¼ 1.5 and n2¼ 1, respectively. Two plasmonic vortices with differ-
ent radiuses are located around E (�2052 lm, 0) and F (0, 0), respec-
tively. The phase distribution in Fig. 5(b1) reveals that the topological
charge of the left plasmonic vortex is þ2, while it is þ1 for the right
plasmonic vortex. Figures 5(a2) and 5(b2) show the calculated electric
field and phase distributions of the geometric metasurface with a pre-
designed phase profile [see Eq. (5)], under the illumination of RCP
THz waves. The numerical simulations show a good agreement with
the analysis model. In addition, the measured electric field distribu-
tions [see Fig. 5(a3)] show that there are two plasmonic vortices excited
around points E and F, respectively. The corresponding topological
charges areþ2 andþ1, as shown in Fig. 5(b3).

In fact, the proposed approach is unique and robust. It can not
only generate multiple plasmonic vortices for the incidence of RCP
THz waves but also excite multiple plasmonic vortices for LCP (left-
hand circularly polarized) THz waves. The theoretical model (phase
profile) and numerical simulations of the multiplexing of plasmonic
vortices for LCP incident waves are given in the supplementary
material, Sec. II. This unique approach can be extended to generate
multiple plasmonic vortices with higher order topological charges. The

FIG. 4. (a1) and (b1) Analysis, (a2) and (b2) numerical, and (a3) and (b3) measured
results of the electric field and phase distribution of THz plasmonic vortices with
n1¼ n2¼ 1.5.

FIG. 5. (a1) and (b1) Analysis, (a2) and (b2) numerical, and (a3) and (b3) measured
results of the electric field and phase distribution of THz plasmonic vortices with
n1¼1.5 and n2¼ 1.0.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 117, 171106 (2020); doi: 10.1063/5.0027950 117, 171106-4

Published under license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0027950
https://www.scitation.org/doi/suppl/10.1063/5.0027950
https://scitation.org/journal/apl


corresponding numerical calculations for generating two plasmonic
vortices with topological charges of 3 and 4 are shown in the supple-
mentary material, Sec. III. In addition to excite two plasmonic vortices,
our proposed approach can be extended to generate much more plas-
monic vortices. As a proof-of-concept, the multiplexing of three and
four plasmonic vortices is numerically demonstrated in the supple-
mentary material, Sec. IV. The multiplexing of plasmonic vortices
with opposite sign is also numerically demonstrated in the supplemen-
tary material, Sec. V.

In conclusion, we have proposed an approach to design a geo-
metric metasurface that can excite multiple near-field vortices at the
metal/air interface. The geometric metasurfaces consisting of paired
air-slits with different in-plane orientations were proposed and fabri-
cated. Under the illumination of CP THz waves, two (or more) plas-
monic vortices with identical or different topological charges were
observed, resulting in the multiplexing of near-field plasmonic vorti-
ces. Such a flexible approach can not only increase the information
capacity of on-chip applications but also open an avenue in designing
multifunctional on-chip devices.

See the supplementary material for the efficiencies of SPPs and
plasmonic vortices, the multiplexing of plasmonic vortices under the
illumination of LCP THz waves, the multiplexing of plasmonic vorti-
ces with higher-order topological charges, the multiplexing of multiple
plasmonic vortices, and the multiplexing of plasmonic vortices with
opposite sign.
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