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Abstract In this paper, we propose a method of creating plas-
mons vortex on graphene through cross shape nanoantennas
under linearly polarized incidence. For each cross shape an-
tenna, the linearly polarized incidence can be coupled to a
near-field plasmons vortex on graphene through antenna res-
onances. When multiple antennas are arranged into a closed
circular array, the sign of topological charge of plasmons vor-
tex can be controlled by the linearly polarized direction of
incident light with the distribution of absolute field component
exhibiting a non-ideal donut profile. The creating of plasmons
vortex on graphene may provide new possibilities in various
applications, such as the nanoparticles trapping.
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Introduction

Surface plasmons (SPs) are the surface electromagnetic exci-
tations at metal/dielectric interfaces [1], providing possibilities
to achieve strong field confinement and tomanipulate the field
on a sub-wavelength scale. Graphene, in which a two-

dimensional form of carbon atoms are arranged in a honey-
comb lattice [2], has emerged as an alternative material in
infrared devices [3]. Compared to the SPs supported on metal
surface, graphene plasmons (GPs) have shown many superior
properties, such as the strong field confinement [4].

In recent years, the studies on the near-field optical waves
carrying orbital angular momentum (OAM), or simply re-
ferred to as the plasmons vortex, have made much progress
on several aspects, such as the interactions between near-field
plasmons and far-field optical vortex [5–7], the circular polar-
ization analyzer [8–10], and the manipulation of dielectric and
metal nanoparticles [11, 12]. Within all these works, the plas-
mons vortex is created via either a geometric phase effect,
which is commonly realized by placing plasmons sources into
a special format [13–15], or the spin angular momentum car-
ried by the incident circularly polarized light. Recently, Chen
et al. have created plasmons vortex through metasurfaces of
cross shape apertures under linearly polarized light [16].
Under such circumstance, each antenna itself can be regarded
as a plasmons vortex source and together they contribute a
vortex at center of antenna arrays, providing another freedom
in the creation of plasmons vortex.

One of the most remarkable properties of plasmons vortex
is that it could enable the trapping or rotation of nanoparticles
[11, 12]; however, due to the weak field confinement and the
small electric field gradient of conventional SPs, the trapping
force is quite small [17]. In contrast, the tight field confine-
ment and small localized wavelength of GPs could enable the
plasmons vortex on graphene to achieve a stronger trapping
force as well as a smaller trapping region than the SPs vortex.
Therefore, it is meaningful to create the GPs vortex. On the
other hand, except for various approaches on exciting plas-
mons on metal [18–20], GPs can be excited by coupling from
incident light via a single nanoantenna [21]. Since the metal
antennas are analogies to the apertures in metal surface, by
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combining all these two studies, the GPs vortex can be obtain-
ed under linearly polarized light.

In this paper, we investigate the creation of GPs vortex via
cross shape antennas under linearly polarized light. We firstly
design in the next section a plasmons vortex source by illumi-
nating a cross shape antenna beneath graphene using linear
polarization. Both the phases and amplitudes of plasmons
field coupled from the resonances on two arms of antenna
are investigated to ensure a desired phase delay between them.
The amplitude and phase profiles of single plasmons vortex
are further presented. Both the phase and amplitude profiles
are compared with the ones excited by two orthogonally
placed electric dipoles. In the last section, when multiple an-
tennas are arranged into a closed circular shape formation, a
plasmons vortex with opposite topological charge can be cre-
ated via orthogonal linearly polarized light. In the end, we
draw a conclusion.

Single Antenna Under Linear Polarization

Illustrated in Fig. 1 is the schematic view of the cross shape
metal antenna. The metal antenna is embedded in a dielectric
layer and placed 10 nm below the graphene. In this paper, we
assume graphene is placed on z = 0 plane. The materials of the
metal antenna and dielectric layer are assumed as Au and
CaF2 where the material refractive data is derived from previ-
ous measurements [22, 23]. The graphene layer is character-
ized by a two-dimension surface conductivity (σg = σintra +
σinter) material model, in which the graphene thickness is
neglected and the σintra and σinter are intraband and interband
contributions [24]. The graphene Fermi level and carrier re-
laxation time are respectively set as Ef = 0.44 eV and
τ = 0.5 ps, which have been used in the previous experimental
and theoretical studies [21, 25]. The environmental tempera-
ture is T = 300 K. The length of two arms of the cross shape
antenna along x and y directions are lx and ly with the width of
arm set as w = 40 nm. The incident direction of linearly po-
larized light is along the z+ axis. All the numerical calculations

have been performed by the commercial software Lumerical
based on FDTD methods and the surrounding boundaries are
set as Perfect Matched Layer.

Since the linearly polarized light does not carry any angular
momentum component, to create plasmons vortex on
graphene by illuminating a cross shape antenna with linear
polarization, the resonances of the long and short arms of
antenna should have a π/2 phase delay, which can be intro-
duced by assigning the two arms with different lengths. After
the numerical optimization, the length of the two arms are
chosen as lx = 100 nm and ly = 300 nm, which are obtained
by monitoring the phases of electric field component Ez of
GPs above the terminal points of two arms (see the red and
black points in the inset of Fig. 2a). To provide a detailed
result of such procedure, the dependences of normalized ab-
solute value of phase delay and the amplitude of plasmons
electric field component Ez on the incident wavelength are
plotted in Fig. 2a, b. The phase delay is normalized to π and
the linearly polarized direction of incident light is illustrated
with a black arrow. For better presentation, we have also
shown in Fig. 2a the results of two non-optimal cases, in
which the length lx is still 100 nm while the lengths ly are set
as 210 and 250 nm, respectively. The incident wavelength
spans from λ = 9 μm to λ = 14 μm.

As shown in Fig. 2a, the phase delay depends on the inci-
dent wavelength and shifts with the length ly. The zero phase
delay exists in the two curves of ly = 250 nm and ly = 300 nm
due to the higher order resonances on the long arm of the
antenna. Beyond this point, the phase delay firstly increases
with the incident wavelength, reaching a plateau and then
decreases slightly. There is a phase delay of π/2 between the
plasmons excited by two orthogonal arms of an antenna of
ly = 300 nm between wavelength λ = 13 μm and
λ = 14 μm. For the amplitude of plasmons excited at the
shorter arm (the Black Marker), the amplitude decreases con-
tinually as the incident wavelength increases. However, for
the plasmons excited at the longer arm (the Red Marker), it
first decreases rapidly, diving below the amplitude of the short
arm and then increases slowly to a plateau, which can be
attributed to the conversion between the resonance modes
with different orders. It is worth noting that, at the long wave-
length region, although the phase delay stays nearly un-
changed, the difference between the two amplitudes keeps
increasing.

To provide a total field profile of plasmons vortex source
under linearly polarized light, we plot the normalized ampli-
tude and phase distribution of electric field component Ez for
single cross shape antenna in Figs. 3a–d. The wavelength is
λ = 13.4 μm with the corresponding plasmons localized
wavelength is λGP = 700 nm, which can be calculated through
the Eq. (1) of reference [26], and the corresponding attenua-
tion coefficient is near 1.24 dB/μm [27]. The linearly polar-
ized direction of incident light is marked with white arrow. As
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Fig. 1 Schematic view (a) and geometrical parameters (b) of the cross
shape metal antenna
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a comparison, in Fig. 3e, f, we also plot the phase profiles of
an ideal case, in which two point electrical dipoles with π/2
phase difference but same amplitude are orthogonally over-
lapped at the original point above graphene. Corresponding
logarithmical distribution of the amplitude of electric field

component |Ez| is shown in the inset of Fig. 3b. In figures,
the z coordinates of all the field profiles are z = 5 nm.

As shown in Figs. 3a, b, the amplitude of electric field
component Ez exhibits sharp change along the rotation direc-
tion. The reason originates from the anisotropic resonances of
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Fig. 3 The normalized amplitude
and phase profiles of electric field
componentEz excited by the cross
shape antenna under 45° (a, c)
and −45° (b, d) linearly polarized
light or the orthogonally placed
electrical dipoles (e, f). The
logarithmical distribution of
electric field component |Ez| of
orthogonally placed electrical
dipoles is shown in the inset of b.
The wavelength is λ = 13.4 μm
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nanoantenna, which is attributed to the difference between the
two arm lengths of the antenna. On the other hand, in Fig. 3c
or d, we observe that the incident light with orthogonal line-
arly polarized directions could indeed excite a plasmons vor-
tex on graphene surface through the resonance of cross shape
nanoantenna. Such vortex possesses a topological charge of
q = 1 or q = −1, which means there is an azimuthal 2π phase
variation around the antenna. However, there is a distortion of
phase profile near the center, which also reflects the amplitude
difference of excited plasmons along the x and y axis. In con-
trast, the phase distribution in Fig. 3e or f clearly presents a
perfect spiral shape. Meanwhile, based on the results in Fig. 2,
we could conclude that the opposite topological charge of
plasmons vortex can also be achieved by rotating the cross
shape antenna 90° by the z axis and without the need of chang-
ing the incident linearly polarized direction.

In our manuscript, the interspace between the nanoantenna
and graphene is considerably small for a coupling scheme.
Thus, we suppose that further decreasing the interspace may
slightly improve the coupling efficiency while only having
unobtrusive influences on the field enhancement at the center
of nanoantenna arrays. However, reducing the interspace dis-
tance also influences the relative phase difference between the
plasmons excited by the two arms of cross shape antennas (not
shown here). Therefore, for a narrower interspace distance, the
geometric structure of the nanoantenna needs to be redesigned
to ensure the creation of single plasmons vortex.

One of the superior properties of graphene plasmons
to conventional surface plasmons is that their disper-
sions could be dynamically controlled through electrical
biasing. Since in our structure the graphene is placed
above the metal antennas, the electrical biasing method
can be only implemented by coating the graphene layer
with another dielectric layer and polysilicon gating pads
on it [28]. With such a scheme, graphene Fermi level
can be tuned by bias voltage between polysilicon pads
and graphene. By choosing the graphene with lower
Fermi level (through lower bias voltage), shorter local-
ized wavelength can be achieved, which is beneficial for
improving the coupling efficiency from antennas to
graphene plasmons. Meanwhile, the carrier mobility is
also a critical factor which determines the attenuation of
plasmons graphene. In our modeling of graphene, the
c a r r i e r mob i l i t y o f g r aphene i s a s sumed a s
μ = 10,000 cm2/(V∙s), which has been adopted in the
previous investigations on graphene plasmons excitation
through dielectric gratings [26]. Lower Fermi level or
carrier mobility leads to the larger plasmons attenuation,
which may impair the field enhancement effect at center
and is not suitable for particles trapping. In the practical
applications, the Fermi level should be carefully chosen
to achieve a balance between the coupling loss and the
plasmons propagation loss.

Circular Cross Shape Antenna Arrays Under Linear
Polarization

In the previous section, although a plasmons vortex can be
realized on the graphene surface via linearly polarized inci-
dence, the efficiency of coupling incident light to plasmons is
quite low due to the limited antenna size. To solve this, one
method is to place multiple antennas into a closed circular
shape array to produce a nanofocusing effect and enhance
the plasmons vortex field at center. Such an antenna array
can also be a spiral shape to create a plasmons vortex with
zero or higher topological charge [8]. However, for simplicity,
in this paper, we only focus on the creation of plasmons vortex
with a topological charge of q = 1 or q = −1 based on a closed
circular shape array.

When multiple cross shape antennas are placed into a
closed circular shape array, since the optical path from each
plasmons source to the center is constant and linearly polar-
ized incidence carries no angular momentum, the azimuthal
phase variation at the center of the array only depends on the
phase profiles of plasmons field excited by each antenna.
Under such circumstance, the plasmons vortex with topolog-
ical charge of q = 1 or q = −1 would be created at the center
under linearly polarized incidence with orthogonal polarized
directions. To verify this, we place an antenna array composed
of 17 cross shape antennas with closed circular shape forma-
tion beneath the graphene with an interspace distance of
10 nm. All the other implements are the same as those of the
case of single antenna in Sec. II. The radius of circular format
is set as 1.4 μm and the incident wavelength is λ = 13.4 μm.
The absolute value and phase of field component Ez under
different linear polarized directions are presented in Fig. 4.
The z coordinates of all the field profiles in figures are
z = 5 nm. The incidence is 45° (or −45°) linearly polarized,
respectively. It should be noted that, for the better present the
field distribution at the center of antenna arrays, the fields
around the antennas have been saturated.

For the absolute value of field component |Ez|, the distribu-
tion of which clearly presents a nearly donut shape field with
zero values at the center. On the other hand, according to the
phase profile of field component Ez at the center in Fig. 4c, d,
we conclude that the plasmons vortexes with topological
charge of q = 1 and q = −1 have been created. It is well known
that the distribution of field component Ez of a plasmons vor-
tex at the center can be expressed by the qth order Bessel
function with the spiral phase profile of qφ [14],

Ez;q r;φð Þ∝Jq kGPrð Þexp jq φþ π
2

� �h i
; ð1Þ

where kGP = 2π/λGP is the propagation constant of GPs and
(r,φ) is the polar coordinate corresponding to Cartesian coor-
dinate (x, y). According to Eq. (1), when the topological
charge of plasmons vortex is q = 1 or q = −1, the |Ez|
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component should be zero at r = 0, which is consistent with
Fig. 4a, c. On the other hand, it should be noted that the
amplitude patterns at the center are not an ideal donut shape.
The reason originates from the anisotropic resonant behavior
of the antenna, which also results in the hollow field distribu-
tion around the antenna in Fig. 3a, b. The quality of non-
circular field distribution in Fig. 4 can be improved by increas-
ing the number of antennas in the circular arrays. However,
note that at the meantime of increasing antenna numbers, ei-
ther the geometrical shape of the antenna should be adjusted
or the radius of circular should be enlarged. In the former case,
one should ensure the π/2 phase difference between the plas-
mons excited by two arms. While for the latter case, the plas-
mons attenuation would increase, which may impair the field
enhancement at center and the particles trapping effect.

Conclusions

In conclusion, we report the creation of plasmons vortex on
graphene through cross shape antenna under linearly polarized
incidence. For singular cross shape antenna under linearly
polarized incidence, a plasmons vortex can be excited on
graphene by assigning the two arms of antenna with different
lengths and therefore achieving a π/2 phase delay. Although
the plasmons vortex created by a single antenna can be clearly
observed, a slightly distortion appears due to the difference in
amplitudes of plasmons field excited by two arms. By arrang-
ing multiple antennas into a closed circular shape format,
plasmons vortex with topological charge of q = 1 or q = −1

can be created at the center and accordingly, the absolute value
of plasmons electric field component exhibits a donut shape
distribution. The topological charge of graphene plasmons can
be controlled by adjusting the linearly polarized direction. The
creation of plasmons vortex on graphene may provide possi-
bilities in applications such as particle manipulation.
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