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A B S T R A C T

A method of directional excitation of surface plasmon polaritons (SPPs) is proposed by using radially polarized
beam loaded with multiple off-axis vortices. Based on the Kretschmann–Raether three-layer structure, the
theory expression for the distribution of SPPs on the silver film surface excited by the radially polarized beam
loaded with multiple off-axis vortices is derived. Accordingly, the influence of multiple off-axis vortices on
the distribution of focus field and SPPs is analyzed, in which the asymmetry of the SPPs caused by the off-
axis vortex is found out. On this basis, the SPPs are directionally excited by adjusting the arrangement and
position of multiple off-axis vortices reasonably. This work demonstrated that the off-axis vortices introduce
a new degree of freedom for SPPs manipulation, and that the excitation and propagation of SPPs can be
dynamically controlled by judiciously arranging the multiple off-axis vortices. Without specially designed metal
structures, the all-optical controlled method for SPPs manipulation has great potential in plasmonic tweezers
and plasmonic devices.

1. Introduction

Surface plasmon polaritons (SPPs) are electromagnetic waves prop-
agating along the metal/dielectric interface, whose intensity is sup-
pressed in the direction of the vertical surface in the form of expo-
nential decay. SPPs have attracted many attentions due to their special
properties: shorter wavelength than that of the excitation beam, high
electric field confinement and enhancement, high sensitivity to the
variation of refractive index of the dielectric [1,2]. These exceptional
features of SPPs have a variety of advanced applications including ultra-
diffraction limit resolution imaging [3,4], micro–nano processing [5,6],
particle manipulation [7], biosensor [8,9], plasmon waveguide [10–12]
and plasmon lens (slit-grating lens [13], concentric ring lenses [14–16],
microporous array lenses [17], etc.).

Recently, the effective directional excitation of SPPs has received
much attention. Several novel designs have been proposed in which
the key is the intervention of an asymmetry, either in structural or in
illumination system. For example, the Bragg grating is applied to block
the propagation of unilateral SPPs [18], but the unidirectional SPPs do
not switch the propagation direction. On one hand, the symmetrical
structure irradiated by asymmetric incident light is proposed and the
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propagation direction of the SPPs can be controlled by changing the
angle of the incident light [19–21], not only that, dynamically control-
ling the direction of SPPs also can be achieved on a designed two thin
slit structure by simply modulating the phase difference between the
incident dual fundamental Gaussian beams [22]. On the other hand,
a series of asymmetrical structures, such as metal trough array [23],
double slit [24], groove [25], T-shaped structure [26], magnetic dipole
antenna [27] are proposed with symmetric irradiation, in which the
directional excitation of SPPs is achieved by changing the parameters
of the asymmetry structure. However, most of these previous works
were based on the specially designed structure, which restricted the
practical applications of SPPs due to the complex production process
of the structure, large loss of light scattering and absorption of the
structure and difficulty of reconstruction.

SPPs can be effectively excited when the incident light is TM polar-
ization with respect to the metal interface. Hence, ordinary light causes
non-TM polarization energy loss in excitation of SPPs. A very strong
longitudinal field (TM polarization) can be obtained when the radially
polarized beam is tightly focused by a high numerical aperture objec-
tive [28], which not only greatly improves the excitation efficiency of
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SPPs [29,30], but also effectively reduces the noise caused by other
components. The intensity profile of the focused vortex beam is an
annular structure and the intensity of the concentric rings gradually
decreases with increasing radius, while there is a ‘‘dark field’’ in the
center of light propagation where the light intensity always remains
zero. Therefore, in view of the current research status of directional
excitation of SPPs discussed above, combined with the unique prop-
erties of radially polarized beam and optical vortex, a method for
directional excitation of SPP by using radially polarized beam loaded
with multiple off-axis vortices is proposed in this paper, in which
the tight focus distribution can be adjusted by properly designing the
arrangement of multiple off-axis vortices and thus the symmetry of SPPs
in air/metal interface is broken. Theoretical analysis and numerical
simulations demonstrate that the off-axis vortices introduce a new
freedom degree for manipulation of SPPs, and the excitation and prop-
agation of SPPs can be controlled by judiciously arranging the multiple
off-axis vortices. In addition, dynamic manipulation of SPPs can be
realized when spatial light modulator is used to load the vortices on
incident vector beam. Without specially designed metal structures, the
all-optical controlled method for SPPs manipulation has great potential
in plasmonic tweezers and plasmonic devices.

2. Principle

Kretschmann–Raether configuration is adopted to illustrate the ex-
citation of SPPs and the schematic is shown in Fig. 1. The configuration
comprises of a lens and three-layer system. The lens is a high numerical
aperture oil immersion objective (𝑛𝑜𝑖𝑙 = 1.515). The three-layer system
is a thin silver film (with thickness 𝑑2 of 50 nm and dielectric constant
of (𝜀𝑠𝑖𝑙𝑣𝑒𝑟 = 𝑛22 = −7.9 + 0.736𝑖) sandwiched between glass (𝑛𝑔𝑙𝑎𝑠𝑠 =
𝑛1 = 1.515) and air (𝑛𝑎𝑖𝑟 = 𝑛3 = 1). A larger convergence angle
𝜃max was provided by the lens that focuses the incident beam onto the
glass–silver film interface located at the focal plane. The incident beam
which satisfied the wave vector matching condition can excite the SPPs
effectively in the silver film–air interface, that is, 𝜃max ≥ 𝜃𝑠𝑝𝑝𝑠, where
𝜃𝑠𝑝𝑝𝑠 is the excitation angle of SPPs.

The electric field of SPPs excited on the silver film in microscopic
configuration can be calculated with the Richards–Wolf vector diffrac-
tion theory when it is focused by a high NA lens. The field components
of SPPs in the air above the silver film can be derived as [31]
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where f is the focal length of the lens, 𝛼 is the convergence semiangle,
𝑃
(

𝜃1
)

is the apodization function and 𝐴
(

𝜃1
)

represents the amplitude
and phase distribution of the incident beam, 𝑘1 and 𝑘3 represent
the wave vectors in the glass and air, respectively. 𝜎 is a function
determining the polarization mode that 𝜎 = 𝑛𝜙, in which n represents
the degree of polarization of the vector beam (n is an integer) [14],
for the radially polarized beam, 𝜎 = 𝜙.𝑡𝑟𝑝, 𝑃 𝑡𝜑𝑠 and 𝑡𝑧𝑝 represent the
transmission coefficient of 𝐸𝑛3_𝑟, 𝐸𝑛3_𝜑 and 𝐸𝑛3_𝑧 components through
the silver film respectively, and they can be expressed as:
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Fig. 1. (a) Incident radially polarized beam loaded with off-axis vortices. (b) Schematic
diagram of the Kretschmann–Raether configuration, in which the incident beam is
focused on the silver film surface of the glass–silver film–air dielectric layer by high
numerical aperture oil immersion lens.
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where 𝑡𝑝 and 𝑡𝑠 respectively represent the transmission coefficient of the
p- and s-polarization component through the silver film at the incident
angle of 𝜃1, 𝑡𝑠𝑖𝑗 and 𝑡 𝑝

𝑖𝑗 are the Fresnel transmission coefficients for s-
and p-polarization at the i/j interface, and 𝑟𝑠𝑖𝑗 , 𝑟

𝑝
𝑖𝑗 are the corresponding

reflection coefficients, 𝑘𝑧2 denotes the z-component of wave vector
within the metal film, and d is the metal film thickness, respectively.

Assume the system obeys the sine condition, 𝑃
(
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∝
√

cos 𝜃1 in
Eq. (1) [32]. 𝐴

(
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is replaced by 𝐸𝑖𝑛 which respects the radially po-
larized beam with multiple off-axis vortices. Thus, the field component
of the SPPs can be derived as

𝐸⃗𝜌_𝑜𝑢𝑡 =

⎛

⎜

⎜

⎜

⎝

𝐸𝜌_𝑛3_𝑟
𝐸𝜌_𝑛3_𝜑

𝐸𝜌_𝑛3_𝑧

⎞

⎟

⎟

⎟

⎠

= −
𝑗𝑓𝑘3
2𝜋 ∫

𝛼

0 ∫

2𝜋

0

√

cos 𝜃1𝐸𝑖𝑛 sin 𝜃1

×

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

𝑡𝑝

√

𝑘32 − 𝑘12 sin 𝜃12

𝑘3
cos(𝜙 − 𝜑)

𝑡𝑠 cos 𝜃1 sin(𝜙 − 𝜑)

− 𝑡𝑝
𝑘1
𝑘3

sin 𝜃1

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

× exp
[

𝑗𝑧
√

𝑘32 − 𝑘12 sin 𝜃12 +
(

𝑗𝑘1𝑟 sin 𝜃1 cos(𝜑 − 𝜙)
)

]

𝑑𝜃1𝑑𝜙

(5)

The expression of the incident radially polarized beam loaded with
multiple off-axis vortices whose locations are 𝑃1, 𝑃2 …𝑃𝑁 with topo-
logical charge (TC) 𝑚1, 𝑚2 …𝑚𝑁 can be expressed as [33]
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where 𝐴𝐿−𝑙 represents the expansion factor.
Taking Eq. (6) into Eq. (5), SPPs distribution on interface between

the silver film and the air under illumination of the radially polarized
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beam with multiple off-axis vortices can be obtained as follow:
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According to the integral transformation formula of n-order Bessel
formula
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The SPPs distribution excited in the silver film and air interface can be
finally derived as
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where the upper and lower points 𝜃max and 𝜃min are the corresponding
angle values of 𝜃𝑠𝑝𝑝 (1 ± 10%), respectively. 𝜃𝑠𝑝𝑝 denotes the excitation
angle of the SPPs satisfying the wave vector matching condition. As
long as the light converged by the maximum angle satisfies 𝛼 > 𝜃𝑠𝑝𝑝,
the incident beam can effectively excite the SPPs on the metal surface.

3. Numerical results

According to Eq. (10), the excitation of SPPs by radially polarized
beam loaded with single off-axis vortex and multiple off-axis vortices
are studied consecutively by numerical simulation in this section. Beam
waist of 2.56 mm and wavelength of 488 nm are adopted for the
simulations, the topological charge of the vortex is all m = 1 and the
off-axis distance is 𝑟0 = 0.5𝑤.

3.1. SPPs excited by symmetric multiple off-axis vortices

Fig. 2 shows the SPPs distribution on the silver film–air surface ex-
cited by the radially polarized beam with symmetric multiple-vortices.
The first column shows the arrangements of off-axis vortices in the
incident field. The second to the fourth columns are the azimuthal,
radial and longitudinal components of SPPs in the x-y plane, respec-
tively. It can be seen that the proportion of the longitudinal component
is the largest and the azimuthal component is the smallest, and the
difference in three orders of magnitude between them can be found.
The maximum energy between longitudinal components and the radial
components is close to one order of magnitude. The fifth column is the
total field distribution of SPPs in the x-y plane, which is similar to the
distribution of the longitudinal components shown in the third column.

As shown in the first row of Fig. 2, when a single center vortex
is loaded in incident beam, the SPPs are clustered from the periphery
to the center symmetrically and form a complete ring with symmetry.
Compared with the single center vortex, the second row in Fig. 2 shows

Fig. 2. The SPPs distribution on silver film–air surface excited by radially polarized
beam loaded with vortices. From left to right, they are the arrangements of the vortices,
the azimuthally component, the radial component, the longitudinal component and the
total field distribution of SPPs in the x-y plane, respectively.

that the symmetry and integrality of SPPs are broken, which laid the
foundation to achieve controllable excitation direction of SPPs. When
the multiple off-axis vortices are loaded(second to fifth rows in Fig. 2),
the radial and longitudinal components have a broken structure with
multiple side lobes and the broken parts have no SPPs distribution, in
order to achieve the unidirectional SPP. By changing the position of the
loaded vortex, the position of the broken structure can also be changed,
that is, the direction of the excited SPPs also changes, thus resulting the
regulation of the direction of excited SPPs. The azimuthal component
did not have a broken distribution because there was no TM component
that could excite SPPs. The side lobes of SPPs increase as the number
of vortices increases, and the number of side lobes equals the number
of vortices. In this way, the SPPs distribution follows the arrangements
of multiple off-axis vortices and the excitation of SPPs in any direction
can be achieved by rotating the multi-vortex array as a whole.

In this method, the asymmetric distribution of SPPs is achieved due
to the redistribution of focal field induced by the existence of vortices.
The off-axis vortices induced redistribution of focal field and rotation
of energy flow were discussed detailly in our previous published pa-
per [33]. By Fig. 2, we find that the angular intervals corresponding to
any two adjacent vortices are equal, and the angular interval becomes
smaller as the number of vortices increases. Therefore, the assumption
that the asymmetric distribution of SPPs induced by the off-axis vortex
can be affected by the change of angular interval of two adjacent
vortices is proposed and verified below.

3.2. SPPs excited by asymmetric multiple off-axis vortices

As shown in Fig. 3, the case that number of vortices are N = 2,
3, 4, and 8 are numerical simulated and analyzed, respectively. The
arrangement of vortices in the first column is as follows: taking the
positive 𝑥-axis as the starting position of the vortex and controlling
the angular interval of the vortices 𝜃gap = 𝜋∕𝑁, 𝜋∕2𝑁, 𝜋∕3𝑁, 0, the
corresponding distributions of the excited SPPs are shown in the second
column to the five columns. The results of each line in Fig. 3 show that
the excited SPPs appeared to diffuse. The reason for this phenomenon
is that the energy flow in the focal field caused by the vortex is rotated.
When the angular interval is reduced, the direction which diffusion
occurs rotates clockwise toward the vortex accumulation, resulting
change of the direction of the excited SPPs. Therefore, the numerical
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Fig. 3. The SPPs field distribution excited by asymmetrically arranged off-axis vortices.
From left to right are the arrangements of the multiple vortices with equal angular
separation and the distribution of the total of SPPs in x-y plane at different angular
intervals, respectively. N is the number of vortices and 𝜃 is the interval angle between
two adjacent vortices.

simulations demonstrated that the changes in the angular interval
indeed have an impact on SPPs excitation. By changing the angular
interval, the direction of the excited SPPs can be changed so as to
achieve the directional excitation of the SPPs. Further, from the second
to the fourth columns in Fig. 3, it is easy to find that the diffusion length
of SPPs increases with the number of vortices increases. This method of
controlling the directional excitation of SPPs relies mainly on diffusion
of vortex.

4. Conclusion

In conclusion, we studied the SPPs on the air–silver interface excited
by the radially polarized beam loaded with multiple off-axis vortices
and achieved directional excitation of SPPs by changing the number
and positions of off-axis vortices. The formula for the distribution of
SPPs on the silver film surface excited by the radially polarized beam
loaded with off-axis vortices is derived. This work demonstrated that
the off-axis vortices introduce a new freedom degree for manipulation
of SPPs, and the excitation and propagation of SPPs can be controlled
by judiciously arranging the multiple off-axis vortices. In this method,
the excitation efficiency of SPPs was improved due to the application of
radially polarized beam and the off-axis vortex is employed to break the
symmetry distribution of focusing field so that the directional excitation
of SPPs has been achieved, which has the advantages of flexibility
and easy operation. In addition, dynamic manipulation of SPPs can be
realized when spatial light modulator is used to load the vortices on
incident vector beam. This all-optical unstructured method for SPPs
directional excitation has great potential in super-resolution imaging,
micro/nano processing, particle manipulation and biological sensing.
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