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Abstract
We present the results of simulation of interference of surface plasmon-polaritons
(SPPs) which are falling and reﬂecting from the curvilinear boundary of inhomogeneity
area in the metal layer. The plasmon vortices with a screw phase dislocation appear in
the singular points of the ﬁeld as a result of the SPP interference after reﬂection from
the boundary of inhomogeneity in the dovetail form. The position of the plasmon
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of the boundary curvature of the permittivity of inhomogeneity area on the metal
layer, which leads to displacement of the vortex localization points. When the vortex
is localized under the readout nanowire probe with angular thread, the maximum
or minimum of the signal takes place in the probe depending on the helicity of the
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thread and the topological charge of the vortex.
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1. Introduction
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In the last decade surface plasmon polaritons (SPPs) attract attention of researchers
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in connection with controlling of the electromagnetic ﬁelds of optical frequencies by
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the SPP-devices and creating logic gates for optical processors, spasers, other devices

under the responsibility of the

and elements of plasmon technology [1-10]. The SPPs with the dependence of ﬁeld
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components in the form ∼ exp [−𝛼𝑥 + 𝑖 (𝛽𝑧 − 𝜔𝑡)] can be excited on the interface of
metal with a negative real part of the permittivity 𝑅𝑒𝜖𝑀 < 0, and a dielectric medium
with the permittivity 𝑅𝑒𝜖0 > 0. When 𝑅𝑒𝜖𝑀 < 0 the SPPs propagation takes place on
the surface of the metal; but with positive values 𝑅𝑒𝜖𝑀 > 0 the SPPs can not propagate
because the boundary conditions 𝜖𝑀 𝛼0 = −𝜖0 𝛼𝑀 are not satisﬁed, where 𝛼0 > 0 and
𝛼𝑀 > 0 are the decrements along the normal axis 𝑥 to the metal surface (Figure 1).
How to cite this article: V. S. Pereskokov and I. V. Dzedolik, (2018), “Formation of Surface Plasmon-Polariton Vortices at Reﬂection from Curvilinear
Boundary” in VII International Conference on Photonics and Information Optics, KnE Energy & Physics, pages 190–203. DOI 10.18502/ken.v3i3.2029
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The curvature of the wavefront and the direction of propagation of the SPPs change
while reﬂecting from the curvilinear boundary of the inhomogeneity in the metal layer.
Scattering of SPPs on the inhomogeneities of various conﬁgurations at the boundary
between the dielectric and metal leads to enrichment of the mode composition of the
SPPs, as well as to the interconnection of modes in microwave guides and microcavities, and to radiation from the metal and dielectric interface of bulk electromagnetic
waves. In this ﬁeld of research a large volume of theoretical and experimental works
are devoted to scattering of the SPPs on various inhomogeneities in the metal layers
[11-14], to focusing and controlling the SPPs by electromagnetic ﬁelds, and to various
dielectric and metallic nanostructures on a chips and plasmon lenses [15-26].

Figure 1: Generation of the SPPs in the metal layer according to the Kretchmann scheme, and reﬂection
of the SPPs from the boundary of permittivity inhomogeneity in the layer: 𝜙 is the angle between the
tangent to the boundary of the inhomogeneity and the transverse axis 𝑦.

It is known, that the optical vortices may appear when the waves with wavefronts
of different conﬁgurations formed under reﬂection, refraction or diffraction of waves
have interference [27, 28]. Optical vortices are still actively investigated in connection
with a wide ﬁeld of their application [29]. Interference of the SPPs can also lead to
the formation of plasmon-polariton vortices under certain conditions. The plasmonpolariton vortices are excited when the SPPs pass through plasmon lenses which are
curved slits, or cavities and protrusions in a metal layer [30-33], as well as under
normal incidence of an optical vortex beam on the metal surface [34]. The singular
points with a screw phase dislocation arise on the surface of the metal layer, in which
plasmon-polariton vortices are formed at the interference of incident and reﬂected
SPPs from the inhomogeneity of permittivity with curvilinear boundary [35-37]. The
plasmon vortices do not arise in case of superposition of the modes reﬂected from a
straight line boundary of the inhomogeneity.
DOI 10.18502/ken.v3i3.2029
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The boundary of inhomogeneity in the form of dovetail (Figure 1) can be formed
in the metallic layer as a result of the action of an electrostatic ﬁeld of the negative
charges that localized on the control probes which are located above the metal layer. In
this case, the negatively charged probes can change the permittivity of metal in such a
′
way that it acquires positive values 𝜖𝑀
> 0 in the optical frequency range. Then, in the

area of the electrostatic ﬁeld the boundary propagation conditions are violated, and
the SPPs are scattered at the boundary of the artiﬁcially created inhomogeneity of the
metal permittivity. It is possible to control the position of the SPP vortices by changing
the radius of the circles of the dovetail varying the intensity of the electrostatic ﬁeld.
The purpose of our work is to ﬁnd the conditions for the appearance of SPP vortices
formed on the interface of the metal and dielectric when the SPPs are reﬂected from
the inhomogeneity of permittivity in the metal layer in the form of dovetail. By varying
the values of the negative charges on the control probes it is possible to change the
form of the inhomogeneity area of the metal permittivity. This change of the boundary
curvature leads to the change of the topology of the interference ﬁeld of the incident
and reﬂected SPPs. Thus, it is possible to control the conﬁguration of the vortex lattice
of the SPPs by means of the external electrostatic ﬁeld arising between the probes
with negative charges and the metal layer.

2. Surface plasmon-polariton modes
The permittivity of a metal at optical frequencies is a complex quantity with a negative
′
″
real part 𝜖𝑀 = −𝜖𝑀
+𝑖𝜖𝑀
. Therefore, the propagation constants of the SPPs 𝛽 = 𝛽 ′ +𝑖𝛽 ″

are also complex quantities. Their imaginary parts characterize the attenuation of the
SPPs along the axis 𝑧, i.e. they determine the propagation length of the SPPs along the
lower and upper surfaces of the metal layer 𝐿 = 1/2𝛽 ″ [3]. Generally, the decrements
1/2

1/2

𝛼0 = (𝛽 2 − 𝑐 −2 𝜔2 𝜖0 ) and 𝛼𝑀 = (𝛽 2 − 𝑐 −2 𝜔2 𝜖𝑀 ) are complex quantities as well as
the SPP propagation constant. Thus, when the SPP propagates along the metal surface,
the components of its ﬁeld oscillate at the frequency 𝜔 attenuating both along the
longitudinal axis 𝑧 and along the normal axis 𝑥 to the media interface.
The TM-mode of the SPPs with the ﬁeld components 𝐸𝑥 , 𝐸𝑧 , 𝐵𝑦 is formed at
the homogeneous interface of the non-magnetic metal and dielectric [3]. The TMmode propagates along the homogeneous metal surface with the mode propagation
constant 𝛽 that is parallel to the axis 𝑧; the electric vector of the TM-mode rotates
in the plane (𝑥, 𝑧), and the wavefront of the surface wave is ﬂat. But the surface
plasmon-polariton wave is reﬂected from the inhomogeneity boundary if there is an
DOI 10.18502/ken.v3i3.2029
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inhomogeneity in the metal layer, for example, if the metal layer is broken off or
the boundary conditions −𝛼0 𝜖𝑀 = 𝛼𝑀 𝜖0 are violated. The real part of the permittivity
′
𝑅𝑒𝜖𝑀 = −𝜖𝑀
< 0 of the metal at optical frequencies is negative. However, under the

inﬂuence of the external electrostatic ﬁeld of the negative charge located at the control
′
probe above the metal layer, the area with positive permittivity 𝑅𝑒𝜖𝑀 = 𝜖𝑀
> 0 can

be formed in the metal. The SPPs will be scattered on such area of inhomogeneity of
the metal permittivity.
There are the evanescent waves directed from the boundary to the inhomogeneity
area in the direction of the axis 𝑧, and the SPPs directed back from the boundary of
inhomogeneity against the axis 𝑧. In this case, the mode composition of the reﬂected
SPP wave is enriched; the modes with ﬁeld components 𝐸𝑥 , 𝐸𝑦 , 𝐸𝑧 , 𝐵𝑦 , 𝐵𝑧 are formed
[35-37]. However, because of the boundary conditions, the normal component of the
magnetic vector 𝐵𝑥 does not arise from the inhomogeneity reﬂection of the TM mode,
and the rotation plane of the electric vector turns about the axis 𝑥. The singular points
localized in the ﬁeld minima may arise in result of the interference of the incident TMmode and reﬂected modes of the SPPs. At these points, the corresponding components
of the SPP ﬁeld are zero, the phase of the interference ﬁeld is not determined, and the
interference fringes of the SPP ﬁeld are split. The Poynting vector 𝑆 = (𝑐/4𝜋) 𝐸 × 𝐵 of
the SPPs at such singular points has three components and it precesses around an axis
normal to the plane of the metal layer, i.e. plasmon-polariton vortices arise.
We consider the excitation of vortices upon reﬂection of the SPPs from the inhomogeneity boundary in the metal layer in the form of a dovetail. We assume that
the laser beam with frequency 𝜔 falls on the side face of the prism with dielectric
permittivity 𝜖𝐷 (Figure 1). The metal layer with the thickness ℎ and permittivity 𝜖𝑀
is located on the dielectric prism; the metal and dielectric media are nonmagnetic.
A bulk electromagnetic wave having passed through the prism excites the SPPs on
the upper surface of the metal layer bordering upon the air 𝜖0 under the condition
𝛽 = 𝑘𝑧 . Solutions of the system of Maxwell’s equations for nonmagnetic media ∇ ×
𝐵 = −𝑖𝑐 −1 𝜔𝜖 𝐸,

∇ × 𝐸 = 𝑖𝑐 −1 𝜔 𝐵 describe the SPPs generated by the laser beam

before scattering at the boundary of the inhomogeneity in the metal, and their plane
wavefront that does not depends on the transverse coordinate𝑦. The TM-mode of the
SPPs is formed with the ﬁeld components at the metal-air interface
𝐸1𝑥 =

𝑐𝛼 𝐴
𝑐𝛽𝐴
exp 𝜑𝑇 , 𝐸1𝑧 = −𝑖 0 exp 𝜑𝑇 , 𝐵1𝑦 = 𝐴 exp 𝜑𝑇 ,
𝜔𝜖0
𝜔𝜖0

(1)

where 𝐴 = 𝑐𝑜𝑛𝑠𝑡, 𝜑𝑇 = −𝛼0 𝑥 + 𝑖𝛽𝑧. The dispersion equations of the SPPs have the form
2
−𝛽 2 = 0 in the metal. From the condition
𝑐 −2 𝜔2 𝜖0 +𝛼02 −𝛽 2 = 0 in the air, and 𝑐 −2 𝜔2 𝜖𝑀 +𝛼𝑀
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of continuity of the tangential components of the electric ﬁeld 𝐸𝑧 on the surface of the
metal layer, the boundary condition 𝛼𝑀 𝜖0 = −𝛼0 𝜖𝑀 holds for the TM-mode of the SPPs
at𝑅𝑒𝜖𝑀 < 0.
The SPPs of TM-mode are falling to the inhomogeneity in the metal and are reﬂected
from the boundary of the inhomogeneity. Reﬂecting from the boundary of the inhomogeneity in the metal layer, the wave vector of the SPP directed along the axis 𝑧
turns by some angle 2𝜙; the projection of mode propagation constant to the axis 𝑧 is
equal 𝛽 ̃ = −𝛽 cos 2𝜙, and the projection to the axis 𝑦 is 𝜅 = 𝛽 sin 2𝜙 (Figure 1). The ﬁeld
components appear in the scattered SPP on the boundary of the inhomogeneity in the
metal
𝐸2𝑥 =

𝑐𝛼 𝐴 cos 𝜙
𝑐𝛼 𝐴 sin 𝜙
𝑐𝛽𝐴
exp 𝜑𝑅 , 𝐸2𝑦 = −𝑖 0
exp 𝜑𝑅 , 𝐸2𝑧 = −𝑖 0
exp 𝜑𝑅 ,
𝜔𝜖0
𝜔𝜖0
𝜔𝜖0

(2)

𝐵2𝑦 = 𝐴 sin 𝜙 exp 𝜑𝑅 , 𝐵2𝑧 = −𝐴 cos 𝜙 exp 𝜑𝑅 ,
where 𝜑𝑅 = −𝛼0 𝑥 + 𝑖𝛽 (𝑦 sin 2𝜙 − 𝑧 cos 2𝜙), and the normal to the surface component
of the magnetic ﬁeld 𝐵𝑥 = 0 remains equal to zero [35-37]. The number of modes of
reﬂected SPPs depends on the shape of the inhomogeneity boundary, i.e. the angles
of reﬂection of the SPPs are 2𝜙. The same modes are formed in the metal layer near
the upper surface, but in this case the decrement in the expressions for the ﬁeld
components must be replaced −𝛼0 → 𝛼𝑀 , and the permittivity is also replaced 𝜖0 → 𝜖𝑀 .
The boundary conditions for the reﬂected SPPs are not violated, and the transverse
component of the SPP wavevector 𝜅 is added to the dispersion equations at the boundary with the air 𝑐 −2 𝜔2 𝜖0 +𝛼 2 −𝜅 2 −𝛽 2̃ = 0, and in the metal layer 𝑐 −2 𝜔2 𝜖𝑀 +𝛼 2 −𝜅 2 −𝛽 2̃ = 0,
𝑀

0

where 𝜅 = 𝛽 sin 2𝜙, 𝛽 ̃ = 𝛽 cos 2𝜙, i.e. 𝜅 2 + 𝛽 2̃ = 𝛽 2 . The propagation constant at the
boundary of the metal layer and the air has the real value 𝛽 = 𝑘0 [𝜖𝑀 / (1 + 𝜖𝑀 )]
′

2

″

″

2
′
𝑘0 {(𝜖𝑀2 + 𝜖𝑀2 ) / [(1 − 𝜖𝑀
) + 𝜖𝑀 ]}

1/2

1/2

=

, where 𝑘0 = 𝜔/𝑐.

The distribution of the ﬁeld on the metal surface (𝑥 = 0) during the SPP mode interference depends on the angle of reﬂection 2𝜙 of the TM-mode from the boundary of
the inhomogeneity in the metal, i.e. from the curvature of the boundary. The maxima
and minima of the components of the electric and magnetic vectors of the SPPs arise in
the area of the existence of the SPPs as a result of the mode interference; accordingly,
the Poynting vector 𝑆𝑗 = 𝑆𝑗𝑎 exp (𝑖𝜑𝑗 ) of the SPP has the maxima and minima, where
2

2 1/2

𝑆𝑗𝑎 = [(𝑅𝑒𝑆𝑗 ) + (𝐼𝑚𝑆𝑗 ) ] is the amplitude, 𝜑𝑗 = arctan (𝐼𝑚𝑆𝑗 /𝑅𝑒𝑆𝑗 ) is the phase
of the interference ﬁeld, 𝑗 = 𝑥, 𝑦, 𝑧. At least three plasmon-polariton waves arrive
to the zero points of the SPP interference ﬁeld: the incident wave and two reﬂected
waves at different angles 2𝜙 from the curvilinear boundary of the inhomogeneity,
DOI 10.18502/ken.v3i3.2029
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then the screw dislocation takes place in the phase of interference ﬁeld. At these
points the SPP interference fringes are split, and plasmon-polariton vortices arise.
Modern methods of apertureless near-ﬁeld microscopy with the resolution of units
of nanometers [38-40] are based on the detection of the normal component 𝐸𝑥 of the
electric vector; therefore we will analyze hereinafter the distribution of 𝐸𝑥 .

3. Discussion of the proposed experiment
Negatively charged control probes (Figure 1) create the areas of inhomogeneity of the
metal permittivity in the form of circles with radii 𝑟0 with the positive “mirror” charges
in the metal that arise by the displacement of conduction electrons. We estimate the
parameters of the experimental device assuming that a point charge −𝑞 is placed
−1

at the tip of the probe, creating a ﬁeld strength 𝐸0 = −𝑞 (4𝜋𝜖0𝑒 ℎ2𝑝 ) , where 𝜖0𝑒 =
8.84 × 10−12 𝐹 /𝑚. On the boundary of the circle with the radius 𝑟0 , i.e. at a distance
1/2

𝜉 = (ℎ2𝑝 + 𝑟20 ) from the charge, the intensity of the electrostatic ﬁeld will decrease
as a ratio 𝐸𝜉 /𝐸0 = ℎ2𝑝 /𝜉 2 . The intensity of the electrostatic ﬁeld decreases as the ratio
𝐸𝜉 /𝐸0 ≈ 10−5 at the boundary of the inhomogeneity area of the permittivity at the
radius 𝑟0 = 10 𝜇𝑚 with the height of the probe ℎ𝑝 = 30 𝑛𝑚 above the surface of the layer.
We obtain the ratio 𝐸𝜉 /𝐸0 ≈ 10−3 at the radius 𝑟0 = 1 𝜇𝑚, and the ratio 𝐸𝜉 /𝐸0 ≈ 10−1
at the radius 𝑟0 = 100 𝑛𝑚. The voltage at the control probe placed at the height ℎ𝑝 is
𝑈 = 𝐸0 ℎ𝑝 . With the voltage at the probe 𝑈 = 1 𝑚𝑉 the ﬁeld intensity under the probe
will be 𝐸0 = 33.3 × 103 𝑉 /𝑚, and the magnitude of the positive “mirror” charge is equal
to 𝑞 = 4𝜋𝜖0𝑒 ℎ𝑝 𝑈 = 0.111 × 10−12 𝐶. It is possible to increase the “mirror” charge at
constant voltage, if dielectric medium with permittivity 𝜖0 → 𝜖 is placed between the
control probe and the metal layer. It leads to the electrocapacity increasing in the space
between the control probe and the metal layer, then the charge value is 𝑞 = 𝐶 (𝜖) 𝑈 .
The scattering of the SPPs at the boundary of the inhomogeneity area is inelastic.
However, in this case the reﬂected SPPs directed against the axis 𝑧 are generated, and
they interfere with the SPPs falling along the axis 𝑧. One can change the radius 𝑟0 of
the area of permittivity inhomogeneity of the metal by varying the voltage 𝑈 at the
−1/2

1/2

at the ﬁxed probe height ℎ𝑝
control probe 𝑈2 /𝑈1 = 𝑞2 /𝑞1 = (𝑟202 + ℎ2𝑝 ) (𝑟201 + ℎ2𝑝 )
above the surface of the metal. Then the radius of the inhomogeneity area varies as
𝑟02 = [𝑔 2 𝑟201 + (𝑔 2 − 1) ℎ2𝑝 ]

1/2

, where 𝑔 = 𝑈2 /𝑈1 , i.e. the radius 𝑟0 varies in proportion to

the voltage between the control probe and the layer.
Figure 2 shows the normalized distribution of the normal component of the electric
2

2 1/2

vector 𝐸𝑥 = 𝐸𝑥𝑎 exp (𝑖𝜑𝑥 ), where 𝐸𝑥𝑎 = [(𝑅𝑒𝐸𝑥 ) + (𝐼𝑚𝐸𝑥 ) ]
DOI 10.18502/ken.v3i3.2029
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arctan (𝐼𝑚𝐸𝑥 /𝑅𝑒𝐸𝑥 ) is the phase of the SPP interference ﬁeld at a certain time for the
′
″
superposition of TM-modes at the air-metal interface: 𝜖0 = 1 and 𝜖𝑀 = −𝜖𝑀
+ 𝑖𝜖𝑀
=
−12.64+𝑖 1.40 (the layer of polycrystalline gold with the thickness 53 𝑛𝑚) [41], the laser
beam has the wavelength in the air 𝜆0 = 630 𝑛𝑚. In the case under consideration the
propagation constant of the SPP is equal 𝛽 = 1.08×105 𝑐𝑚−1 , then the wavelength of the
SPP is 𝜆 = 2𝜋/𝛽 = 581 𝑛𝑚. The decrements of the SPP have values: 𝛼0 = 4.19 × 104 𝑐𝑚−1
in the air, and 𝛼𝑀 = 3.71 × 105 𝑐𝑚−1 in the metal layer, that corresponds to the distances
along the axis 𝑥 normal to the surface: ℎ0 = 238 𝑛𝑚, and ℎ𝑀 = 26.9 𝑛𝑚, where the SPP
is attenuating.
As a result of SPP interference the plasmonic vortices arise at the points of splitting
of the interference fringes of the ﬁeld minima, when the SPPs are reﬂected from
the curvilinear boundary of the inhomogeneity in the metal layer, (Figure 2 (a), dark
lines). The change of the boundary curvature leads to a shift in the minima of the SPP
ﬁeld. The varying of the potential of the control probe over the metal surface leads to
decreasing or increasing of the radius 𝑟0 of the permittivity inhomogeneity area in the
metal, which causes to the vortices shifting from their original positions (Figure 2 (c)
and (d)).

4. Excitation of the SPP modes in nanowire
If the readout probe is placed above the point of localization of the SPP vortex on
the metal surface, then surface plasmon modes can be excited in the nanowire of the
probe [42-43]. To excite the SPP modes in the nanowire, it is necessary to match the
normal component of the electric ﬁeld 𝐸𝑥𝑀 of the SPP vortex on the metal surface and
the longitudinal mode component 𝐸𝑧𝑤 on the nanowire surface.
Consider the process of formation of surface plasmon-polariton modes upon excitation of a nonmagnetic metal nanowire with a circular radius 𝑎 of cross section by
monochromatic electromagnetic radiation with frequency 𝜔. Suppose the boundary of
the nanowire is corrugated in the form of a spiral with the deep 𝑑 and step Λ along
the axis 𝑧 of the nanowire, then the radius of spiral is 𝑎 − 𝑑 = 𝑐𝑜𝑛𝑠𝑡. Corrugation of
the nanowire boundary leads to disturbance of its permittivity 𝜖𝑑 = 𝜖 + Δ𝜖 (𝑧), where
𝜖 = 𝑐𝑜𝑛𝑠𝑡. The perturbation of the permittivity of the nanowire is represented in the
𝑧 , then 𝜖𝑑 = 𝜖 [1 − 𝑑 ̄ exp (𝑖𝑠𝐾𝑧)],
cylindrical coordinate system as Δ𝜖 = −𝜖 𝑑𝑎 exp (𝑖𝑠 2𝜋
Λ )
where 𝑑 ̄ = 𝑑/𝑎, 𝐾 = 2𝜋/Λ, and 𝑠 = ±1, ±2, ... is the index which characterizes the
direction of rotation (helicity) and the number of corrugation branches.
DOI 10.18502/ken.v3i3.2029
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Figure 2: Distribution of the normal component 𝐸𝑥 of electric vector at the interference of the incident
and reﬂected SPPs from the inhomogeneity boundary in the metal layer in the form of dovetail: (a) the
interference fringes of the amplitude at the radius of curvature boundary 𝑟0 = 5 𝜇𝑚; (b) the interference
fringes of the amplitude at the radius of curvature boundary 𝑟0 = 10 𝜇𝑚, (c) the phase distribution,
𝑟0 = 5 𝜇𝑚; (d) the phase distribution, 𝑟0 = 10 𝜇𝑚; (e) the SPP vortices with topological charge ℓ𝑀 = +1
(red arrow, anti-clockwise) and with topological charge ℓ𝑀 = −1 (green arrow, clockwise) in the fence,
𝑟0 = 5 𝜇𝑚; (f) the SPP vortices in the fence, 𝑟0 = 10 𝜇𝑚; the values along the axes (𝑦, 𝑧) are marked in
micrometers.
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In this case the equation for the electric ﬁeld components follows from the system
of equations ∇ × ∇ × 𝐸 = −∇2 𝐸 + ∇ (∇𝐸) = 𝑘20 𝜖𝑑 𝐸, where ∇𝐸 = − (𝜖𝑑−1 ∇𝜖𝑑 ) 𝐸 =
− (𝜕 ln 𝜖𝑑 /𝜕𝑧) 𝐸𝑧 , 𝑘0 = 𝜔/𝑐. The equation for the longitudinal component of the SPP
mode in the nanowire in the cylindrical coordinate system has the form ∇2⊥ 𝐸𝑧 +
𝜕 2 ln 𝜖
+ ( 𝜕𝑧2 𝑑 + 𝑘20 𝜖𝑑 ) 𝐸𝑧 =
̄
𝜕 ln 𝜖
𝑖𝑠𝑑𝐾
derivatives 𝜕𝑧 𝑑 = − 1−𝑑 ̄ exp(𝑖𝑠𝐾𝑧)
𝜕 ln 𝜖ℎ 𝜕𝐸𝑧
𝜕𝑧 𝜕𝑧

0, where
and

𝜕 2 ln 𝜖𝑑
𝜕𝑧2

𝜕 2 𝐸𝑧
𝜕𝑧2

+

2
𝜕2 𝐸
𝜕
∇2⊥ → 𝜕𝑟𝜕 2 + 1𝑟 𝜕𝑟
+ 𝑟12 𝜕𝜙2𝑧 . Substituting the
2̄
2
= 𝑑 𝐾 ̄ exp(𝑖𝑠𝐾𝑧) 2 in this equation, we obtain
1−
𝑑
exp(𝑖𝑠𝐾𝑧))
(

the equation for the longitudinal component of the electric ﬁeld at the nanowire
∇2 𝐸 𝑧 −

̄
𝜕𝐸𝑧
𝑑 2̄ 𝐾 2 exp (𝑖𝑠𝐾𝑧)
𝑖𝑠𝑑𝐾
+ 𝑘20 𝜖 (1 − 𝑑 ̄ exp (𝑖𝑠𝐾𝑧)) +
𝐸 = 0.
2] 𝑧
[
1 − 𝑑 ̄ exp (𝑖𝑠𝐾𝑧) 𝜕𝑧
̄
(𝑖𝑠𝐾𝑧)
1
−
𝑑
exp
(
)
(3)

To obtain analytical solutions in the ﬁrst approximation, we neglect the term
𝑑 ̄ exp (𝑖𝑠𝐾𝑧) in the denominators of the terms in equation (3), we believe 𝑑 2̄ 𝐾 2 <<
𝑑𝑘̄ 20 𝜖, and obtain the equation
2
2
𝜕 2 𝐸𝑧 1 𝜕𝐸𝑧
𝜕𝐸𝑧
1 𝜕 𝐸𝑧 𝜕 𝐸𝑧
̄
+
+
+
− 𝑖𝑠𝑑𝐾
+ 𝑘20 𝜖 [1 − 𝑑 ̄ exp (𝑖𝑠𝐾𝑧)] 𝐸𝑧 = 0.
2
2
2
2
𝑟 𝜕𝑟
𝜕𝑧
𝜕𝑟
𝑟 𝜕𝜙
𝜕𝑧

(4)

The variables are separated after factoring of the solution 𝐸𝑧 = 𝐹 (𝑟, 𝜙) 𝑋 (𝑧) in the
2
̄ 𝜕𝑋 − 𝑑𝑘̄ 2 𝜖 exp (𝑖𝑠𝐾𝑧) 𝑋 = −𝛽 2 𝑋 and
equation (4), we get two equations: 𝜕 𝑋 − 𝑖𝑠𝑑𝐾
𝜕2 𝐹
𝜕𝑟2

+ 1𝑟 𝜕𝐹
𝜕𝑟

2
+ 𝑟12 𝜕𝜕𝜙𝐹2

+𝑘20 𝜖𝐹

2

𝜕𝑧2
2

𝜕𝑧

0

= 𝛽 𝐹 , where 𝛽 > 0 is the separation constant of the variables.

The solution of the equation for 𝑋 (𝑧) has the form
̄
2𝑘 √𝑑𝜖̄
𝑑𝐾𝑧
𝐾𝑧
𝑋 (𝑧) = exp 𝑖𝑠
𝐽𝜈 𝑠 0
exp (𝑖𝑠
,
(
2 ) (
𝐾
2 ))
where 𝜈 = √4𝛽 2 𝐾 −2 + 𝑑 2̄ ≈ 2𝛽/𝐾 is the index of the Bessel function. The solution of the
equation for 𝐹 (𝑟, 𝜙) we choose in the form of modes with angular dependence of the
angle 𝜙 in the form exp (𝑖ℓ𝜙). The equation for 𝐹 (𝑟, 𝜙) in the metal can be represented
as
𝜕 2 𝐹𝑀 1 𝜕𝐹𝑀
ℓ2
2
+
𝑘
−
𝐹 = 0,
+
( 𝑀 𝑟2 ) 𝑀
𝑟 𝜕𝑟
𝜕𝑟2

(5)

2
′
″
2
where 𝑘2𝑀 = (𝜖𝑀
− 𝑖𝜖𝑀
) 𝑘0 − 𝛽 , ℓ = 0, ±1, ±2, ... is the azimuthal number of the mode.
On the surface of the metal nanowire surrounded by dielectric medium with |𝜖 ′ | > 𝜖0 ,

the equation for 𝐹 (𝑟, 𝜙) is
𝜕 2 𝐹 1 𝜕𝐹
ℓ2
2
+
−
𝑘
+
𝐹 = 0,
𝑟 𝜕𝑟 (
𝜕𝑟2
𝑟2 )

(6)

where 𝑘2 = 𝛽 2 −𝑘20 𝜖0 > 0. We choose the solutions of (5) in the form of Bessel functions
𝐹𝑧𝑤 = 𝐴

𝐽ℓ (𝑢𝑟/𝑎)
𝐽ℓ (𝑢)

having ﬁnite values on the nanowire axis 𝑟 = 0, and the solution of

equation (6) in the form of Macdonald functions 𝐹𝑧0 = 𝐴
DOI 10.18502/ken.v3i3.2029

𝐾ℓ (𝑤𝑟/𝑎)
𝐾ℓ (𝑤)

damped at 𝑟 → ∞
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(𝑟 > 𝑎), where 𝑢 = 𝑎𝑘𝑀 , 𝑤 = 𝑎𝑘, 𝐴 = 𝑐𝑜𝑛𝑠𝑡. Then we obtain expressions for the
longitudinal components of the SPP modes inside and on the nanowire surface
𝐽ℓ (𝑢𝑟/𝑎)
exp (𝑖ℓ𝜙 + 𝑖𝐾𝑠 𝑧) 𝐽𝜈 (𝜁𝑠 ) ,
𝐽ℓ (𝑢)

(7)

𝐾ℓ (𝑤𝑟/𝑎)
exp (𝑖ℓ𝜙 + 𝑖𝐾𝑠 𝑧) 𝐽𝜈 (𝜁𝑠 ) ,
𝐾ℓ (𝑤)

(8)

𝐸𝑧𝑤 = 𝐴

𝐸𝑧0 = 𝐴
where 𝜁𝑠 = 𝑠

2𝑘0 √𝑑𝜖̄
𝐾

̄

, 𝐾𝑠 = 𝑠 𝑑𝐾
exp (𝑖𝑠 𝐾𝑧
, 𝜈 = 2𝛽/𝐾. The longitudinal components
2 )
2

of the electric ﬁeld (7) and (8) attenuate when the SPP modes propagate along the
nanowire.
The phase of the longitudinal component of the ℓth mode of the SPPs on the
nanowire surface 𝑟 = 𝑎 has the form 𝜑𝑧0 = arctan [𝐼𝑚 (𝑓ℓ𝑠 ) /𝑅𝑒 (𝑓ℓ𝑠 )], where 𝑓ℓ𝑠 =
exp [ 𝑖 (ℓ𝜙 + 𝐾𝑠 𝑧)] 𝐽𝜈 (𝜁𝑠 ). From the expression for the phase of the longitudinal component, we can determine the “helicity” of the nanowire SPP mode 𝜎𝑧 =
that is 𝜎𝑧 =

1
2𝜋

2𝜋
(∫0

𝜕𝜑
𝑑𝜙 𝜕𝜙𝑧0

+

Λ
∫0

𝜕𝜑
𝑑𝑧 𝜕𝑧𝑧0 ).

1
2𝜋

∮ 𝑑𝑟∇𝜑𝑧0 ,

Suppose the perturbation of the permittivity

of nanowire is small 𝑑 ̄ << 1, and the propagation mode constant of the SPP mode
′
for the nanowire is 𝛽 = 𝐾, i.e. 𝜖 = 𝜖𝑀
. Then taking into account only the ﬁrst

term of the series for the Bessel function 𝐽2 (𝜁) ≈
expression 𝑓ℓ𝑠 ≈

𝑘20 𝑑𝜖̄

𝑑̄

𝑘20 𝑑𝜖̄
2𝐾 2

exp (𝑖𝑠𝐾𝑧), we obtain the

exp { 𝑖 [ℓ𝜙 + 𝑠 (1 + 2 ) 𝐾𝑧]}. The phase of the ℓth SPP-mode of
̄ ) 𝐾𝑧 in this approximation. The helicity
the nanowire has the form 𝜑𝑧0 = ℓ𝜙 + 𝑠 (1 + 𝑑/2
2𝐾 2

of the longitudinal component of the ℓth SPP-mode of the nanowire in this case is
̄ ). Thus, we get the maximum or minimum signal in the
equal to 𝜎𝑧 = ℓ + 𝑠 (1 + 𝑑/2
readout probe depending on the helicity of the nanowire and the topological charge
of the vortex under the readout probe.

5. Conclusion
The SPPs generated at the boundary of the homogeneous dielectric medium and the
metal layer form the TM-mode propagating along the surface of the metal and having
the plane wavefront. The inhomogeneities of the metal layer permittivity cause the
reﬂection of the SPPs, while the modal composition of the surface waves changes.
There is the interference of the TM-modes when the SPPs are reﬂected from the
straight line boundary, but the SPP vortices do not arise. If the boundary of the inhomogeneity area is curvilinear, then the vortex lattice arises as a result of interference
of the SPP-modes.
The distribution of the singular points at the minima of the SPP interference ﬁeld,
in which vortices are formed on the metal surface, depends on the curvature of the
DOI 10.18502/ken.v3i3.2029
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boundary of the inhomogeneity area. The curvature of the boundary of the inhomogeneity area in the metal layer can be changed by means of the external electrostatic
ﬁeld of negative charges at the control probes. It is possible to control the distribution
of the minima of the SPP interference ﬁeld by changing the voltage on the control
probes located above the metal surface, i.e. varying the value of the negative charges
of the control probes, we can change the conﬁguration of the vortex grating. In the
readout probes, which are nanowires with the spiral thread, the signals are effectively
excited when the helicity of the thread coincides with the topological charge of the
plasmon-polariton vortex.
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