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Abstract. This paper numerically examines the excitation of surface plasmon
polaritons (SPPs) in two-dimensional nanoresonators. The SPPs wave field is de-
fined as a 2D array of coupled, recursive digital filters interacting with a point
radiation source. Within the discrete model, we analyze SPP distributions in ellip-
tical nanoresonators, which are regions confined on the gold surface at the metal-
dielectric interface.

The dynamics of metal conduction electrons are taken into account using
coupled equations for the electric field and polarization. The composition of the
resonant field is determined by a two-dimensional Fourier-Bessel transform. The
results show that the excited mode structure and field amplitude depend on the
nanoresonator geometry and the position of the center or edge point of the
source. We identified the optimal source placement for exciting fundamental or
higher-order modes in different geometries. The findings are crucial for design-
ing plasmonic devices with tailored near-field distributions.

Keywords: plasmonics, surface plasmon polaritons; nanoresonators; Fourier-
Bessel transform.

Introduction

Surface plasmon polaritons are electromagnetic oscillations in the optical frequency range that
propagate in a thin layer at the metal-dielectric interface. They emerge as the coupled oscillations of the
electromagnetic field in the dielectric and the electron plasma in the metal with a negative real part of
dielectric function [1]. Since the first mathematical description by Arnold Sommerfeld in 1899 [2] and
the first experimental SPPs observation by Robert Wood in 1902 [3], SPPs have attracted continuous
scientific interest. The Maxwell's equation solution for a single interface, submitted by Zenneck and
Sommerfeld [4, 5], fully applies to the description of SPPs. Later, Ritchie carried detailed studies of
SPPs in thin metal films [6], and in 1968 Kretschmann and Raether introduced a general method for ex-
citing SPPs with visible light using prism coupling [7].

The SPPs ability to strongly localize electromagnetic radiation (in subwavelength scales) opens up
wide opportunities’ applications. The structures which provide SPPs propagation are used in highly sen-
sitive biosensors [8], in plasmonic waveguides for high-speed data transfer [9], and in spasers (plas-
monic nanolasers) [10]. Despite the advantages, ohmic losses in metals limit SPP propagation and
there's occurs the search for new materials and optimized geometries.

In this work, we focus on the SPPs excitation in 2D nanostructures defined at the gold-glass inter-
face on metal surface. We investigate how the resonator geometry and the position of a point excitation
source influence the resulting SPP wave field and its mode composition. The discrete model parameters
(we employ a model based on coupled digital filters [11-13]) are derived from the SPP dispersion rela-
tion for a gold-glass interface at a wavelength of 1,5 um.

The wave field of surface plasmons in a two-dimensional nanoresonator is modeled by a discrete
way, where the wave field is displayed as a coupled recursive digital filter (second-order oscillators)
grid. The dynamics of the field is determined by finite difference equations with selected parameters for
matching with the physical system, a gold—glass interface at a wavelength of 1,5 um. While modeling
the field in rectangular resonators we used zero-derivative (Neumann) boundary conditions to simulate
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an impedance mismatch at the edges, effectively confining the field. For circular and elliptical resona-
tors, the grid nodes outside the shape are set to zero (Dirichlet condition), and the calculations is per-
formed only for inner points defined by a mask.

The results demonstrate a dependence between the excited mode structure and SPPs wave field am-
plitude on the resonator geometry, the center or edge point source position. We have identified optimal
source placement for exciting fundamental or higher-order modes in different geometries. These find-
ings are crucial for designing plasmonic devices with customized near-field distributions.

Discrete Model of the SPP Wave Field

The SPP wave field in a 2D nanoresonator is modeled using a discrete approach, where the continu-
ous field is represented by a coupled recursive digital filter (second-order oscillators) two-dimensional
grid. The wave field state at the grid node (x; y) at discrete time ¢ is defined by u (x, y; ++1). The dynam-
ics are governed by the finite-difference equations [11-13]:

u(x,y,t+ 1) = alu(x,y,t) - azu(x,y,t —1) +bW(t,x 1,y il) +gF(x,y,t), )
where the coupling to nearest nodes is
W(t,xil,yil)=u(x—1,y,t)+u(x+1,y,t)+u(x,y—l,t)+u(x,y+l,t). 2)

Sign g in (1) is the coupling coefficient between the wave field and the point source.
The function F (x, y,t) =0 (x - xo)( y- yo)z(t) defines the action of the radiation point source lo-

cated at (x,,y,). The source's dynamics modeling as a classical nonlinear oscillator with dissipation,
function z(t) is described by a discrete version of the Van der Pol equation [14]:
z(t+1)=d,(2)z(t)—d, () z(t 1) + gAu(xy, yg.t), 3)
where Au(xy,yo.t) =u(xq,y0.t)—u(xg, 9.t —1).
The coefficients a,,a, and b set the relation between physical phase velocity v and attenuation dec-
rement y and the model:

a=2(27=1)e7, ay=e, b=v’e . )

The nondimensional phase velocity v must be less than 1/ \2 for numerical stability.
The model parameters are selected to match the physical system: a gold-glass interface (dielectric
constant of glass &, = 4). For a wavelength of 2 =1,5 um in vacuum the frequency is @ ~10'° Hz.

Taking into account the Drude model (metal plasma frequency w,= 1,39-10'¢, = 1,075-10'%) [15],
we calculated the gold dielectric function at this wavelength, & = —190 + 19i, so | & | =191. From the

SPP dispersion relation on a single interface:

o | §&
kSPP RPN ) ®)
c\&g+é

the SPP phase velocity real part is calculated to be Re(vpn) = 0,5.

The grid step Ar of digital filters in a discrete model of a two-dimensional wave field in a nanoreso-
nator is 1 nm in order of magnitude, and the characteristic time step At follows from v,; = V(Ar/Af) is
At~Ar/c~10"1% s [16].

To account the dynamics of conduction electrons, the model is related to the macroscopic polariza-
tion P equations obtained from the equation of electrons motion in the plasma layer of a metal. The dis-
cretization of the wave equation for the electric field E and the polarization equation leads to the crea-
tion of a coupled system:

Plk+2]+P[k]-2P[k+1]  P[k+2]-P[k+1] ¢*

n

=——F |k]; 6
v +7 o —Ei[#] (6)

E; ;[k+2]+E; ;[k]-2E; [k+1] ) By K]+ E; o [K] = 2B, ; [K] = E; ;4 [K]+2E, ;[K]

A’ 00 Ar? -

Bylk+2]+ R [k]-2R [k+1] 1 By jalk]-F k] P, [k]+ R, K]
=Ho P - P . (7)
At &y Ar
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This system (1), (6), (7) forms the complete basis for our numerical simulation. However, for the
primary analysis of the mode excitation and field distribution presented in this paper, the basic model
(1)—~(4) with the parameters obtained above is sufficient, since it reflects the basic dynamics of the
waves. The full system is used to verify the correctness of the simplified approach.

Results and Discussion

Let us consider the SPP excitation taking into account the dynamics of metal conduction electrons
in a nanoresonator defined as a limited nanostructure on the metal surface at the metal-dielectric inter-
face (Fig. 1). A circle of radius R =16 nm is limited on the metal surface, in which the wave field distri-
butions are considered, and a point source of electromagnetic radiation is located near the interface, ex-
citing SPP.

a) b)
Fig. 1. Nanoresonator scheme of a limited nanostructure on the gold surface at the metal-dielectric interface

First, we consider a rectangular resonator limited on the gold surface with dimensions L. = 32 nm,
L,=32 nm. Fig. 2 shows the steady-state field distribution with the point source located at the center and
the left edge. When the position of the point source in the square nanoresonator changes, the wave field
is more efficiently excited, and the amplitude of the excited modes increases.
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Fig. 2. the wave field in the nanoresonator L,= 32 nm, L,= 32 nm, g = 0,2, point source placed in
a) center, b) left; the amplitudes of the excited modes, point source placed in c) center, d) left
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Thus, with a small coupling coefficient of the wave field with a point radiation source, when taking
into account the dynamics of electron polarization, a uniform component of the field is observed, and
when the oscillator is shifted to the center of the membrane, an increase in the amplitude of the resonant
field is observed. With an increase in the coupling coefficient g, the amplitude increases significantly, it
can be noted that when the source is located in the center of the structure, the increase is more signifi-
cant, and with an increase in this coefficient, higher-order modes are excited (Fig. 3).
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Fig. 3. The wave field in the membrane R = 16 nm, coupling coefficient g = 0,1, point source placed in
a) left, b) center; coupling coefficient g = 0,2, c) left; d) center
Let us perform the Fourier—Bessel transformation (in polar coordinates) of the resonant field in a
circular nanoresonator and obtain a set of coefficients representing the amplitudes of the excited modes
with indices (m, n), m — radial components, and n — azimuthal components.

. o r .
i, = Iou (r)J,, (Ejsm(ngo) rdr, (8)
where J,, (/R) is a Bessel function of the first kind of order m describing the radial distribution of the

field, » =+/x* +y*, @ =arcsin(y/r).

The figure shows the amplitudes of the excited modes of the wave field in the structure R = 16 nm,
the point radiation source is located in the center of the structure and at its edge. As noted above, with
the central location of the source, the amplitude of the excited modes is an order of magnitude greater
than the same values with the marginal location of the source. At g = 0,1, zero- and first-order modes
predominate, and as this coefficient increases, the number of azimuthally excited modes increases.
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Fig. 4. The excited modes amplitudes with indices (m; n), the wave field in the structure R =16 nm, coupling coefficient
g = 0,1, point source placed in a) left, b) center; coupling coefficient g = 0.2, c) left; d) center

Discussion and Conclusion

In this paper, based on a recursive two-dimensional domain model, the distributions of the wave
field of surface plasmon polaritons in metal nanoresonators of various shapes are analyzed, taking into
account the purely two-dimensional nature of these surface waves and the dynamics of electrons in the
metal plasma layer. A discrete model of a two-dimensional domain is a lattice of coupled second-order
recursive filters interacting with a point source of electromagnetic radiation, which is a classical nonlin-
ear oscillator with dissipation (for small nonlinear source parameters in a discrete modification of the
Van der Pol equation).

The step of the digital filter grid in the model was adopted in the order of 1 nm, and the characteris-
tic time in the system was adopted.

1. When simulating the excitation of SPT in rectangular metal nanoresonators, it is shown that the
most advantageous location of a point radiation source for exciting a nanoresonator in a single-mode is
the edge of the nanostructure.

2. When modeling the excitation of an IFR in ellipsoidal structures with central symmetry, it is
shown that the most advantageous location of a point radiation source for exciting a nanoresonator in a
single-mode is the central location of the source.

3. To identify the mode composition of the resonant field in a circular structure, the Fourier-Bessel
transformation was performed, and it was shown that modes with low radial and azimuthal indices pre-
dominate in the structure.

The obtained research results can be useful in the design of plasmonic nanoresonators of various
geometries. (rectangular, axisymmetric) and other devices that support the propagation of surface plas-
mon polaritons (waveguides, sensors, etc.), ensuring effective excitation of target modes due to the op-
timal location of the electromagnetic radiation source.

The research was carried out within the state assignment of Ministry of Science and Higher Educa-
tion of the Russian Federation (Ne 075-00188-26-00).
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BO3BYXAEHMUE MNOBEPXHOCTHbIX MJIASMOH-NOJIAPUTOHOB TOYEYHbLIM
WCTOYHUKOM B AIBYMEPHbIX HAHOPE3OHATOPAX HA OCHOBE 30/10TA
PA3JINMHOU TEOMETPUN
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AnHoTtauus. B nmanHO# paboTe mpeacTaBiIeHO UYMCICHHOE HCCIENOBAaHHE BO30YXKICHHS MOBEPX-
HOCTHBIX M1azMoH-nossiputoHoB (I1I1IT) B nBymMepHBIX HaHOpe3oHaTopax. Bomnooe mose IITIII ompe-
JensieTcs KakK JByMEpHas CeTKa CBA3aHHBIX PEKYypPCUBHBIX HU(POBBIX (QHIBTPOB, B3aUMOACHCTBYIOIINX
C TOYEYHBIM UCTOYHUKOM H3Iy4yeHUus. B paMkax JUCKpETHOM MOJENU MPOaHAIU3UPOBAHO paclpeseiie-
aue [1I1I1 B snnunTuueckux HaHOPE30HATOPax, KOTOPBIE MPEJCTABISAIOT cO00H 00JIACTH, OTpaHHYCHHBIC
Ha MOBEPXHOCTH 30JI0Ta HA TPAHUILIE Pa3/ieNa METAII—IUIIEKTPHUK.

JIMHaMHKa 3JIEKTPOHOB IPOBOJUMOCTH METaJlIa YYUTBIBAETCS C MOMOIIBIO CBA3AHHBIX ypaBHEHHI
JUTSL DJIEKTPUUYECKOTO MO M mosspuzanuu. CocTaB pe30HaHCHOTO MOJIS ONpEAeNsieTcs] ¢ MOMOIIBIO
IByMepHOro npeoOpaszoBanus Pypbe—beccens. Pe3ynbraTsl AEMOHCTPUPYIOT 3aBUCUMOCTD CTPYKTYPBI
BO30y’KIaeMbIX MOJ U aMILIMTY/bI IIOJISI OT T€OMETPUH HAaHOPE30HATOpa U MOJIOKECHUS LIEHTPA WK Kpa-
eBOl TOYKM MCTOYHHUKA. OIpeneneHo ONTUMAaIbHOE PACIIONIOKEHHE MCTOYHUKA Il BO3OYKICHHUS OC-
HOBHBIX MOJI WJIK MOA 0oJjiee BBICOKOTO MOPSAKA B Pa3IHUYHBIX reoMeTpusix. [lomydeHHble pe3yabTaThl
HMEIOT pelIaroliee 3HaueHue A/ pa3paboTKU MJIa3MOHHBIX YCTPOMCTB C MHAMBUAYAJIBHBIM paclpese-
JIeHWEeM OJIM)KHETO OIS,

Kniouesvie cnoea: naasmonuxa; noeepxHocmmubvle NiA3MOH-NOJAPUNOHbL, HAHOPE3OHAMOPbl, npe-
obpaszosanue @ypve—beccens.

Paboma evinonnena 6 pamxax 20cyoapcmeenno2o 3adanus Munucmepcmea HAyKu u 8blcuie2o 06-
paszosanusi Poccuiickou @edepayuu (Ne 075-00188-26-00).
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