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In this paper the results of investigation of the spectrum and the propagation length of
SPP waves in the structures synthesized by the authors and the results of mathematical
modeling of these characteristics are presented. It is shown that taking into account the
simplest (interchange) interactions of metal layer electrons leads to considerable changes
in the behaviour of the spectrum of SPP waves and their propagation length.
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1. Introduction

Surface plasmon-polariton waves (SPP waves) (i.e., electron density undulation) exist in the vicinity
of the interface between a dielectric medium and a metal [1-3]. A free electron plasma provides the
electromagnetic field confinement near the metal-dielectric interface of metals, making the real part
of the metal dielectric permittivity negative in a wide range of frequencies up to the near-ultraviolet
domain.

State-of-art approaches to mathematical modeling of propagation of SPP waves are based on the
classical Drude theory [2, 3| which, as is known [4, 5], does not consider spatial dispersion of metal
dielectric permittivity (7, t) and effects caused by the interaction of electrons in a metal layer. Those
effects become especially significant (and in the same time complicated for modeling) in a low-scale
(nanoscale) metallic systems which are used in “dielectric-metal-dielectric” structures (DMD struc-
tures) synthesis |6, 7].

An attempt of investigation of an electronic correlations influence on SPP waves characteristics for
“dielectric—graphene—dielectric” structures was made in [8|, where it was shown that the consideration
of electronic correlations for 2D-dimensional graphene layers leads to the change of w(Q) spectrum
behaviour of SPP waves even in the case of a small (|Q| < k') wavevector. This confirms (domain
Q — 0is the domain of the Drude model correctness) the necessity of mathematical modeling describing
SPP waves that would take into account anisotropy and electronic correlations effects.

In the paper there is considered the problem of mathematical modeling of SPP waves propagation
in a layered DMD structure synthesized by the authors (Pavlysh, Nevinskyi) in the case of modeling
the metal layer by two-dimensional electronic plasma [9]. It is shown that taking into account only the
exchange correlations leads to considerable changes in the spectrum w(Q) as well as in the propagation
length of SPP wave.

2. Experiment

Onto the previously cleared glass (SiO2) substrate in a deep vacuum (10~8 Torr) there was deposited
a golden film of the controlled thickness 50 nm. The obtained structure “dielectric-metal” was covered
with a polymer (layer thickness 1550nm) and was illuminated (for excitation of SPP wave) by a
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laser with a wavelength of 632.5nm and a pulse frequency of 250 fs. Schematic representation of the
experiment is shown in Fig. 1.
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Fig. 1. Schematic representation of SPP excitation. Fig. 2. SPP propagation through the waveguide.
Fig.2 shows the image of
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Such experiments allow us to  Fig.3. The intensity of SPP propagation along the waveguide. The
state that propagation length of solid curve corresponds to the experimental data, the dashed curve — to
SPP wave is ~ 20 ym. the theoretical calculation of SPP attenuation.

3. Mathematical model

For describing processes of SPP waves emergence and propagation on the surface of nanoscale film
covered with dielectrics on top and on bottom (“dielectric-metal-dielectric” structure), we will use
the model shown in Fig.4; Q = Qi U Qs U Q3, where ; = R? x (+6,+00), Q2 = R? x [-§, +6],
Qg = R2 X (—5, —OO).

As initial relationships for the construction of mathematical model,
we will use the system of Maxwell’s equations [4, 5]

dD(r, 1)

ot
div D(r,t) = p(r,t), divB(r,t)=0,

OB (r,1)

rot H(r,t) = a ()

+j(r,t), rot E(r,t) =

where D(r,t) is electric flux density, E(r,t) is electric field, B(r,t)
is magnetic flux density, H(r,t) is magnetic field strength, p(r,t) is Fig.4. Schematic represen-
electric charge density, j(r,t) is electric current density, (x,9,2) € R3,  tation of “dielectric—metal—di-
t € [0,00) is time. electric” structure.

We assume that interconnection between the vectors of strength H
and E and between B and D electric flux density vectors of electromagnetic field is non-local [4, 5],
namely

D(r,t) = /er'/tdt'a(r,r',t - B ),

B(T’t) = MOHH(Tat)a p=1,

o is magnetic permeability of vacuum, e(r,r’,t — t’) is the response function (relative permittivity).

(2)
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The dependence between current density j(r,t) and electric field vector E(r,t) is similar to (2)

j(r,t) = /er’/tdt'a(r,r’,t —t"EM@' 1), (3)

o(r,r',t —t') is dynamic conductivity.
We will search for a solution of the system (1) for so called TM-waves [2,3], i.e. we assume that

H = (07Hy70)7 E = (Exaosz)
For TM-waves 88 = 0 (2, 3|, therefore H, = H(x, z,t). This means that for our model (2) (it is
easy to show) E, = E (x,2,t), E, = E,(x, z,t), thus the electric field is uniform along OY".
Let us introduce into the model the assumptions about the structure of the functions e(r, v, t —t')
and o(r,r’,t —t'). We assume that in domains €y and Q3 (dielectrics)

gilr,r' t —t) Xegei(t —tH)o(r —7'), i=1,3, (4)

where g is the vacuum permittivity. This means that in the dielectric environment we will neglect the
spatial dispersion and will take into account only the frequency dispersion [4,5]. Since in dielectrics
free carriers of charge are absent we will assume that in this domains o(r, 7', t — t') = 0.

For describing the electromagnetic field behavior in the domain 5 (metal nanoscale film), the
functions e(r,r’',t — ') and o(r,r';t — t') we will model by functions of 2D-electron liquid [8, 9],
namely, we will assume that

ea(r, 7t —t') = ggea(ry, —rh,t—t')é(z -2,
oa(r, 7t —t') = agoa(r) — r"‘,t —to(z — 2),

(5)
7| is a component of the radius vector r that lies in XOY, i.e. » = (7|, 2).

Under such assumptions we are neglecting the dispersion €9 and o9 along OZ, which is, generally
speakmg, true for metal films with the thickness 2§ that satisfies the condition 26kr ~ 1 = 10, where
kp = ( )31"50,0 1, rs is Gell-Mann-Brakner parameter, ag is Bohr raduis [6,7] and the influence of
fringe effectb in the XOY plane (this is true when geometric dimensions of a metal film in XOY are
considerably larger than its thickness along OZ, 26(v/S)~! < 1, where S is an area of the metal film
surface).

For the further analysis of the system of Maxwell’s equations it is convenient to write it down for
Fourier components of H, E, B, D vectors (all the characteristics of the model is homogeneous with
respect to time), by defining the Fourier transform with respect to time as [10]

_ i R twt s _ i > —iwt
=5 | Fetan fo)= 5o [ foeias ()
we have:
o domain y:
rot H(r,w) = iwepé1 (w) E(r,w), (7)
e domain Qg3:
rot H(r,w) = iwepés(w)E(r,w), (8)

o domain Qs:
rot H (r,w) = iweg /92 dT‘,‘éz(TH —T‘h,w)E(rh,W,Z)‘f'UO /92 d""h@(’"u _Th,w)E(Th,W,Z)- (9)
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For the domain Q3 (9) it is also convenient to define the Fourier transform with respect to || that
allows us to write (9) as follows:

iwﬁo

(2m)?

g0

/dq&t}(q,w)e“qm,)E(q,w,z) + @n)? /dqa}(q,w)ei(q’rl)E(q,w,z), (10)
T
QQ Q2

rot H (r)|,w) =

where q = (¢z, qy), dq = (dqs, dgy), (q,7)) = @z + @Y.
For describing of SPP waves propagation we will search solutions of the system (7)-(10) in the form
of the following “ansatz” A
Hy(z,w,2) = Hy(2)e'9". (11)

It is obviuos that in this case
E(r,w) = E(z,w,2) = E(w, 2)e'97. (12)

Since for such “ansatz”
E(q,w, Z) = (27T)2E(w7 Z)(S(Q - Qm)é(_Qy)v
(6(...) is the Dirac delta function [10]), then the system of equations (7)—(10) takes the form
rot H(Q,w, z) = iwepés(w)E(Q,w,z), j=1,3, (13)

rot H(Q,w, z) = iwepé2(Q,w)E(Q,w, z) + ¢(Q,w)E(Q,w, 2). (14)

Complementing the system (13), (14) with the Helmholtz equations [5] for H (w, z) (which are easy
to obtain for such a layered structure) we have a mathematical model of SPP waves propagation:

e domain €;:

Phen) (Q2 A ) Hy(w,2) =0,
Bl ?) =~ A 23 (15)
B (w,z) = weog(w)Hy(w,z);
e domain Qj: e
e (@)% ) fyfe ) =0,
Pl = _wEo;:»,(w) S (16)
E.(w,2) = wgog (w)Hy(w,z),
e domain Qy: s )
—dz (Q - ’Y(Q,w,O)C—Q) Hy(w, z) =0,
_% = Ea(w, 2) (iweof2(Q,w, 0) — 0062(Q, w, 0)), (17)

Hy(w,z) = E,(w,2) (iw&toég(Q,w, 0) — 0062(Q,w,0)).

The system of equations (15)—(17) should be solved using the corresponding electrodynamic joining
conditions at the boundary of environments: continuity of the corresponding components of H and D

Mathematical Modeling and Computing, Vol. 4, No.2, pp. 148-155 (2017)



152 Kostrobij P., Pavlysh V., NevinskyiD., PolovyiV.

vectors. For the considered in this paper an ultrathin metal film 20kr ~ 1 + 10, we obtain that:

HMY(w,2) = Are™, EW(w,2) = %Alef’\z, EM(w,z) = L/he*’\z,
Y wepér(w) wepér(w)
- (18)
A= /@2 A,
(3) & Eo A & po @ &
Hp (w,2) = A1e>®, B (w,2) = — Bse™*, EY(w,z) = = Bset?,
wepes(w) wepes(w) (19)

2
c” = gopo-

The constants A; and Bs we will obtain from the joining conditions of the solutions (18), (19)
at the boundary z = 0, taking into account that at this boundary there exists the surface current
Jz = 000(Q,w)E,(Q,w,0), where E, is electric field in the plane z = 0. From this condition it follows
that

H(w,+0) — HP (w, —0) = g,
6051(W)Ey(41)(% +0) = 5053(W)Eg(,3) (w, =0) = pa, (20)

ED (w, +0) = EP (w, -0).

Non-zero solution of the equation system (20) exists only if the following condition is fulfilled

1
_ b 21
o+ = Q). (1)
which is dispersion relation for finding w(Q) of SPP wave in this model. Notice that the dispersion
equation (21) coincides with the dispersion equation of the SPP wave spectrum obtained in [8] for the
case of “dielectric—graphene—dielectric” model.

4. Solution of dispersion equation

To solve the equation (21), a two-dimensional dynamic conductivity of an electron liquid o(Q,w)
should be set. In the paper, solutions of (21) for two well-known in literature models of ¢(Q,w) are
investigated:

e the Drude model [2]:

62€F )

000 (Q,w) = PR — (22)

e the RPA model [9]:
U(Qaw) = _in(Q’w)a X(Q’w) = X1 (Q’w) + Z'X2(Q’w)’ (23)
B Q Q W \2 3 Q w2 2
wea( e (G an) ) e (G e ) )
Q w \2\ 2 Q w \2\ 2
X2:G<D_<1—(%—QUF) > —D+<1—<%+QUF) ) )
Ne? :@

G=—"°_ , 24
gomqv, E m (24)
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QUF >

2k
Cj::—
‘&4_

)

Cy =0, Di=1 for ‘—

In the given expressions (22)—(24) for dynamic conductivity kp is the Fermi momentum, ep =

DL =0 for

1,
21<:F QUF‘ -

Q

‘ <1

Qur

R2k2,
2m

is the Fermi energy, v is the Fermi velocity, & is reduced Plank constant, m, e are the mass and the

charge of electron respectively (see [11]), 7

!'is the reverse dumping time [8], 7 = 1.3 - 10713 [3].

Numerical analysis of the equation was carried out using “MATLAB” for layered structure

“polyethylene—gold—SiOy” with parameters:

61(&)) = 51(+OO) = 2.3,

3

2
3

e3(w) = E3(—00) = 4, kpag = <E> re, 15 =2.9. (25)

The results of numerical calculation of w = w(Q) are presented in Figs. 5-7.
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Fig. 5. Graphics of dispersion w(Q) for the Drude model (dashed curves) and for the RPA model (solid curves).
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Fig. 6. Imaginary part Im(w(Q)) of disperse relation
solution for the Drude model.
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Fig. 7. Imaginary part Im(w(Q)) of disperse relation
solution for the RPA model.
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As we can see in Fig. 5, the difference between the Drude and the RPA models becomes considerable
when the wavevector @ in the domain is % ~ 0.05. This means that for describing e(r,t) and o(r,t)
other models should be used instead of the Drude model. A similar result was obtained for “dielectric—
graphene—dielectric” structures |8].

Figs. 6,7 present the dependence of the imaginary part of wavevector In;{i@) on % This char-

acteristic can be interpreted as inverse propagation length of SPP (L;}DP). For the Drude model
Lspp ~ 0.2um and for the RPA model Lgpp ~ 0.003 um. Decreasing of propagation length for
the RPA model is understandable because this model takes into account the plasmon scattering effects
connected with interchange interactions (Landau damping) [8]. The propagation length Lgpp ~ 20 um
is obtained experimentally due to a laser illumination.

5. Conclusions

Being obtained as a result of mathematical modeling the dependences of the spectrum w(@) and the
propagation length Lgpp of the plasmon-polariton wave show that for theoretical investigation of these
characteristics we should take into account both interaction effects of electrons in a metal layer and
anisotropy effects of a metal film in DMD structures. This will be a subject of the future researches.

[1] KaminovI.P., Mammel W. L., Weber H. P. Metal-Clad Optical Waveguides: Analytical and Experimental
Study. Appl. Opt. 13 (2), 396-405 (1974).

[2] MaierS. A. Plasmonics: Fundamentals and Application. Springer-Verlag (2007).
[3] BrongersmaM.I., Kik P. G. Surface Plasmons Nanophotonics. Springer-Verlag (2007).

[4] LandauL.D., BellJ.S., Kearsley M. J, Pitaevskii L. P, Lifshitz E. M., Sykes J. B. Electrodynamics of con-
tinuous media. Pergamon Press, Vol. 8 (1984).

[5] JacksonJ.D. Classical Electrodynamics. John Wiley & Sons (2007).

[6] Kurbatsky V.P. Dielectric tensor of low-dimensional metal systems. J. Exp. Theor. Phys. 125 (1),
148-158 (2017).

[7] WoodD.M., Ashcroft N.W. Quantum size effects in the optical properties of small metallic particles.
Phys. Rev. B. 25 (10), 6255-6274 (1982).

[8] Jablan M., Buljan H., Solja¢i¢ M. Plasmonics in graphene at infrared frequencies. Phys. Rev. B. 80 (24),
245435 (2009).

[9] AndoT., Fowler A.B., SternF. Electronic properties of two-dimensional systems. Rev. Mod. Phys. 54
(2), 437672 (1982).
[10] Svidzyns’kyy A.V. Matematychni metody teoretychnoyi fizyky. Kyiv, ITF im. M. M. Boholyubova NAN
Ukrayiny (2009), (in Ukrainian).

[11] VakarchukI.O. Kvantova mekhanika. Lviv, LNU im. I. Franka (2007), (in Ukrainian).

Mathematical Modeling and Computing, Vol. 4, No.2, pp. 148-155 (2017)



SPP waves in “dielectric-metal—dielectric” structures: influence of exchange correlations 155

SPP-xBuni B cTpykTypax «paienerpuk—meTtan—giesieKTpuKk»: BnaunBe
0OMiIHHUX Kopensaui

Kocrpob6iit 1., TTagaum B., Hesincekuii /1., I[TosboBuit B.

Havionaavruti ynisepcumem «/Iv8iscvka nostmernirxas
eyn. C. Bandepu, 12, 79013, Jlveis, Yxpaina

Tlomano pesyiabraTu JOC/IKEHHsST CIIEKTPa Ta JOBXKUHU Tomuperds SPP-xBuib B cuaTe-
30BaHUX aBTOPAMH CTPYKTYPaX Ta PE3YJIbTATA MATEMATUIHOTO MOJICTIOBAHHS ITUX XapaK-
repuctuk. IlokazaHo, 1o BpaxyBaHHs Hafipocrimmx (0OMIHHUX) B3aEMOIN €JIeKTPOHIB
METAJIEBOTO TIPOIIAPKY TPUBOIUTH JI0 3HAYHUX 3MiH y TOBEIHIN criekTpa SPP-xBuin Ta
JIOBYXKUHU 1XHBOTO TOTITUPEHHSI.
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