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The model that describes the influence of Coulomb interaction between electrons (Coulomb
correlations) on a frequency spectrum of plasmon-polariton waves in electroneutral struc-
tures dielectric/metal/dielectric is investigated. It is shown that for atomically thin metal
films (ATMF), such correlations affects both the quantum-dimensional behavior of the fre-
quency spectrum as a function of the thickness of the metal film and significantly improves
the correlation of theoretical calculations and experiment.

Keywords: surface plasmons, plasmon spectrum, metal layer thickness, dielectric per-
mittivity, electroneutrality.
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1. Introduction

Investigation of plasmon-polariton waves (SPPs) that propagate along the dielectric/metal interface [1]
is an important problem nowadays for both experimental studies [1-3] and studies of mathematical
models of SPPs waves due to their widespread use in the subwavelength optics technologies.

Mathematical modeling of the propagation processes of SPPs waves, of their frequency spectrum,
etc., is based on the methods of classical electrodynamics using the Drude model [1] for describing the
time dispersion of the dielectric function ¢ of a metal layer.

It is known [1,4] that the Drude model (except significant drawback — neglect of spatial dispersion
in e(w)) describes well the behavior of £(w) for metal layers with the thickness that exceeds 1000 nm [1].

Current state-of-the-art for the design and use of metal/dielectric or dielectric/metal/dielectric
structures [2,3,5-7] makes it possible to obtain metal structures with the thickness 5 < [ < 100 nm.
For such structures, one should take into account not only quantum-size effects [8] but also the presence
of an exponential “tail” of electron density [5-7,9] (so-called quantum spill-out effect) in near-surface
areas of the contact metal/dielectric. This inevitably leads to a description of the influence of spatial
dispersion of the dielectric function € of the metal layer due to the taking into account of the conditions
of electroneutrality and Coulomb correlation [10, 11].

This paper proposes and investigates a mathematical model for considering the influence of Coulomb
correlations in atomically thin metal films (ATMF)of the 10 — 100 nm thickness due to the influence
of these correlations on the chemical potential p for the jellium model of ATMF taking into account
the conditions of electroneutrality [8,10].

The obtained results for the frequency spectrum we have compared with experimental data and
it is shown that taking into account Coulomb correlations leads to a significant improvement in the
correspondence of theoretical and experimental results compared with the results that we obtained
earlier in [12].
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2. Problem formulation

A mathematical model for describing the propagation of SPPs waves in a dielectric/ ATMF /dielectric
structure based on the use of the Maxwell’s equations system [1,13] with nonlocal relations between
the electric field strength vector E and the induction vector D is given in [12|. In the proposed
mathematical model, it is assumed that the dielectric function €9 of an ATMF, in contrast to the
frequency-dependent dielectritic functions €1 and e3 of dielectrics, is characterized by time and spatial
dispersion.

Applying to Maxwell’s equations the Fourier transform with respect to the time ¢ —¢' and to spatial
vector 7| — 'r"‘ and considering the electromagnetic waves of TM polarization (1], viz. E = (E,,0, E,),
H = (0,H,,0), H(r) = H(z)e*=® L, is a wave vector in the direction of propagation, we obtain the
following system of wave equations H [1]:

0*H,

852(Z) + (kge1(w) — k7) Hy(2) = 0, (1)
2

TIE | (kBeath, =) — K2) Hy () = 0. )

0’H
T | (kesteo) ~ 1) ,(2) =0, @

where a ~
ei(r) — rh,z,z’,t —t) = —/ dw/ dke;(k, 2,2 ,w) e_l(k’r”_rl\\)_“’(t_t/), (4)
(27T)3 —00 Q

here ko = w/c, c is the speed of light in vacuum, 2 = R? is a domain of vector k = (ky, ky).
Hereafter, while considering €1 (w), e3(w) we will limit ourselves to the high-frequency approxima-
tion [1]:

er(r) =7z 2 t = ) = egen(+00) 8t — 1) 8y — () 6(= — &), (5)
e — 7.z, 2t — ') = ege(+00) 8(t — ') 8(ry — () 6(= — 2,

g¢ is dielectric permittivity of vacuum, &;(+00) = const, i = 1,2 are high-frequency dielectric constants.

3. Modeling of dielectric permittivity of ATMF

To model a dielectric function £5(0, 2, 2/, w) of ATMF, we will use the jellium model proposed in [10].
The surface potential is modeled by the rectangular potential well of an infinite depth

if 2<0, 22 lyeu,
U(Z):{oo it 2<0, 2 1 (6)

0 if 0 < 2z < lyel;

here l,,¢;; is a width of a potential well. Such a potential allows an analytical solution of the stationary
Schrodinger equation [10, 14]

h? d?

— 52 (1) + U)W (r) = Wa o (r), 7= (r),2), M)

with homogeneous Dirichlet boundary conditions at the edges of the well

\Ijn('r)|z:0 = \Ijn(r)|z:lwe” = 07 (8)

Wn(r) = \/gei(k“%(z)- (9)
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¢n(z) for the potential (6) has a known form [10, 14]:

2 . .
on(2) = {, 1= sin(az) if 0< 2z <lyen, (10)

0 if =z < 0, z 2 lwell-

Quantum numbers «,, and a maximum number of bound states 7,4, are given by such relations [10,14]:
an = ™/ lyell; Mmaz = [lwe”krp/ﬂ'], where [-] is the ceiling function, kp = \/2mu/h is the magnitude
of the Fermi wave vector [15], p is chemical potential [15].

It is known that the width of the potential well for satisfying the conditions of electroneutrality due
to the presence of an exponential “tail” of the electron density does not coincide with the boundaries
of the film and depends on the penetration of electrons into the dielectric [10]. As shown in [10],

3T w2
lpent = 1 +2d, d=—2 4 T 11
. * 8kp * 8kZ Lpelr (1)

is a function of kr and the geometric thickness of the film /. Finally [10],

I sr J16KR2 + 24mkpl + 2572

lweu(kr) = 3 + Sty + Skr . (12)

In this model, we propose to consider Coulomb correlations through their influence on the chemical
potential p and, consequently, the number of quantization levels 7,4, only in the dielectric function,
neglecting their influence on other parts of the system.

Having the expression for the electron wave function [10] for ATMF, using the results of the
work [16], we model £5(0, z, 2’, w) as follows

w2 Nmax
£2(0,2,2",w) = e2(z,w)d(z — 2') = <1 - 1;)2 Z (k% — ai)]qﬁn(z)\Q)é(z - 2. (13)
¢ n=1

here w, = \/4mnee?/m, is a plasma frequency [1,15], n. is an average electron density in ATMF [15].

4. Plasmon spectrum: simulation results

Using the results of [12] to calculate the frequency spectrum w(k,) of SPPs, we obtain the following
dispersion relation:

e k k k k
R Ve Sl T L T ki Vi R JRPE S I Y (14)
kl/El + kg/&‘g k‘g/&‘g + k2/€2
in which .
o2 = eafo o) = 1 - =2 3™ (3 — 2]
’ 2N ew " ’
=l (15)

. 1 lwell
) = /0 60(2) P,

lwell

and €1, e3 are defined by the relations (5).

The simulation was carried out for the parameters that correspond to the structures
Vacuum/Ag/Al2O3, Vacuum/Ag/Si, SiOy/Ag/Si (Table1). All the parameters we took from [17, 18]
and from [2] for Ag on Si substrate.
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Table 1. The parameters of the struc- Table 2. Comparison with the experiment for SiO2/Ag/Si structure
tures considered in the simulation. for a film of thickness I = 43.5a¢ (ag is Bohr radius). Coulomb corre-
lations, (a); the condition of electroneutrality, (b).

Structure | &1 [ e
Vacuum/Ag/Al,O3 | 1 | 9 kz ~0.028 nm ™1 | kz ~ 0.049 nm ™1
Vacuum/Ag/Si 1 12 ka (a) (b) (e) ka (a) (b) (e)
SiO2/Ag/Si 2412 0.0278 | 0.696 | 1.288 | 0.62 | 0.0487 | 0.889 | 1.784 | 0.8
The results of simulation of w(k,) for Si0y/Ag/Si 1

structure taking into account the Coulomb correla-
tions are presented in Fig.1, here we see that os- % o5
cillations caused by both quantum-size effects and 3
electron density fluctuations in the dielectric/metal

interface tend to decrease in amplitude with increas- 2o

ing ﬁlm thiCkneSS. , 111?] < 0 20 40 LGOaB 80 100 120
The comparison with the data obtained for struc-  Fig.1. Dependence of freq’uency spectrum on

tures Vacuum/Ag/Si and AlyO3/Ag/Si without tak- ~ ATMF thickness for SiO,/Ag/Si structure taking

ing into account Coulomb correlations demonstrates into account Coulomb correlations.

the significant influence of Coulomb correlations on the spectrum w(k,) for ATMF (Fig. 2 and Fig. 3)
and the comparison of both results with experimental data for structure SiOy/Ag/Si [2] (Table 2) shows
that the calculated values of the spectrum for Coulomb correlations better agree with the experiment.

kr = 0.05,nm™1!

%
2+ é
>15
o
3.
05 > D e e
o
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02
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Fig. 2. Comparison of the dependences of the frequency spectrum on the ATMF thickness for the structure
Si02/Ag/Si. The condition of electroneutrality, red lines; Coulomb correlations, blue lines.
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Fig.3. Comparison of the dependences of the frequency spectrum on the ATMF thickness for structures:
Vacuum/Ag/Si, a; AluO3/Ag/Si, b. The condition of electroneutrality, red lines; Coulomb correlations, blue
lines.
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5. Conclusions

The results show that even a rather “rough” consideration of the Coulomb correlations, namely, their
influence on the chemical potential pu, leads to significant changes in the frequency spectrum of SPPs
compared to the classical approach and to correct taking into account of the condition of electroneu-
trality for a non-interacting system of electrons (see Figs.2,3). This is explained by the fact that in
the case of an interacting system, the influence of quantum size effects on p increases significantly [10].

The oscillation pattern of the spectrum with an increase in the film thickness [ becomes less no-
ticeable (Fig. 1), which coincides with the corresponding behavior of u [10], the decay speed of the
oscillation peaks also largely depends on the Wigner—Seitz radius rs. It is worth noting the depen-
dence of the spectrum on the dielectrics surrounding ATMF which can be seen by comparing the data
given in Fig. 2 and Fig. 3.

It is important to note that the inclusion of Coulomb correlations also leads to a significant im-
provement in the agreement with the experimental data Table 2, and this proves the need to take these
correlations into account when modeling the processes of propagation of SPPs waves in ATMF.
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HacToTHMiA cnekTp N1a3MOH-NOASIPUTOHHUX XBWUJIb: KYJ/TIOHIBCbKI
kopensulii

Kocrpoo6iit I1. I1., Mapkosua B. M., TToasosuii B. €.

Havionarvruti ynisepcumem “JIvsiscora nosimexnixa’,
eyn. C. Bandepu, 12, 79013, Jlveis, Yxpaina

JocuiizkeHo MoziesIb ONUCY BIUIMBY KYJIOHIBCHKOI B3a€MO/il MiXK esleKTpoHaMu (KyJIOHIBCh-
KUX KOPEeJISIliil) Ha 9aCTOTHU{l CIEKTP ILJIA3MOH-IIOJISAPUTOHHAX XBUJIb €JIEKHOHETPAJIbLHIX
CTPYKTYD JieJeKTPUK /MeTaJs/aieseKTpuk. [lokazano, mo Jjisi AaTOMHO TOHKUX METAJIEBUX
wiiBok (ATMF) BpaxyBaHHSI TAKIX KODeJIAIIl BIUIMBAE K HA KBAHTOBO-PO3MIPHY ITOBEJIiH-
Ky YaCTOTHOTO CIIEKTPY K (DYHKIIO TOBIUHN METAJIeBOl IJIIBKU TaK i CYyTTEBO MOKPAIILYE
KOPEJISAII0 TEOPETUYHUX PO3PAXYHKIB Ta €KCIEPUMEHTY.

Kntouosi cnoBa: nogepriesi naa3Monu, Cnekmp naa3MOoHa, MoGULUHA MEMAAEE020 ULA-
pY, deACKMPUYHA NPOHUKHICND, EACKMPOHETMPANOHICTID.
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