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Abstract— Well-known coupled dipole approximation method is  then use this result for coupled dipole approxiomatiThis is
extended to multilayered media to obtain a more rdestic model  another very reliable method but requires a fulvevaolver.
for plasmonic waveguides. The key component of theedeloped

method is the layered medium Green's functions. Theetically ~_  IN this work, we extend the CDA to ’multilay_ered niaedly
calculated resonance frequencies show a very googreement implementing layered medium Green's functhns (LMEBF
with the experimental results found in the literatue. LMGFs are used not only to calculate the electaldfcreated

by the oscillating point dipoles, which are MNPsj llso to

Keywords-plasmonic  waveguides; dispersion; propagation modify the polarizability of MNP embedded in mudtjered
length; layered medium. media, appropriately. The formulation is not linditéo any
fixed number of layers, unlike [10], and does require an

. INTRODUCTION external full wave solver. This fully analytical thed includes

- the effects of retardation, radiative damping anghatnic
Surface plasmon resonance modes of periodicallgefla genoarization due to the finite size of NPs. Tietioally
metal nanoparticle ch_alns and arrays, which are rtizen . calculated resonance frequencies show a very ggeabment
element of plasmonic waveguides, have been StUd'e\ﬁ?th the experimental results found in the literatu

extensiyel_y in last two depades. Experimeqtalisisehus._ed Theoretical results suggest that surface plasmopagation
transmission and/or reflection spectroscopy in ptdeobtain  |engihs of um are possible using silver or gold nanoparticles
dispersion relations of the surface plasmons, vé®re ompeddedin a multilayered medium.

theoreticians have developed novel models bothnie &and
frequency domains. Since most of the frequency doma
models, developed based on the coupled dipole =ippation . LAYERED MEDIUM COUPLED DIPOLE APPROXIMATION
(CDA), assume a homogeneous background, they are no Assume there is a finite chain of equally spacethhi¢Ps
sufficient and robust to design an optical waveguior real  along thex-axis in a multilayered mediuny is the number of
world applications. NPs andd is the inter-particle spacing. Again assume NPs ca
be represented as oscillating dipolgs jE1, 2, ...,M) and wis
the oscillating frequency in the absence of aniaggileld. The
induced dipole moment on partiakdecause of field generated
by dipolem can be calculated as

We can summarize the four strategies -applied sotda
validate experimentally obtained dispersion cumesgnance
frequencies with a theoretical/numerical modelddigws:

(i) Full Wave Solvers: One can solve Maxwell Equations in 3D

space and apply appropriate boundary conditionsinmlate a, (a)) 0 0

the wave propagation through MNP chain. Such smoiuis an _=

exact solution (100 percent robust) but might rezjuery long Pn = G(rn, rm) 0 a, (w) 0 |pn D)
computation time [5-7, 9]. 0 0 a, (w)

(i) CDA with Image Theory: Koenderinket al already applied ) o
this solution to calculate the resonance frequenoieMNP  Whereda(w) is frequency dependent polarizability of NP along
chains fabricated on a glass slide [6]. The drakbacthe then-direction,nis X, y, orz; G(r,, rm) is the dyadic layered

formulation is only valid for the two-layer caseg(eair-glass). ~ medium Green’s function matrix that gives the ielhip
between each component of the electric field veatay, and

(i) CDA with Effective Refractive Index Approximation  the oscillating electric dipole located,. For the complete

(ERIA): In [7], researchers approximate the wholeformulation of LMGFs, the reader is referred to][11
inhomogeneous background with a single homogeneous

medium whose refractive index depends on each 'tayer Surface plasmon resonance occurs when the dipateemto
thickness and refractive indices. Even though timple  ©Of @ single NP becomes equal to the induced dipoiment on
method can estimate resonance modes quite acguriatsiill  that NP due to all the other dipoles. Using (1) #redfact that

cannot explain the effect of an interface on disipermodes. ~ any vector in 3D space can be written as a combmatf 3
) ) ) orthogonal unit vectors, we can build three indeieen
(iv) Semi-Analytical CDA: In [9], researchers use a full wave gispersion modes: one longitudinal and two trarsvess
solver to calculate the polarizability of a sing\P first, and
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wherer, = ndx, assuming is located at the origim is x for
the longitudinalyy for the first transverse, ar for the second
transverse mode. For a chainMfmetal NPs, (2) becomes a
set of M coupled equations in thiel unknown moments of
NPs. One can put these equations in a matrix ferexplained
in [3] and calculate resonance frequencies for kvkti@ matrix
coupling the dipoles is singular. For the complatecedure,
reader is referred to [3]. Replacing free spacesfssefunctions
with layered medium Green's functions is not enaiagxtend
CDA to layered media; the polarizability of NPs shbbe
handled appropriately as well: reflection termstia# layered
medium Green'’s function should be subtracted foom

I, NUMERICAL RESULTS

In [5,7,9], Crozier et al. present a systematic study on the

dispersion relations of a metal nanoparticle cliafmicated on
top of an indium tin oxide coated (ITO) glass slif®r the
experiment, they use cylindrical gold nanoparticiesth

heights of 55 nm, diameters of ~90 nm, and cewi@enter
distances of 140 nm along the length of the chdihe

thickness of ITO-coating is 20 nm. In [5], theyaabpply CDA
technique to calculate SPR modes: first they asspoiet
dipoles exist in the air, second they assume mbptles exist
in the glass. They observe that experimentally inbth
dispersion results lay in between those two cases.

We analyze the same structure theoretically usiygred

nanoparticles is approximated analytically by tgkin
multilayered medium into account. We numericallpwshthe
existence of two different transverse modes. Bdththese

transverse modes strongly couple with the lighte.lin
Propagation lengths ofuin are possible.
Au Nanoparticles
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Figure 1 Experimentally (dots and crosses) andréimally
(lines) obtained dispersion curves. Dashed blaogslidepict

light lines in air and glass.
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