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The electromagnetic Green’s tensor approach (GTA) is used to obtain the differential and total scattering
cross sections of a finite-size nanoparticle located at a metal surface and illuminated with surface plasmon
polaritons (SPPs). The scattering process comprehends either elastic scattering of the incident SPP into other
SPPs propagating in different directions or scattering into field components propagating away from the surface,
as well as the radiation absorption by the (metal) nanoparticle. Once the total electric field inside the scatterer
is known, the expressions obtained allow for a comparison of the efficiency of the different scattering channels.
Connection between the GTA and the point-dipole approximation (PDA) of the scattering problem is discussed,
including the absorption of the SPP and the transition from the GTA to the PDA when the scatterer is
approximated by a spherical particle of the same volume. SPP extinction spectra for gold cubic particles of
various sizes placed in the vicinity of a flat gold surface are calculated with the GTA and compared with the

results obtained using the PDA.

DOI: 10.1103/PhysRevB.76.075426

I. INTRODUCTION

Surface plasmon polaritons (SPPs), i.e., surface electro-
magnetic excitations propagating along metal-dielectric
interfaces,! are currently attracting a great deal of
attention.>* One of the most interesting aspects of SPPs is
the possibility of concentrating and guiding electromagnetic
radiation at a subwavelength scale by using surface nano-
structures. This possibility has been intensively explored in
recent experimental and theoretical investigations for a range
of nanostructures. SPP wave guiding properties of metallic
stripes having widths within the micrometer range have been
studied both theoretically*> and experimentally,’-® involving
SPPs propagation along stripes of finite length and arrange-
ments of narrow slits and indentations.”~'® Quite recently, the
experimental realization of low-loss and well-confined chan-
nel plasmon polariton!” (CPP) propagation along a subwave-
length metal groove at telecommunication wavelengths and
the realization of different CPP-based subwavelength wave-
guide components (Y splitter, Mach-Zehnder interferometer,
and waveguide-ring resonator) have been reported.'32° An-
other type of SPP-based micro-optical components can be
realized by making use of individual metallic nanoparticles
arranged to form various structures such as linear chains or
two-dimensional arrays. Experimental studies?!* showed
that nanoparticle ensembles on metal surfaces can be used to
create efficient micro-optical components for SPPs, such as
mirrors, beam splitters, and interferometers. Furthermore,
periodic arrays of metal surface nanoparticles have been
shown to exhibit band gap properties for the propagation of
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SPPs.>~2" If such a band gap structure has narrow channels
free from particles, then SPPs can be confined to and guided
along these channels.?’3!

SPP scattering plays the main role in electromagnetic in-
teractions occurring in ensembles of surface nanoparticles
used for the realization of SPP microcomponents. In general,
the corresponding scattering problems are very complicated.
One of the possible approaches is to make use of the point-
dipole approximation’>=* (PDA) that has successfully been
applied to model a number of SPP microcomponents.?38
The PDA and its limitations have also been considered in the
case of SPP scattering by an individual spherical particle.>*3

It is well known that the scattering properties of a particle
depend strongly on its shape.***3 In order to include in the
PDA the influence of the shape of the particle, it was recently
suggested to consider a small spheroidal scatterer character-
ized by its anisotropic free-space polarizability obtained in
the long-wavelength (electrostatic) approximation.’®44 In
general, the PDA might fail to properly represent even a very
small particle,#® so that one should solve the scattering
problem exactly or use other simplifying assumptions. How-
ever, the theoretical investigation of SPP scattering processes
on various objects is a very intricate problem that requires
elaborate numerical calculations even in the relatively simple
case of an individual symmetrical scatterer.*’

In this paper, we present general theoretical consider-
ations of the SPP scattering and attain expressions for the
differential and total scattering cross sections for the SPP
scattering by a finite-size nanoparticle placed near a planar
metal surface. The scattering process includes elastic scatter-
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ing of the incident SPP into SPPs propagating in different
directions and its (inelastic) scattering into field components
propagating away from the surface, as well as radiation ab-
sorption by the (metal) nanoparticle. Our calculations are
based on the electromagnetic Green’s tensor approach
(GTA),*® which is well suited for scattering problems in
stratified media.**>! We represent the Green’s tensor of a
metal-dielectric interface system as a sum of several terms
each describing the excitation within the system of electro-
magnetic fields of a certain type: quasistatic or near-field
electric field, field of SPPs, and transverse electromagnetic
wave propagating away from the metal surface to the far
wave zone.>> Special attention is paid to the connection be-
tween the general treatment and the PDA. We calculate the
SPP extinction cross sections for a gold nanocube placed
near a gold planar surface and analyze the dependence of the
extinction spectrum on the size of the cube and on its posi-
tion with respect to the gold surface. In this case, the dielec-
tric function of the metal in the planar metal-dielectric inter-
face system is assumed to have a negligible imaginary part,
while the permittivity of the scatterer has an arbitrary value.
Since the PDA is widely exploited for modeling of SPP scat-
tering, we compare the SPP extinction spectra calculated for
a finite-size cubic scatterer with those obtained using the
PDA. This comparison clarifies a general problem encoun-
tered when applying the PDA, which was found to provide
only qualitative agreement with experimental results.
Throughout this paper, we use the gold permittivity data
from Ref. 53 unless otherwise stated.

The paper is organized as follows. Section II presents
general considerations of SPP scattering by a finite-size par-
ticle. The expressions of the differential and total cross sec-
tions for different SPP scattering channels are obtained
therein. These results are used to illustrate the connection
between the general case based on the GTA and the PDA in
Sec. III. In Sec. IV, we present numerical calculations of the
SPP extinction spectra for a gold cubic particle placed in the
vicinity of a planar gold surface as a function of the system
parameters. The exact spectra are then compared with those
obtained by using the PDA. The results are summarized, and
the conclusions are offered in Sec. V.

II. SURFACE PLASMON POLARITON SCATTERING BY A
NANOPARTICLE: GENERAL CONSIDERATION

A. Scattered fields

Let us consider a scattering system (Fig. 1) consisting of a
plane electromagnetic surface wave (SPP) that has frequency
o and propagates along the planar interface between two half
spaces filled with metal and dielectric with dielectric con-
stants &,, and &,, respectively, such that —Re(e,,) > €,. The
SPP plane wave is scattered by a macroscopic inhomoge-
neous object (nanoparticle) localized in the region of volume
V and situated at the interface on the dielectric side. In the
framework of the Green’s function technique, the total elec-
tric field in the system is determined by the Lippmann-
Schwinger equation*-3
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FIG. 1. (Color online) Schematic representation of a scattering
system: an SPP monochromatic wave is scattered by a particle with
dimension A and dielectric constant &,,. Az is the particle-to-surface

gap.

E(r)=E0(r)+k3f é(r,r’)[sp(r’)—sr]E(r’)dr’, (1)
v

where E is the electric field of the external (incident) SPP

wave, ko is the wave number in the vacuum, G(r,r’) is the
Green’s tensor of the reference system without the scatterer,
€, is the dielectric function of the particle, and E is the total
electric field inside the particle. If r is outside V, then ex-
pression (1) describes the superposition between the incident
wave and scattered wave (second term on the right-hand side
of the equation).

Let us consider (i) an observation point r located in the
far-field zone so that [r—r’|>\ for any r’ inside V (X is the
wavelength of the scattered field) and (ii) that the maximum
dimension of the region occupied by the particle L, is much
smaller than the distance between the particle and the obser-
vation point as well. Note, however, that the particle may
have arbitrary size with respect to the wavelength. The first
assumption allows us to use the far-field approximation of
the Green’s tensor in Eq. (1) and to write the scattered field
in the following form:

E,(r) =E}"(r) + EL(r), (2)

where ESPP and E” are the electric fields of the scattered
SPPs and the waves propagating away from the metal-
dielectric interface, respectively. Here,

ES O (r) = G f Gspp(n(r.x)[e,(r') - &,JE(r)dr’, (3)
Vv

where Ggpp(r,r’) is the far-field approximation of the part of
the Green’s tensor that governs the excitation of SPPs, and

G(r,r’") is the far-field approximation of the part of the
Green’s tensor describing s- and p-polarized waves that
propagate away from the interface. Here, we have used the
fact that, in the case of small absorption of electromagnetic
energy in a metal, the Green’s tensor of planar metal-
dielectric interface system can be represented as a sum of
several terms, each describing excitation in the system of
electromagnetic fields of a certain type: quasistatic or near-
field electric field, field of SPPs, and transverse electromag-
netic wave propagating from the metal surface to the far
wave zone.’
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Choosing the origin of a Cartesian coordinate system on
the metal-dielectric interface with the z axis directed to the
dielectric half space and inside or in close vicinity to the
region occupied by the scatterer (see Fig. 1), we can write

Bt

Gpp(r.r') = Qmo)? eikplp-mr|]-m/4)
| %5 ‘Zfﬁ‘i 2|
LR I
p

Z=—i\e, /(-¢,), F=—B kp

T )z

=ko\&,€,,/ (e, +¢€,,) is the SPP wave number, r=(x,y,z)
=(ry,z) is the radius vector relative to the fields observed in
the domain z=0, r'=(x",y’,z")=(r|,z’) is the radius vector
of a wave source, p=|r|, and m=r;/p is the unit vector
directed along r;. Expression (4) was obtained from the rep-

where

resentation of Ggpp given in Eq. (25) of Ref. 52. Here, we
replaced the Hankel function by its asymptotic expansion at
large distances and used the approximation |rj—r/|=~p
—mr;.

The tensor G{(r,r’) is the sum of the direct contribution
Go, which is the Green’s tensor of a homogeneous medium

with dielectric constant &,, and indirect contribution és,
which describes reflection from the metal-dielectric inter-
face. Using a general result from Ref. 50, we obtain

| 2 Xy Xz

r2 r2 2

. eik,r ) , yx y2 vz
Go(r,r') = e—zkr(rr =2 14 22 5
)= ok B e

ooy P

r2 }"2 l"2

and, representing és as the sum of the different polarization

contributions, p polarization Gg"’"l and s polarization Gg"")l,
respectively,

. eikrr ,
Gg—pol(r,rr) — e—ik,.(l'ul‘”—zzr)/rr(P)
dar
¥’ i az
p2r2 p2r2 )
xyz? y*z? vz
T 22 T 22 T 2 | (6)
pr pr r
Xz vz p’
2 2 2

PHYSICAL REVIEW B 76, 075426 (2007)

2

Y Xy
5 50
eik,r p
GAS_'”OI(I' rl) — e—ik,(r”rH’—zz')/rr(s) xy )C2
5 ’ 4ar -5 — 0 ’
P~ p
0 0 O
(7)
where k,=k0w"8—,, r=|r|, and ) and r are the Fresnel re-

flection coefficients for (p) and (s) polarizations.’*

Inserting Eq. (4) in Eq. (3), the components of the scat-
tered SPP electric field in the region z=0 can be written in
cylindrical coordinates as

Zké Je L2 ikppmi4)=iZkpz

ESPP(r) =
z (27Tp)l/2

Xf e‘”‘P(“‘rH’Jstz’)As(r’)[EZ - ZmE,]dr’, (8)
v

where Ag(r)=g,(r)-¢, and E\=(E,,E,). The other nonzero
SPP electric field component is Ezp P(r) =ZXEZSP P(r). The scat-
tered SPP magnetic field can be found using the Maxwell
equations. Thus, we have

12
) == B ETE, )
Mo %o
where g, and u are the vacuum permittivity and permeabil-
ity, respectively.

Note that the electromagnetic field components in the do-
main z<<0 can be obtained from the above expressions ap-
plying the boundary conditions under z=0 and replacing the
factor exp(—iZkpz) by exp(—ikpz/Z,).

For the electric field of the waves propagating away from
the interface, it is convenient to use the spherical coordinates
and basis, and inserting Egs. (5)—(7) in Eq. (3), one gets

kZeik,r . ) o
Ez(l‘) = 0 f e—zkrnr (1 +r(s)etk,21 cos 9)
4ar )y,
XAS(I”)[Ey CcOS QD—EX sin (P]dl", (10)
kzeik,r
Eg(l') = g f €_ik’nr’A3(r’){(1 — r(l’)eikﬂz' cos 0)
4arr )y,

X(E, cos ¢ cos 8+ E, sin ¢ cos 6)
— E,_sin 0(1 + rP)e®r2" cos Oy gy’ (11)

where n is the unit vector directed to the observation point,
and ¢ and @ are the azimuthal and polar angles of the spheri-
cal coordinate system, respectively.

B. Scattering cross sections

The efficiency of the different SPP scattering channels is
determined by calculating the differential and total cross sec-
tions for both scattering channels. Let us assume that the
incident field is a plane SPP wave propagating along the
interface in the x direction. The normalized electric field E,
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of this SPP can be represented in the following form:>?

ikPZxZ) (erA’O)/)\»z)’

The differential cross sections can be determined through the
relation between the time-averaged Poynting vectors of inci-
dent and scattering waves. Applying the procedure from the
previous work,>* we can consider separately the two SPP
scattering channels.

In the case of the SPP-to-SPP scattering, we obtain the
differential cross section

E(r) = exp(ikpx — z=0. (12)

- 22Kk
G'SPP((P) 0 Pf f —iZkp(z+z") —lkpm(r”—rH)As(r)F(r)

X[Ae(r")F(r")] drdr’, (13)

the sign * denotes the complex conjugation and F(r)
=E,(r)+Z]E,(r)cos ¢+E,(r)sin ¢]. The total cross section
for SPP-to-SPP scattering ogpp_gpp is finally obtained by an-

gular integration of the differential cross section given by Eq.
(13):

21
O'SPP-SPsz ospp(@)de. (14)
0

For the out-of-plane SPP scattering, the differential cross
section can be written down in the spherical coordinates as
follows:

space((P’e) _21er|E |2V2 (15)

and the total cross sections for the two polarizations are
given, respectively, by

gBw)-pol) _
OJspp- space

27 (7l2
J f - 2ik,Z|EL p|*r* sin 0ded, (16)
0o Jo
where the scattered field EYTC is given by Eqgs. (10) and (11).
The total scattering cross section oy, is the sum of three
terms,

(s-pol)

(p-pol)
Oscat = Ospp-spp + O-SPP space + Ogspp. space* (17)

If scatterer can absorb the electromagnetic energy, then
the absorption cross section o, is determined by the follow-
ing expression:

Oscar> (1 8)

where the extinction cross section o,,, can be calculated from
the expression®*3

Oabs = Oext —

0= —— Im f Ej(r)eoAe(r)EX )dr',  (19)
2Pin \%4
where

— (20)
Mo27

is the incident SPP power per unit length with the electric
field [Eq. (12)].3* Finally, we obtain
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Oy = — 2ikiZ Tm f Ey(r)[e,(r') - e JE(r )dr". (21)
|4

Note that due to the two-dimensional character of SPPs,
0o~ ki and has dimension [length] [recall that the fields in
Eq. (21) are normalized as in Eq. (12)], whereas for the
scattering of light in uniform space, o,,,~ k; with dimension
[length?]; as a result, the SPP extinction cross section de-
creases faster than free-propagating light with an increasing
wavelength.

If the absorption energy in the scatterer is equal to zero,
then o,,=0,.,, and we have two relatively independent
methods for calculating the total scattering cross section.
This gives us a way of testing the numerical modeling of
SPP scattering phenomena.

II1. POINT-DIPOLE APPROXIMATION

If the largest dimension L, of a scattering particle is
smaller than 1/kp (as a consequence smaller than 1/k,), then
expanding the total scattering cross section with respect to

the kpL,, (k,L,), we can represent the cross section as the sum

(i)
of multipole cross sections o

P (1)
()-SC(U SLLlT + (TSLdT

+ 02 (22)

scat

For example, the differential SPP-to-SPP scattering cross
section in the PDA can be written as the follows:

Z2 kgl pV? .
oii(e) = —— T BeF(g)Pe ™, (23)
where z, is the position of the scatterer center
along the z direction, (AeF(¢))=(AeE)—Z[(AeE,)cos ¢
+(AgE,)sin ¢],

(AsE):J AgE(r)dr/V. (24)
v

Thus, in the PDA, the scattering cross sections and the scat-
tered fields are determined by the average total electric field
with the weight Ae=(g,~¢,) in the scatterer.

Note that the combination &,V{AeE) is the dipole mo-
ment p=(p,.p,.p,) of the scatterer.

The total electric field inside the region occupied by a
scatterer can be obtained from Eq. (1). In general, the solu-
tions must be computed numerically, even in the near-field
(quasistatic) approach, using the GTA. In this approach, the
scatterer is discretized into a number of sampling volumes
inside of which the electric field, taken to be constant, is
determined by solving a set of linear simultaneous equations
for the field at every sample point.*® Thus, after the discretiz-
ing procedure, the integrals in Eq. (1) and in the expressions
of the differential scattering cross sections are replaced by
integral sums.

However, there is a case in which the electric field inside
a scatterer can be obtained analytically from Eq. (1) with
very good accuracy. This is the case of the scattering of a
SPP plane waves by an individual small uniform spherical
particle. If the position, size, and dielectric constant of the
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particle satisfy certain conditions, the total electric field in-
side the particle is independent of the spatial coordinates and
is almost uniform. This is a general result of the Rayleigh
scattering theory”® for a small particle near a metal surface.
The details of these conditions have been reported
elsewhere.’*% Particularly in the framework of this approach
the SPP wavelength is much larger than the particle’s radius
and the Green’s tensor for the field inside the particle is
approximated by the quasistatic part only. Furthermore, the
gap between the particle and the metal surface with SPPs
should be larger than the particle’s size. As a result, the field
inside the spherical particle is determined by the following
expression:

3e, ( £ P9 o4

1+e  1+ep 1 +2§B)E°(r”)’

(25)

E(r,) =

g, +2e,

where 1, is the radius vector to the center point inside the
scatterer, and X, v, and Z are the unit vectors of the chosen
Cartesian coordinate system. 8= [Rp/(2zp)]3 is a geometrical
parameter (R, is the radius of the particle with the volume
V,) and é=[(e,—¢,)(e,—¢,)]/[(e,+¢,)(g,+2¢,)] a material
one. Thus, Eq. (25) reflects the fact that the role of the sur-
face with SPP can be adjusted equivalently by the system
geometry or by the dielectric susceptibilities involved. Intro-
ducing the polarizability tensor

&_3808,,(81)—8,)‘/])( % . ¥y N 4 )
T g, 42e, 1+&8 1+&8 1+2¢8)°

(26)

we have that the dipole moment of the scatterer is p
=a,Ey(r,). If §8<1, the influence of the surface is negli-
gible and p=ayE(r,) (&, is the quasistatic polarizability
tensor of a spherical particle in homogeneous medium). Us-
ing the dipole moment of the particle, one obtains the scat-
tered fields and then the scattering cross sections.’*>7 All
cross sections are proportional to V2, as in Eq. (23). Note that
the total electric field inside SPP scatterer can be almost
constant even for a small ellipsoidal particle, if the configu-
ration and material parameters of the system satisfy the same
conditions as a small spherical scatterer and if we change the
radius of the scatterer by the largest semiaxis of the
ellipsoid.**

Owing to the relative simplicity of the PDA in the case of
a spherical (ellipsoidal) scatterer, this approach is frequently
extrapolated on the case of SPP scattering by a particle of
arbitrary shape, located just on a metal surface and with a
relatively larger size than strictly demanded by the theory.
This heuristic approach is widely used for the SPP scattering
modeling when one considers nanoparticle surface structures
as in various optical microcomponents. Besides qualitative
agreements with experimental data,”>-3>37 this approximation
allows us to achieve quantitative agreement between model-
ing and experimental results by including ellipsoidal scatter-
ers in a numerical model.*® However, one of the main limi-
tations of the point-dipole approximation consists in the
impossibility to consider resonance effects appropriately.
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FIG. 2. (Color online) Spectra of a'p*/a" 2%, calculated in the

PDA, for spherical gold scatterers with different radius R located
near gold surface. The particle-to-surface gap Az=50 nm.

Here, we refer to both configuration resonances>® and the
particle local plasmon resonances. The first is strongly de-
pendent on the particle-to-surface distance and the latter is
determined by the particle’s shape. Indeed, even in the case
of a very small spherical particle in an uniform environment,
the dipole approximation is not valid in the region of the
shape-dependent localized resonance of the particle if the
absorption of electromagnetic energy by the particle is
negligible.*>4 However, if the dielectric constant &, has a
small, but finite, imaginary part, then the absorption of inci-
dent energy can dominate the scattering for a relatively small
scatterer. Inserting Eq. (25) into Eq. (21) and using Eq. (12),
one can obtain an estimate of the SPP absorption in the
framework of the PDA:

DA _ Z2ikke2%kr7p ( ap
= m
abs 1+2£8

where 7,=-Z2(1+2£B)/(1+£B). Note that if Im(e,)=0,
then o, is equal to zero. Taking into account that for a small
scatterer located near the surface with SPP the total scatter-
ing cross section oy, has the same order of magnitude as
Ogpp.spp->+ let us compare 0, and Tgppspp in the PDA. The
effect of a metal surface on the scatterer’s polarizability is
small in the PDA; therefore, for the sake of simplicity, we
will neglect this influence on the polarizability &, (§8<<1) in
this approach and for |g,,|>1 and |e,|> 1, we obtain

(1+ 77p)>, 27

€0

w1\ Im(e) (28)
wrsep ™V [Re(e,)]
Thus, absorption is larger than scattering if the scatterer has
a volume

A Im(e,)

7 [Re(e,) - (29)

In general, within the PDA, when the spectra of the ratio
between oy and oo* are compared for spherical gold
scatterers with different radii located near a gold surface

(Fig. 2), such ratio is strongly dependent on the size of the

075426-5



EVLYUKHIN et al.

\
4505 = = =Az=10nm| |
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FIG. 3. (Color online) Minimum of (TSZA/ ofg?, calculated in
the PDA, as a function of particle’s radius R for spherical gold

scatterers near gold surface. Az is the particle-to-surface gap.

particle. For scatterers having a radius smaller than 20 nm,
absorption is larger than scattering on the whole range of
wavelengths (Fig. 3).

In the following section in the framework of the GTA, the
SPP extinction cross sections [Eq. (21)] for single gold
nanocubes of different sizes placed near a flat gold surface
will be calculated in order to study the role of finite-size
effects in the SPP scattering problem by a nanoparticle. The
results will then be compared with the ones obtained in the
framework of the PDA, that is,

PDA _ PDA PDA (30)

ext = Taps + Oscat »

where o7 D% is the extinction cross section calculated with the
PDA.

IV. NUMERICAL CONSIDERATION

Let us consider SPP scattering by a single gold particle
located near a gold surface. Recently, the electric electro-
magnetic field distribution of a related system (a noncubic
particle placed on a thin metal film, illuminated by a plane
wave) has been analyzed.”*%° Here, we consider on the SPP
scattering by a cubic particle with side A, concentrating on
the comparison between the GTA and PDA methods. In our
study, the particle is separated from the surface by a finite
space gap Az (Fig. 1), defined such that if the particle
touches the surface, Az=0.

Note that, in the calculation of total electric field inside a
scatterer, we use the Green’s tensor of a metal-dielectric in-
terface system with no approximation.’>®! In the numerical
procedure, the value of discretization step is determined by
the convergence of the solution and depends on the wave-
length. When the wavelength is nonresonant (see below), the
discretization step has been taken equal to A/10; otherwise,
it was necessary to take a mesh size equal to A/20. The
criterion was that a finer discretization step would not prac-
tically produce a difference from the value of the cross sec-
tion obtained in the previous cases.

Let us first consider the case Az=0. Figure 4 represents
the spectrum of SPP extinction efficiency (o,,,/A) for differ-
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FIG. 4. (Color online) Spectrum of SPP extinction efficiency
(0,4/A), calculated using the GTA, for gold cubic particles with
side dimension A. The particle-to-surface gap is Az=0.

ent sizes of the scattering cube. The resonance peak corre-
sponding to the localized surface plasmon (LSP) mode of the
cube appears in the considered wavelength range for rela-
tively small cubes. This mode is excited by the electric field
of the incident SPP wave. Detailed discussion of the plasmon
eigenmodes for a cubiclike particle in free space can be
found in Refs. 42 and 62. Note that the field inside the small
cubes (in the quasistatic limit) is determined by the induced
electronic charge that is not distributed homogeneously on
the surface. As a result, the multipolar charge distributions
always exist independently of the cube size. However, the
high multipolar LSPs correspond to smaller wavelengths
than the dipolar one.®> When the quasistatic field gives the
main contribution in the total field inside the particles
(curves for A=15 and 50 nm), the resonance extinction effi-
ciency increases as the size of the particle increases, whereas
for relatively large particles, this value decreases as the size
of the particle increases (Fig. 4). At the same time for the
large particles (A=100 nm and A=200 nm), the peak is
broadened because of the contributions of SPPs and of radia-
tion from the total electric field inside the cube. Furthermore,
increasing the size of the particle will redshift the resonance
wavelength. This behavior is similar to the case of light be-
ing scattered by a metal nanoparticle in homogeneous
space.®* However, some features related to the presence of
the metal surface can be highlighted. For the small particles
(A=15 nm and A=50 nm), the spectrum difference between
the resonance position is equal to approximately 100 nm,
whereas for larger particles (A=100 nm and A=200 nm),
this difference is increased to 500 nm (Fig. 4). As a conse-
quence, one may suppose that the redshift, and hence the
interaction of a SPP scatterer with a metal surface, is larger
for large particles than for small ones. This is confirmed by
the results presented in Fig. 5. Comparing the extinction
spectra for cubes of the same size located at different dis-
tances from the metal surface, two features appear in Fig. 5:
First, the red shift of the LSP resonance due to the interaction
between the scatterer and the metal surface increases with
the size of the cube and, second, the resonance value of
extinction cross section is enhanced, especially for the small
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FIG. 5. (Color online) Spectrum of SPP extinction cross section
o, calculated using the GTA, for gold cubic particles with side
dimension A for different particle-to-surface gaps Az.

particle when the particle approaches the surface and touches
it (Az=0). Our calculations have also shown that no signifi-
cant resonance shift occurs due to the interaction with the
surface with SPP when Az is larger than A/2.

Let us now compare the SPP extinction spectra calculated
with the GTA for a cubic gold particle placed in the vicinity
of a flat gold surface with the results obtained using the PDA
when the scatterer is approximated by a spherical particle of
the same volume. In the PDA, the spherical particle corre-
sponding to the cube with side dimension A is described by
the polarizability tensor d, [Eq. (26)], where the radius R),
=(3/4m)'3A and z,=Az+R,. For example, for A=100 nm
and Az=A, one obtains R,~62.04 nm and z,~ 162.04 nm.

The resulting extinction cross sections for 15 and 50 nm
cubes are plotted in Figs. 6(a) and 6(b) for Az=0 and Az
=A, respectively. One can see that no resonances appear in
the dipole approximation for the considered wavelength
range. Moreover, considerable differences exist in all of the
represented ranges between the values of the extinction cross
sections calculated for finite-size particles and within the
framework of the point-dipole approach, for the particles lo-
cated just on the metal surface [Fig. 6(a)]. Note that the PDA
gives a much smaller extinction cross sections than the exact
case, not only at resonance but throughout the spectrum. In-
creasing the distance between the particle and the metal sur-
face hosting SPPs causes the deviation of the PDA results
from the finite-size calculations to suddenly decrease [Fig.
6(b)] and become negligible under the condition of a large
particle-to-surface distance and nonresonant scattering [A
=50 nm, Fig. 6(b)]. It is important to stress that the extinc-
tion spectra of the cubic particles located close to the surface
are practically parallel to the PDA extinctions for the corre-
sponding spherical particles in those regions of the spectrum
which are far from resonance [Fig. 6(a), and the curves for
A=15 nm in Fig. 6(b)]. Only one fitting parameter (the vol-
ume or size of scatterer) is sufficient to attain a good agree-
ment between the strict calculation and PDA results for any
nonresonant wavelength range (Fig. 6).

The scattering cross section in the point-dipole approxi-
mation is proportional to V2: therefore, its value increases
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FIG. 6. (Color online) SPP extinction spectrum for gold cubic
particles with side dimension A and the particle-to-surface gap Az
(Fig. 1) calculated using both the Green’s tensor approach (GTA)
and the point-dipole approximation (PDA). (a) Az=0; Ap=22 nm
and Ar=61 nm are the fitting sizes, which determine the fitting
radius Rp=[(3/477)”3AF] in the PDA calculations, for cubes A
=15 nm and A=50 nm, respectively. (b) Az=A; Ap=18.5 nm is the
fitting size for the fitting radius R,=[(3/4m)*A] in the PDA cal-
culation for the cube of A=15 nm and Az=15 nm.

rapidly on increasing the size of the scatterer. As a result
for relatively large particles, we have a more complex corre-
lation between the PDA and finite-size calculations (Fig. 7).
For large scatterers, the PDA extinction cross sections can
be larger than the extinction calculated for finite-size scat-
terers in the region of relatively small wavelengths. As the
size of a scatterer increases, the wavelength at which the
PDA extinction is equal to the extinction of the finite-size
scatterer is shifted toward longer wavelengths [Fig. 7(a)].
When the influence of the metal surface on the extinction
is small [Fig. 7(b)], the two approaches give similar results
at large wavelengths, where the dipole moment dominates
over the rest of the multipole contributions to the total
scattering.

Thus, our investigation has shown that the PDA is quite
suited for the description of SPP scattering by nanoparticles
(cubes) in the case of weak interaction between scatterer and
metal surface with SPP and far away from the resonance
conditions.
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FIG. 7. (Color online) SPP extinction spectrum for gold cubic
particles with side dimension A and the particle-to-surface gap Az
(Fig. 1) calculated using both the Green’s tensor approach (GTA)
and the point-dipole approximation (PDA). (a) Az=0; (b) Az=A.

V. CONCLUSIONS

In this paper, we have analyzed the SPP scattering by a
finite-size nanoparticle placed in the vicinity of a dielectric-
metal interface. The Green’s function formalism has been
employed paying special attention to the determination of
scattered fields and differential and total cross sections for
different scattering channels, namely, for the elastic SPP-to-
SPP scattering and SPP scattering into free-space waves
propagating away from the interface. The expressions ob-
tained quantify the influence of both material and configura-
tional parameters on the scattering process. The SPP absorp-
tion by a nanoparticle has been considered using the PDA.
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The general consideration based on the GTA was related to
the PDA, focusing on its transition to the PDA in the limit of
small particles approximated by spheres of the same volume.
The SPP extinction spectra for cubic gold particles of differ-
ent dimensions placed near a flat gold surface have been
calculated so as to study the role of finite-size effects on the
SPP scattering. It was found that the extinction spectra fea-
ture a resonance corresponding to the LSP mode excited in
the cube by the electric field of the incident SPP. The
strength and spectral position of the LSP resonance strongly
depend on the size of the particle and the particle-to-surface
gap. For relatively small particles placed either just on the
metal surface or at a small distance from it, comparison be-
tween the SPP extinction cross section for cubic particles and
that obtained with the PDA showed that the PDA results in
significantly smaller scattering cross sections in the consid-
ered wavelength range. If the particle-to-surface distance is
sufficiently large, the exact calculations and the PDA results
were found rather similar in the wavelength range far away
from the LPS resonance. Furthermore, it was found that, for
nonresonant wavelengths and particles being located close to
the surface, one can still apply the PDA and obtain good
agreement with the exact calculations if the particle volume
is used as a fitting parameter in the PDA. Even for relatively
large particles, the PDA was found quite accurate once the
particle-to-surface distance was sufficiently large. The com-
parison performed on the two approaches indicates that SPP
modeling based on the PDA should be expected to provide
only a qualitative agreement with experimental data. How-
ever, this can be improved by using the particle volume as a
fitting parameter. Quantitative agreement requires the usage
of accurate calculations, for example, based on the GTA,
especially for the wavelengths close to the LSP resonance.
We believe that the presented results should be useful for
further understanding and modeling of various SPP scatter-
ing phenomena with nonspherical finite-size particles being
used, for example, to realize SPP microcomponents.
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