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Abstract

The Discrete Sources Method has been extended to analyze the scattering behavior of a gold nanorod deposited on a plane surface in
an evanescent wave field. In this case the system particle-surface demonstrates no axial symmetry and it is not possible to apply the con-
ventional DSM approach for axisymmetric systems used before. In this paper DSM algorithm for non-axisymmetric systems is pre-
sented. The rigorous computer model based on DSM, which allows to take into account all features of the scattering problem
including particle-surface interaction has been realized. Computer simulation analysis of the scattering spectra of gold nanorod is
presented.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Noble metal nanoparticles attracted great interest in
recent years due to their special properties in optical scale
[1]. Nowadays nanoparticles have practical value in many
applications such as chemical and biochemical sensors,
medical diagnostics and therapeutics, biological imaging,
nanophotonics etc. [2–6]. When the dimension of a metal
nanoparticle is small enough compared to the wavelength
of incident light, surface plasmon can be excited due to a
collective motion of free electrons at the surface of the
metal nanoparticle that resonantly couples with the oscil-
lating electric field of the light. As a result of surface plas-
mon excitation, strong enhancements of absorption,
scattering, and local electric field in the vicinity of particle
0030-4018/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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and in far zone arise. This effect strongly depends on par-
ticle size, shape, and type of materials, excitation and the
local environment [7–9]. This is the key feature for their
applications. Optical absorption and scattering have dom-
inant effects at different size regions, which can be used in
certain applications. The dependence of the Plasmon reso-
nance on the surrounding medium is useful in imaging
methods to detect attached biosystems [2].

In general, optical scattering effects, significant for par-
ticles larger than a few tens of nanometers, gives a more
efficient detection scheme for monitoring the local environ-
ments of single particle Plasmon resonance. For sensor and
other applications it is very important to understand how
the optical absorption and scattering depend on the parti-
cle geometry, material and excitation to find a way to con-
trol their relative contribution for the selected application.
From the viewpoint of optical scattering, noble metal
nanorods have attracted additional attention due to their
higher tunability of resonance frequency and multiple res-
onance peaks in compare with spherical particles [10]. Even
small elongation of spherical nanoparticle demonstrates
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Fig. 1. Model geometry.
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drastic increase in scattering efficiency [11]. Another feature
of a nanorod is the strong dependence of plasmon reso-
nance intensity on the particle orientation with respect to
an exciting field [12].

Recently different numerical approaches have been
applied to investigate dependency of the scattering proper-
ties of nanorods on their properties and local environment:
the discrete dipole approximation (DDA) [13], the finite
difference time domain (FDTD) method [14], T-matrix
method [15] and others.

In this paper, we apply the Discrete Sources Method
(DSM) [16] to model light scattering by a nanorod depos-
ited on a plane surface. The DSM has been previously
applied to model different types of nanoparticles near a
plane interface: in [9] the DSM has been applied to solid
noble nanoparticle on a surface and in [17] the algorithm
has been extended to core-shell nanoparticles. The main
feature of DSM allows to take into account the whole envi-
ronment of the scattering problem including complete
interaction of a nanorod and the interface and the nanorod
orientation with respect to an excitation direction. The
main goal of our research is a detailed investigation of
the scattering behavior of gold nanorods.

In this paper, we took the model of elongated spheroid
to model the shape of nanorod. Dependence of scattering
properties of a gold nanorod on its aspect ratio and orien-
tation with respect to the excitation has been analyzed. In
the first part of the paper the DSM theory is briefly
described, and the numerical algorithm is presented in
the second part. The last part of the paper contains numer-
ical results and discussion.

2. Mathematical model

Let us introduce a Cartesian coordinate system Oxyz by
choosing its origin O at the prism–water interface R and Oz

is directed into domain filled with water D0 and the plane
z = 0 corresponds to the R plane (Fig. 1). Consider an axial
symmetric penetrable particle with an interior domain Di

and smooth boundary oDi deposited on the plane prism
surface so, that the axis of symmetry is parallel to the inter-
face and belongs to the Ozx plane. We denote the prism
domain by D1. In such geometry the system particle-inter-
face has no rotational symmetry anymore and does not
allow to use conventional DSM described in [16]. We
assume that the exciting field fE0;H0g is a plane wave
propagating from D1 at the angle h1 with respect to the
z-axis. Then the mathematical statement of the scattering
problem can be formulated as follows:

rot Hf ¼ jkefEf; rot Ef ¼ �jklfHfB Df; f ¼ 0; 1; i;

np � ðEiðpÞ � E0ðpÞÞ ¼ 0; ez � ðE0ðpÞ � E1ðpÞÞ ¼ 0;

np � ðHiðpÞ �H0ðpÞÞ ¼ 0; p 2 oDi;

ez � ðH0ðpÞ �H1ðpÞÞ ¼ 0; p 2 N;

ð1Þ
and radiation conditions at infinity.
Here, np is the outward unit normal vector to the surface
oDi, k ¼ x=c and fEf;Hfg stands for the total field in the
corresponding domain Df; f ¼ 0; 1; i. Note that the total
field in D0 is a superposition of the exciting field and the
scattered one. If Imef; lf 6 0 (the time dependence for the
fields is chosen as expfjxtgÞ and the particle surface is
smooth enough: oD � Cð2;aÞ, then the above boundary-
value scattering problem is uniquely solvable [18].

Here, np is the outward unit normal vector to the surface
oDi, k ¼ x=c and fEf;Hfg stands for the total field in the
corresponding domain Df; f ¼ 0; 1; i. Note that the total
field in D0 is a superposition of the exciting field and the
scattered one. If Imef; lf 6 0 (the time dependence for the
fields is chosen as expfjxtgÞ and the particle surface is
smooth enough: oD � Cð2;aÞ, then the above boundary-
value scattering problem is uniquely solvable [18].

We construct an approximate solution to the scattering
problem (1) on the base of the DSM. First the plane wave
fE0;H0g diffraction problem on the interface R is solved.
This gives the external excitation fields fE0

f ;H
0
fg; f ¼ 0; 1

in domains D0;1, which satisfy transmission conditions at
the plane interface. Now we can start to construct the
approximate solution of the boundary value problem (1)
for the scattered field fEs

f;H
s
fg in D0;1 and the total field

inside Di.
In the frame of DSM the approximate solution is con-

structed by representing the electromagnetic fields as a
finite linear combination of the fields of point sources
deposited in corresponding domains. Their fields analyti-
cally satisfy the transmission conditions enforced at the
plane interface R [19]. Then the approximate solution sat-
isfies Maxwell equations in the domains Df; f ¼ 0; 1; i, the
infinity conditions and the transmission conditions at R.
Thus, the scattering problem is reduced to the problem of
approximating the exciting field on the scattering surface
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oDi. Only the amplitudes of discrete sources are to be deter-
mined from the boundary conditions at the particle sur-
face, which can be rewritten in following form

np � ðEi�Es
0Þ ¼ np �E0

0; np � ðHi�Hs
0Þ ¼ np �H0

0; ð2Þ

where fE0
0;H

0
0g is the transmitted plane wave inside D0.

To construct the fields scattered by a particle we will use
system of localized dipoles [20]. The field of dipoles analyt-
ically satisfy the transmission conditions for tangential
components of electric and magnetic fields enforced at
the plane interface R. In this case the vector potential
accepts the form

AðMÞ ¼
Z

V

~GðM ;M0ÞjðP ÞdsP ; ð3Þ

where ~GðM ;M0Þ is the Green Tensor of a half-space [16]:

~GðM ;M0Þ ¼
G11 0 0

0 G11 0
og

oxM

og
oyM

G33

2
64

3
75: ð4Þ

The corresponding tensor components can be written as

GaaðM ;M0Þ ¼
k0

j
hð2Þ0 ðk0RMM0

Þ þ
Z 1

0

J 0ðkrÞvaaðk; zÞ

� expf�g0zgkdk; a ¼ 1; 3

gðM ;M0Þ ¼
Z 1

0

J 0ðkrÞv31ðk; z0Þ expf�g0zgkdk:

ð5Þ

Here RMM0
¼ r2þðz�z0Þ2r2¼q2þq2

0�2qq0 cosðu�u0ÞJ 0ð:Þ
is the cylindrical Bessel function, h0

(2) is the spherical Han-
kel function, ðq0;u0; z0Þ are the cylindrical coordinates of
the point M0 of multipoles. The associating spectral func-
tions v11; v33; v31 are given by
v11ðk; z; z0Þ ¼
l1g0 � l0g1

l1g0 þ l0g1

1

g0

expf�g0z0g;

v33ðk; z; z0Þ ¼
e1g0 � e0g1

e1g0 þ e0g1

1

g0

expf�g0z0g z P 0; z0 > 0;

v31ðk; z; z0Þ ¼
2ðl1e1 � l0e0Þ

ðl1g0 þ l0g1Þðe1g0 þ e0g1Þ
expf�g0z0g;

ð6Þ

where g2
f ¼ k2 � k2

f ; k
2
f ¼ k2eflf; f ¼ 0; 1.

We will construct the representation for the scattered
fields in D0, 1 basing on a system of electric dipoles, depos-
ited in some points Mn. Let fMng1n¼1 is a dense set of
points, which are distributed over an auxiliary surface
S0 2 Cð2;aÞ localized inside Di and co-axed with oDi

(Fig. 1). Let us consider three linearly independent electric
dipoles felg3

l¼1 situated in every point Mn and orientated
in accordance with the cylindrical coordinate system. Fol-
lowing (3) the corresponding potentials for these dipoles
take a form:
A1
n ¼ fG11ðM ;MnÞ cosðu� unÞ; �G11 sinðu� unÞ;
ogðM ;MnÞ

oq
cosðu� unÞ �

1

q
og
ou

sinðu� unÞg;

A2
n ¼ fG11ðM ;MnÞ sinðu� unÞ; G11 cosðu� unÞ;
ogðM ;MnÞ

oq
sinðu� unÞ þ

1

q
og
ou

cosðu� unÞg;

A3
n ¼ f0; 0; G33ðM ;MnÞg:

ð7Þ

Then for the scattered fields in D0;1 which satisfy the trans-
mission conditions at R, the following representation is
valid:

EN
f ðMÞ ¼

XN0

n¼1

X3

l¼1

p0
nlrot rotAl

nðMÞ;

HN
f ðMÞ ¼

j
kl

rot EN
f ðMÞ; f ¼ 0; 1; M 2 D0;1: ð8Þ

Let us emphasize that the scattered fields in D0 and D1

are represented by an unitary set of dipoles’ amplitudes
fp0

nlg.
Consider now the construction of the approximated

solution for the total field inside a particle Di. We will
choose the co-axial surface Si, which confines oDi

(Fig. 1), and a dense set of points fMi
ng
1
n¼1, which are dis-

tributed over Si. Let us introduce the following system of
vector potentials corresponding to the external electrical
dipoles:

Al
niðMÞ ¼ hð2Þ0 ðkiRMMi

n
Þel; Mi

n 2 Si:

Then the representation for the total field inside the particle
accepts the form:

EN
i ðMÞ ¼

XNi

n¼1

X3

l¼1

pi
nlrot rot Al

niðMÞ;

HN
i ðMÞ ¼

j
kli

rot EN
i ðMÞ; M 2 Di: ð9Þ

The representation for internal field (9) essentially differs
from those presented in [21]. Deposition of Si outside Di re-
gion seems to be more efficient especially for metal particles
of small diameter. The representations (8), (9) satisfy all the
conditions of the boundary value problem (1) except the
boundary conditions enforced at a particle surface oDi. Un-
known amplitudes of the discrete sources are to be defined
from (2). Because the representation for the scattered field
(8) satisfies the transmission conditions for the fields at the
interface R, it allows to take into account all interactions
between particle and prism surface analytically.

The completeness of the system of dipoles guarantees
the convergence of the approximate solution to the exact
one [16].
3. Numerical scheme of the DSM

In this section, we describe the details of our numerical
scheme, which was realized from the new DSM based



E. Eremina et al. / Optics Communications 273 (2007) 278–285 281
model of the last section. We also focus on the differences
between the new model and the conventional one [16].

As has been mentioned, the approximate DSM solution
(8), (9) satisfies most of the conditions of the scattering
problem (1). So, the determination of the unknown ampli-
tudes of discrete sources ffp0

nlg
N0

n¼1g
3
l¼1; ffpi

nlg
Ni
n¼1g

3
l¼1 is to be

performed from the fitting of the boundary conditions (2)
enforced at the particle surface oDi in L2ðoDiÞ norm [16].
To do this, we need an expression for the exciting field
fE0

0;H
0
0g in the D0 domain. In our case the refracted field

in D0 takes the form
E0
0 ¼ T P ;SeP ;S expð�ikrÞ; H0

0 ¼ n0k� E0
0; ð10Þ

here k ¼ ð� sin h1 cos u1;� sin h1 sin u1;� cos h1ÞT;

eP ¼ ð� cos h1 cos u1;� cos h1 sin u1; sin h1ÞT;

eS ¼ ðsin u1;� cos u1; 0ÞT;

T P ¼ 2n1 cos h1

n0 cos h1 þ n1 cos h0

; T S ¼ 2n1 cos h1

n1 cos h1 þ n0 cos h0

;

nf ¼
ffiffiffiffiffiffiffiffi
eflf
p

is a refractive index in Df, h0 is a refraction an-
gle of the wave transmitted into D0.

Various schemes for the amplitude determination are
at our disposal. It has been established that more stable
results can be obtained by using pseudo-inversion of an
over-determined system of linear equations obtained by
following the generalized point-matching technique.
Select a set of matching points on the particle,
fP jgJ

j¼1 2 oDi, homogeneously covering the scatterer’s
surface oDi. Then the linear system to be used for deter-
mining the discrete sources amplitudes can be found
from matching the boundary conditions (2) at the set
fP jgJ

j¼1. This procedure leads to an over determined lin-
ear system with a dimension of 4J � 3ðN 0 þ NiÞ. The dis-
crete sources amplitudes are evaluated by a pseudo
inversion technique [22]. The DSM scheme enables an
estimation of the error in the solution by calculating of
the surface residual in L2ðoDiÞ norm. Completeness of
the dipoles system provides convergence of the approxi-
mate solution (8), (9) to the exact solution of the scatter-
ing problem (1) [21].

Let us emphasize the main differences between the new
DSM scheme and the conventional DSM one applied to
axial symmetric structures on a substrate [16].

1. The approximate solution (8), (9) is independent of the
polarization of the external excitation in contrast to
the conventional DSM [16]. This allows examination
of the scattering problem for the whole set of polariza-
tions and incident angles at once.

2. The representation for the scattered field (9) involves the
dipole sources only. It simplifies the numerical evalua-
tion of the Sommerfeld integrals (5), and provides a
more stable scheme for the matrix elements computation
compared to the conventional DSM where multipole
sources are used [16].
The number of matching points where the DS ampli-
tudes are defined increases until the necessary accuracy
of the results is achieved. The DS number usually is
4–6 times less then the number of matching points.
Resulting errors are estimated by computation of a sur-
face residual in least-square norm. As a rule in a range
of parameters under consideration relative surface resid-
ual less then 0.2% assures the results errors to be less
then 0.1%.

After the amplitudes of the discrete sources are deter-
mined, one can calculate the far field pattern F(h,u) of the
scattered field, which is determined at the upper part of the
unite semi-sphere X ¼ f0� 6 h < 90�; 0� 6 / 6 360�g and
is given by

EðMÞ=jE0
0ðz ¼ 0Þj ¼ expf�ik0rg

r
Fðh;uÞ þ Oð1=r2Þ;

r ¼ jM j ! 1; z > 0:

We use an asymptotic approximation for the Sommer-
feld integrals [22], which leads to the following representa-
tion for the components of the scattering diagram

F hðh1; h;uÞ ¼ ik
XN0

n¼1

fp0
n1fh1 þ p0

n2fh2 � p0
n3fh3g;

F uðh1; h;uÞ ¼ ik
XN0

n¼1

f�p0
n1fu1 þ p0

n2fu2g:

fh1 ¼ cos h cosðu� unÞcþ

þ fcos h�v11ðhÞ þ sin2 h�v33ðhÞg cos h cosðu� unÞc�;
fh2 ¼ cos h sinðu� unÞcþ

þ fcos h�v11ðhÞ þ sin2 h�v33ðhÞg cos h sinðu� unÞc�;
fh3 ¼ sin hcþ þ cos h�v33ðhÞ sin hc�;

fu1 ¼ sinðu� unÞcþ þ cos h�v11ðhÞ sinðu� unÞc�;
fu2 ¼ cosðu� unÞcþ þ cos h�v11ðhÞ cosðu� unÞc�;

cþ ¼ expfik0ðqn sin h cosðu� unÞ þ zn cos hÞg;
c� ¼ expfik0ðqn sin h cosðu� unÞ � zn cos hÞg:

ð11Þ

Here ðqn;un; znÞ are the cylindrical coordinates of the
points Mn 2 S0. Spectral functions involved into represen-
tation (11) accept the form

�v11ðhÞ ¼
2l0

l1 cos hþ l0w
; w ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1 � sin2 h;

q

�v33ðhÞ ¼
2e0

e1 cos hþ e0w
;

�v31ðhÞ ¼
2ðl1e1 � l0e0Þ

ðe1 cos hþ e0wÞðl1 cos hþ l0wÞ
:

Hence, the components of the far field pattern (11) do not
contain Sommerfeld integrals and can be represented as
finite linear combinations of elementary functions. This
circumstance ensures a low costs computation of the scat-
tering characteristics in the far zone.
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Fig. 3. The objective response versus wavelength for a gold spheroid of
aspect ratio a = 2, different orientations of the incident plane.

282 E. Eremina et al. / Optics Communications 273 (2007) 278–285
4. Results and discussion

In the paper we will consider the intensity of scattered
unpolarized light

Iðh1; h;uÞ ¼
1

2
ðjIP ðh1; h;uÞj2 þ jISðh1; h;uÞj2Þ; ð12Þ

where IP ;Sðh1; h;uÞ ¼ jF P ;S
h ðh1; h;uÞj2 þ jF P ;S

/ ðh1; h;uÞj2 and
F P ;S

h;uðh1; h;uÞ are the components of the far field pattern
for P and S polarized incident plane wave in a spherical
coordinate system h;u. We are mainly interested in the
objective scattering cross-section (objective response),
which represents the integrated intensity scattered into
the prescribed solid angle X

rðkÞ ¼
Z

X
Iðh1; h;uÞdx; ð13Þ

where X ¼ f0 6 h 6 34�; 0 6 u 6 360�g, which corre-
sponds the Numerical Aperture of the objective lens
NA = 0.75.

As a shape model of nanorod we consider an elongated
spheroid with equivolume diameter equal to 40 nm. As
nanorod material we took gold (Au) and as substrate mate-
rial BK7 glass. As incidence an unpolarized light has been
taken. An incident angle was chosen at h ¼ 63� which is
very close to the critical angle hc ¼ arcsinðn0=n1Þ. We
remind that n0; n1 depend on the exciting wavelength k,
and h ¼ 0� corresponds to the normal direction to the
prism surface. We also examined different orientations of
the spheroid with respect to the incident plane. In the
results presented below the u = 180� plane corresponds
to the incidence case where P-polarized E belongs to the
zx-plane and u ¼ 90� plane corresponds to the incidence
case when P-polarized E belongs to the zy-plane.

In Fig. 2 the objective response (13) versus wavelength
for a spheroid with aspect ratio a = 1.5 and different orien-
tations is compared to the objective response for a sphere.
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Fig. 2. The objective response (13) versus wavelength for a gold (Au)
spheroid of diameter D = 40 nm and aspect ratio a = 1.5 for different
orientations of the incident plane compared to the objective response for
an equivolume sphere.
From the results one can see, that the objective response
from a spheroid in case of u = 180� is lower then one from
a sphere. Objective responses for spheroids with a = 2 and
a = 2.5 are presented in Figs. 3 and 4 respectively. From
comparison of results it is obvious, that maximum
enhancement of objective response for spheroid is reached
at u = 90� and lowest – at u = 180�. Besides, the spectral
peak shifts to the area of longer wavelengths when aspect
ratio of spheroid increases.

Let us now fix the incident plane and vary the aspect
ratio of the spheroid. Fig. 5 shows an objective response
versus wavelength for u = 180�. In Figs. 6 and 7 similar
results are presented for u = 150� and u = 90�, respec-
tively. From Fig. 5 we can see that for u = 180� the objec-
tive response for a sphere exceeds the one from a spheroid.
But with rotation of the incidence plane from 180� to 90�
the objective response of a spheroid gets higher (Figs. 6
and 7). The objective response from a spheroid mostly
exceeds the objective response from a sphere. From a range
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Fig. 4. The objective response versus wavelength for a gold spheroid of
aspect ratio a = 2.5, different orientations of the incident plane.
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Fig. 5. The objective response versus wavelength for different aspect ratios
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plane orientation u = 180�.
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of aspect ratios only a spheroid with a = 3 demonstrates
lower response (Fig. 6). In Fig. 6 we see, that a spheroid
with a = 2 provides a maximum enhancement in the objec-
0.4 0.6 0.8
0.00000

0.00005

0.00010

0.00015

0.00020
Au spheroid D=40nm, ϕ=150o, θ

1
=63o.

 sphere
 ratio=1.5
 ratio=2.0
 ratio=2.5
 ratio=3.0

O
bj

ec
tiv

e 
re

sp
on

se
, 

μm
2

Wavelength, μm

Fig. 6. The objective response versus wavelength for different aspect ratios
of a gold spheroid compared to the one from a sphere for u = 150�.
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Fig. 7. The objective response versus wavelength for different aspect ratios
of a gold spheroid compared to the one from a sphere for u = 90�.
tive response among the others. Fig. 8 presents more
detailed investigation in aspect ratio range close to 2. Again
from the results we see that maximum of response is
reached with an aspect ratio of 2.

Let us now investigate what happens with the scattering
intensity of unpolarised light (12) when the objective
response reaches its maximum value. In Fig. 9 the scatter-
ing intensity versus scattering angle for a spheroid of
a = 1.5 for different orientations of incident plane is pre-
sented. For demonstration we took k = 550 nm corre-
sponding to the resonance peak of this spheroid. Similar
results for a spheroid of a = 2 and k = 650 nm are pre-
sented in Fig. 10. From results analysis of the results one
can notice that intensity gets higher with rotation of the
incidence plane from 180� to 90�.

Now we would like to investigate which polarization is
responsible for the intensity enhancement. For this aim a
spheroid of a = 2 is taken.
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Fig. 8. The objective response versus wavelength for different aspect ratios
of a gold spheroid compared to the one from a sphere for u = 90� for the
smaller step of aspect ratios.
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Fig. 9. The scattering intensity versus scattering angle for a spheroid of
a = 1.5 for different orientations of the incident plane, and wavelength
k = 550 nm.
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Fig. 10. The scattering intensity versus scattering angle for a spheroid of
a = 2 for different orientations of the incident plane, k = 650 nm.
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Fig. 12. The scattering intensity S-polarized component versus scattering
angle for a spheroid of different aspect ratios, k = 650 nm.
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In Fig. 11 the intensity of the polarized light versus scat-
tering angle for such a spheroid for two positions of the
incident plane and k = 650 nm is presented. One can see
that curves for P-polarized light do not depend so much
on the orientation of the incident plane, but for S-polariza-
tion its intensity drastically increases with a rotation of the
incidence plane from 180� to 90�. Thus, the main contribu-
tion into intensity is mostly provided by the S-component.
In Fig. 12 the intensity of S-polarised light versus scattering
angle is presented for spheroids of aspect ratios close to 2
with a small step. From these results one can notice that
the intensity is maximal for a = 2 which helps to explain
results from Figs. 6–8.

Finally we would like to summarise our research using
computer simulation:

1. The spectral peak shifts to the area of longer wave-
lengths with increasing aspect ratio of a spheroid;
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Fig. 11. The scattering intensity of P and S-polarized components versus
scattering angle for a spheroid of a = 2 for different orientations of the
incident plane, k = 650 nm.
2. The spectral peak value increases when vector E is par-
allel to the longer axis of a spheroid. An excitation of the
longitude mode [12] is responsible for this effect.

3. The spectral peak reaches its maximum value for a
spheroid of aspect ratio a = 2.

5. Conclusion

In this paper DSM has been applied to the scattering
analysis of nanorod deposited on a prism surface. The
main goal of the investigation was to clarify the scattering
behaviour of nanorods on their aspect ratio and orienta-
tion with respect to an excitation. The results obtained by
simulations allow to conclude that an aspect ratio a = 2
provides the maximum value of the scattered field enhance-
ment. It has been found that the response increases when
the incident plane rotates from 180� to 90� and the main
contribution into scattering enhancement was provided
by the S-component of the incident light. The longitude
mode is responsible for this enhancement.
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[8] C. Sönnichsen, T. Franzl, T. Wilk, G. von Plessen, J. Feldmann,
Drastic reduction of plasmon damping in gold nanorods, Phys. Rev.
Lett. 88 (7) (2002) 077402-1.

[9] E. Eremina, Y. Eremin, T. Wriedt, Discrete Sources Method for
simulation of resonance spectra of nanoparticles on a plane surface,
Opt. Comm. 246 (2005) 405.

[10] O.P. Varnavski, M.B. Mohamed, M.A. El-Sayed, T. Goodson III,
Relative enhancement if ultrafast emission in gold nanorods, J. Phys.
Chem. B 107 (2003) 3101.

[11] K.-S. Lee, M.A. El-Sayed, Dependence of the enhanced optical
scattering efficiency relative to that of absorption for gold metal
nanorods on aspect ratio, size, end-cap shape, and medium refractive
index, J. Phys. Chem. B 109 (2005) 20331.

[12] K. Imura, T. Nagahara, H. Okamoto, Near-field two-proton-induced
photoluminescence from single gold nanorods and imaging of
plasmon modes, J. Phys. Chem. B 109 (2005) 13214.

[13] A. Brioude, X.C. Jiang, M.P. Pileni, Optical properties of gold
nanorods: DDA simulations supported by experiments, J. Phys.
Chem. B 109 (2005) 13138.
[14] M. Futamata, Y. Maruyama, M. Ishikava, Local electric field and
scattering cross section of Ag nanoparticles under surface plasmon
resonance by finite difference time domain method, J. Phys. Chem. B
107 (2003) 7607.

[15] R. Ruppin, Polariton modes of spheroidal microcrystals, J. Phys.
Condens. Matter 10 (1998) 7869.

[16] Yu.A. Eremin, The method of discrete sources in electromagnetic
scattering by axially. symmetric structures, J. Comm. Technol.
Electron. 45 (2) (2000) 269.

[17] E. Eremina, Y. Eremin, T. Wriedt, Simulations of light scattering
spectra of a nanoshell on plane interface based on the discrete sources
method, Opt. Comm. 267 (2) (2006) 524.

[18] D. Colton, R. Kress, Inverse Acoustic and Electromagnetic Scattering
Theory, Springer, Berlin, 1992.

[19] Y. Eremin, N. Orlov, A. Sveshnikov, in: T. Wriedt (Ed.), Generalizes
Multipole Techniques for Electromagnetic and Light Scattering,
Elsevier Science, Amsterdam, 1999, p. 39.

[20] A. Doicu, Yu. Eremin, T. Wriedt, Acoustic and Electromagnetic
Scattering Analysis using Discrete Sources, Academic Press, London,
2000.

[21] Yu.A. Eremin, J.C. Stover, N.V. Grishina, Discrete Sources Method
for Light scattering analysis from 3D asymmetrical features on a
substrate, JQRST 70 (4-6) (2001) 421.

[22] Y. Eremin, N. Orlov, A. Sveshnikov, in: T. Wriedt (Ed.), Generalizes
Multipole Techniques for Electromagnetic and Light Scattering,
Elsevier Science, Amsterdam, 1999, p. 39.


	Analysis of the light scattering properties of a gold nanorod on a plane surface via discrete sources method
	Introduction
	Mathematical model
	Numerical scheme of the DSM
	Results and discussion
	Conclusion
	Acknowledgements
	References


