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a b s t r a c t

Spherical silicon nanoparticles with the sizes of 100–200 nm exhibit strong electric and magnetic dipole
responses in the visible spectral range due to Mie resonances. At the resonance conditions, electro-
magnetic energy is accumulated inside Si nanoparticles, which can be used for the realization of efficient
nanoantennas, nanolasers, and novel metamaterials. In this paper, modification of optical properties of Si
nanoparticles by metal nanoinclusions, randomly distributed inside them, is theoretically investigated.
The method is based on the recently developed, so-called, decomposed discrete dipole approximation
(DDDA) allowing multipole analysis of light scattering by arbitrary shaped inhomogeneous nanoparticles.
Particularly, the influence of metal nanoinclusions, their concentration and distribution, on the excitation
of magnetic and electric dipole modes in Si nanoparticles is studied.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Recently it has been shown first theoretically [1] and then
experimentally [2,3] that crystalline silicon nanoparticles with the
diameters of 100–200 nm exhibit strong electric and magnetic
dipole responses in the visible spectral range. For larger sub-
micron silicon particles, these resonances are shifted into the
infrared region [4,5]. Explanation of these optical properties
follows from Mie theory [6] demonstrating that the first and
second lowest frequency resonances of dielectric spheres corre-
spond to the excitation of magnetic and electric dipole modes
[6,7]. At the resonant conditions, the incident electromagnetic
energy is stored in the particle modes and the corresponding light
scattering cross-section increases. These resonant optical proper-
ties of Si nanoparticles can be used for the creation of dielectric
nanoantennas [8–11] and metamaterials with magnetic optical
response [12,13]. Since Si nanoparticles are smaller than the light
wavelengths, at the resonant conditions they can be considered as
nanoscale electromagnetic energy concentrators. For example, for
Si nanospheres with the diameter of 130 nm, the magnetic field
corresponding to the magnetic dipole mode occupies the nano-
particle central region with the size of 40 nm [2]. Note that in
contrast to metal nanoparticles, the electric and magnetic fields
are concentrated inside the dielectric nanoparticles. Spectral

positions of the resonances are determined by the particle sizes,
their shape and internal solid structure. It has been demonstrated
that by changing the aspect ratio of cylindrical Si nanoparticles it is
possible to obtain the magnetic and electric dipole resonances
at the same spectral wavelength [14,15]. It is known that the
dielectric properties of the amorphous silicon differ from that of
crystalline silicon. Therefore, optical resonances of the crystalline
and amorphous Si nanoparticles having the same geometrical
parameters are different [16].

In this paper, another possibility to change the resonant optical
properties of crystalline Si nanoparticles by adding into their volume
very small metal nanoinclusions (much smaller than the size of Si
nanoparticles) is studied. Experimental realization of this approach
can be performed using the metal ion implantation method [17].

2. Theoretical method

Our consideration is based on the method of decomposed
discrete dipole approximation (DDDA) which combines the ordin-
ary discrete dipole approximation (DDA) [18] with calculations of
multipole moments of electric dipole systems [14]. Details of this
method can be found elsewhere [14,19]. Briefly, in this approach
the scattering object is replaced by a cubic lattice of electric point
dipoles with a polarizability αj. The corresponding dipole moment
pj induced in each lattice point j (with the radius-vector rj) is
found by solving coupled-dipole equations. For the scattering
particle located in a homogeneous surrounding, these equations
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can be presented by [20]

pj ¼ αjE0ðrjÞþ
k20
ɛ0
αj ∑

N

la j
Ĝðrj; rlÞpl; ð1Þ

where E0ðrÞ is the electric field of the incident (external) mono-
chromatic electromagnetic wave with the angular frequency ω,
Ĝðrj; rlÞ is the Green tensor of this system without the scatterer
[20], and N is the total number of point dipoles. Here k0 is the
wavenumber in vacuum, ɛ0 is the vacuum dielectric constant.
Detailed discussion of DDA realizations and their relation with
Green's tensor approach can be found elsewhere [21].

After solution of Eqs. (1), the discrete dipole presentation of the
electric dipole moment p, electric quadrupole moment Q̂ ðr0Þ,
magnetic dipole moment mðr0Þ, magnetic quadrupole moment
M̂ðr0Þ, and electric octupole moment Ôðr0Þ of the scatterer with
respect to the point r0 is presented by [14]

p¼ ∑
N

j ¼ 1
pj; Q̂ ðr0Þ ¼ ∑

N

j ¼ 1
Q̂

jðr0Þ; mðr0Þ ¼ ∑
N

j ¼ 1
mjðr0Þ;

M̂ðr0Þ ¼ ∑
N

j ¼ 1
M̂

jðr0Þ; Ôðr0Þ ¼ ∑
N

j ¼ 1
Ô

jðr0Þ; ð2Þ

where the corresponding point multipole moments associated
with the single electric dipole pj are determined by

Q̂
jðr0Þ ¼ 3ððrj�r0Þpjþpjðrj�r0ÞÞ; ð3Þ

mjðr0Þ ¼ � iω
2
½ðrj�r0Þ � pj�; ð4Þ

M̂
jðr0Þ ¼ � i2ω

3
½ðrj�r0Þ � pj�ðrj�r0Þ; ð5Þ

Oj
βββ ¼ 3pjβðβj�β0Þ2;Oj

ββγ ¼ Oj
βγβ ¼Oj

γββ ¼ 2pjβðβj�β0Þðγj�γ0Þ;

Oj
βγτ ¼ pjβðγj�γ0Þðτj�τ0Þþpjγðβj�β0Þðτj�τ0Þþpjτðγj�γ0Þðβj�β0Þ;

ð6Þ
where β¼ x; y; z, and γ ¼ x; y; z, and τ¼ x; y; z; moreover, βaγ,
βaτ, and τaγ; the electric dipole moment pj has the coordinates
ðpjx; pjy; pjzÞ.

Finally, the scattered electric field in the far wave zone is
presented by

EðrÞ � k20e
ikdðr�n�r0Þ

4πɛ0r
½n� ½p� n��þ 1

vd
½mðr0Þ � n�

�

þ ikd
6
½n� ½n� Q̂ ðr0Þn��þ

ikd
2vd

½n� ðM̂ðr0ÞnÞ�

þk2d
6
½n� ½n� Ôðr0ÞðnnÞ��

!
; ð7Þ

where kd and vd are the wavenumber and the light phase velocity
in the medium surrounding the scatterer, respectively. n is the unit
vector directed along the r.

Multipole decomposed extinction cross section sext including
first multipole terms is written as [14,19]

sext �
ω
2Pin

Im En

0ðr0Þ � pþμ0H
n

0ðr0Þ �mðr0Þþ
μ0½∇Hn

0ðr0Þ�T : M̂ðr0Þ
2

 

þf∇En

0ðr0Þþð∇En

0ðr0ÞÞT g : Q̂ ðr0Þ
12

þ1
6
∑
βγτ

Oβγτðr0Þ
∂2

∂γ∂τ
En

0βðr0Þ
!
;

ð8Þ

where Pin is the radiation flux of the incident wave, μ0 is the
vacuum permeability, H0ðr0Þ is the magnetic field of the incident
wave at the point r0. The values ∇E0ðr0Þ and ∇H0ðr0Þ are the
tensorial gradients of the electric and magnetic fields, respectively,
at the point r0 [14]. For homogeneous scatterers, the polarizabil-
ities αj in (1) are the same for every dipole in this system.
However, if the scatterer contains some inhomogeneous regions,
αj will be dependent on the dipole position in the scatterer. In the
quasi-static approximation with the “radiative reaction” correction
[18], one can write

αj ¼
α0j

1� ik3dα0j=ð6πɛdɛ0Þ
; ð9Þ

where

α0j ¼ 3ɛdɛ0Vj
ɛj�ɛd
ɛjþ2ɛd

; ð10Þ

Vj is the volume of the discretization cell with the number j, ɛj is its
dielectric permittivity, ɛd is the dielectric permittivity of the
surrounding medium (the medium outside the scatterer).

The total electric field EðrÞ outside the scatterer is the super-
position of the incident E0ðrÞ and scattered EscðrÞ electric fields

E0ðrÞ ¼ E0ðrÞþEscðrÞ ¼ E0ðrÞþ
k20
ɛ0

∑
N

l ¼ 1
Ĝðr; rlÞpl: ð11Þ

Fig. 1. Discrete dipole representation of spherical Si nanoparticles with the radius of 65 nm doped by Ag nanoparticles (red dots). Ag concentration (a) 5%, (b) 10%. (For
interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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