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We consider scattering of surface plasmon polaritons (SPPs) and light by individual high refractive index
dielectric nanoparticles (NPs) located on a metal (gold) substrate and supporting electric and magnetic dipole
resonances in the visible spectral range. Numerical calculations are carried out by making use of the discrete
dipole approximation including the multipole decomposition procedure. Extinction and scattering cross-section
spectra of spheroid silicon NPs in visible and near infrared are presented and discussed. The roles of the
in-plane and out-of-plane components of electric and magnetic dipoles in the scattering processes are clarified
and demonstrated. It is revealed that, owing to the NP interaction with electromagnetic fields reflected from the
substrate (that leads to bianisotropy), the in-plane electric and magnetic dipoles can resonantly be excited at the
same wavelength. Due to this effect, the resonant unidirectional (forward) and elastic (in-plane) scattering of
SPPs by oblate spheroid NPs can be realized within a narrow spectral range. In the case of normal light incidence,
the bianisotropy effect can provide significant suppression of the SPP excitation because of the destructive
interference between the SPP waves generated by induced electric and magnetic dipole moments. The results
obtained open new possibilities for the development of SPP-based photonic components and metasurfaces, whose
operation involves resonant excitations of dielectric NPs.
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I. INTRODUCTION

Surface optical electromagnetic waves can be excited at
the interface between a dielectric and a metal and are called
surface plasmon polaritons (SPPs). One of the most attractive
properties of SPPs is the possibility to concentrate and chan-
nel electromagnetic radiation using subwavelength structures
[1-3]. Experimental studies demonstrated that ensembles of
metal nanoparticles (NPs) arranged on metal surfaces can
be used to realize efficient micro-optical elements for two-
dimensional (2D) manipulation of SPP waves, such as mirrors,
beam splitters, and interferometers [4-9]. Furthermore, peri-
odic arrays of metal NPs have been shown to exhibit band-gap
properties for SPPs [10]. If such an SPP band-gap structure
has narrow channels free from NPs, then SPP waves can be
confined to and guided along these channels [10].

From the theoretical point of view, the SPP scattering
properties of individual metal NPs and NP ensembles men-
tioned above can efficiently be treated in the point-dipole
approximation [11,12], with each NP being considered as an
electric dipolar scatterer and the NP dipole moments being
self-consistently determined by solving the couple-dipole
equations [8,13]. It has been shown that electric dipolar
NPs scatter SPP waves mainly isotropically, with only small
modulation in the forward and backward directions with
respect to the incident SPP propagation [12]. With increasing
of NP sizes, higher multipole modes of NPs can be excited
influencing and changing the SPP scattering diagrams [14],
a feature that could be used for functional optimization of
SPP-based components. It should, however, be borne in mind
that metal NPs efficiently absorb the electromagnetic radiation
at optical frequencies due to large Ohmic losses. This feature
together with the (inelastic or out-of-plane) scattering SPP
into light, propagating away from the metal surface [1,15],
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can significantly restrict the application potential of metal NP
structures in 2D SPP optics.

It is possible to overcome this principal drawback of metal
NPs and nanostructures by employing an alternative approach
based on high refractive index dielectric or semiconductor
NPs. Due to Mie resonances, the dielectric NPs can strongly
interact with both electric and magnetic field components of
optical waves [16]. Recently it has been shown both theoreti-
cally [17,18] and experimentally [19,20] that crystalline silicon
NPs exhibit pronounced optical Mie resonances associated
with the excitation of magnetic and electric dipole (MD
and ED) modes in these NPs. Depending on NP sizes, the
resonances can be realized within the visible or near-infrared
spectral ranges, where the silicon dielectric permittivity has
a very small imaginary part and the silicon NPs can be
considered as high refractive index dielectric NPs. Because
silicon NPs support resonant excitation of MD and ED modes,
there appears a possibility to realize a strong unidirectional
(forward) light scattering by satisfying the so-called Kerker
condition [17,21,22]. Importantly, the spectral separation
between the ED and MD resonances can be controlled by
NP shapes and irradiation conditions [23], which gives a
possibility to realize the resonant Kerker effect and to create
novel metamaterials [24-26]. Resonant optical properties
of high refractive dielectric NPs have been suggested for
realization of new types of optical nanoantennas [27-29]
and ultrahigh efficiency photovoltaic cells [30,31]. However,
resonant interaction of high refractive index dielectric NPs
with SPPs have not hitherto been considered.

In this paper we concentrate on this problem and theoreti-
cally investigate SPP and light scattering by individual silicon
NPs located on a metal (gold) substrate and supporting ED and
MD resonances in the visible spectral range. It is predicted
and numerically demonstrated that, due to NP interaction
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FIG. 1. (Color online) Schematic presentation of (a) SPP and
(b) light scattering processes by an individual silicon NP located
on a gold substrate. Scattering channels include the SPP excitation
and scattering into light propagating away from the substrate.

with the electromagnetic fields reflected from the substrate
(bianisotropy effect), the resonant unidirectional (forward)
and elastic scattering of SPPs by spheroid silicon NPs can
be realized within a narrow spectral range and exploited
for developing new SPP-based photonic components and
metasurfaces.

II. THEORETICAL BACKGROUND

We assume that a silicon NP is located near a metal surface
supporting the SPP propagation (Fig. 1). This implies that
dielectric permittivity &; of metal satisfies the conditions
—Re(e;) > g4 > 0 and —Re(e;) > Im(e;) in the considered
spectral range, where g4 is the dielectric permittivity of a
medium above the metal surface (in this paper ¢; = 1). The
last inequality guaranties that the SPP propagation length is
larger than the SPP wavelength. Under these conditions, for
the sake of simplicity, we can neglect the imaginary part of
& for calculations of extinction and scattering cross sections
[32,33] (see also a remark at the beginning of Sec. III).

When an NP is illuminated either by an SPP wave
propagating along the substrate surface or a light wave incident
on the substrate, there are two scattering channels: (i) into SPPs
and (ii) into light propagating away from the metal surface
(Fig. 1). The scattered electric field above the surface (z > 0,
Fig. 1) is

Ey(r) = E4(r) + E,(r) + Espp(r), ey

where E;(r) and E,(r) are the electric fields of direct light
waves and light reflected from the metal surface, respectively,
and Egpp(r) is the field of the scattered SPPs. Applying
the procedure of multipole decomposition in the far-field
approximation for monochromatic electromagnetic waves
(with the time dependence defined by exp(—iwt), where w
is the angular frequency), the electric field Eg, of scattered
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waves can be expressed in the following general form [33]:
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where ko is the wave number of light; &y is the vacuum
dielectric permittivity; p and m are the electric and MD
moments of the scatterer, respectively; QO and M are the
electric and magnetic quadrupole tensors of the scatterer,
respectively; and O is the electric octupole tensor. The
multipole moments are calculated (and consequently located)
at the point ry. The value k, vector n, and tensor S‘(r) are
determined by the scattered waves [Eq. (1)]. For E,(r),
k =kq = ko./e4 and n =r1/|r|. For E.(v), k = kg = ko /€4
and n = r'/|r’|, where ¥ = (x,y,—z). For Egpp(r), k = kg =
kov/esea/(es +ea),m = (x/p,y/p,~ia), p = y/x* + y%, and
a = «/—¢&4/¢;. The multipole moments of the NP are calcu-
lated using the induced polarization P(r) = go(g, — €4)E(r)
inside the NP, where E(r) is the total electric field inside the
NP and ¢, is its dielectric permittivity:

p:/ P(r')dr’ 3)
Vs

is the ED moment;

0= 0 =3 / (APP) + PYADAY, (&)

Vs

m=mry) = —= [ [Ar x P()ldr (5)
2 VS

are the electric quadrupole tensor and the MD moment, where
Vs isthe NP’s volume; Ar = r’ — r (it is convenient to choose
the point ry at the NP’s center of mass [23]). Note that nn
and ArP represent the dyadic (outer) products between the
corresponding vectors. Expressions for higher-order multipole
moments and electric fields generated (scattered) by the cor-
responding multipole moments can be found elsewhere [33].

Scattering and extinction cross sections

Let us first consider the scattering cross sections. Since
scattered light waves propagate away from the metal surface,
their interference with scattered SPP waves propagating along
the surface is negligible in the far-field zone. As a result the
total scattering Cross section 0., can be represented as the sum
of two parts ospp and opigy corresponding to the scattering
into SPP and into light propagating away from the surface,
respectively [12,32]:

P P

P and g = -, (©6)
where Pspp and P are the scattered powers into SPP and
light, respectively, and P, is the incident wave power. For the
incidence of a light plane wave, P, = /€o&4/ 1wolEo)?/2, and
in the case of an incident SPP plane wave

ospp =

1 g 1 —a?
Po==|—
2k() Mo 2a

(1 —a*)|ESPP|,
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where Eq and ESF? are the electric amplitudes of the incident
light plane wave and the normal (out-of-plane) component of
the incident SPP plane wave, respectively. Note that, in the case
of SPP incidence, P;, is determined per unit length [12,15].

The power of a scattered SPP propagating into an in-plane
angle [¢,¢ + d¢] (the polar coordinate system) is given by the
expression [33]

& (1—ad( —a*)

Espp:|*pde, (7
daky | Espp; |~ pdg @)

P(p)dy =
where the z component (out of plane) of the scattered SPP
electric field Egpp, is taken in the domain above the metal
surface just on the metal surface (z = 0). Note that the
expression (7) was obtained by neglecting the imaginary part
of metal permittivity &;. The total SPP power can be written
down as follows:

27 /2 31/2
Pgpp =/ P(p)dy =/ P(p)dy +/ P(p)do,
0 —n/2 /2
(8)

where the first and second integrals from the right-hand side are
the “forward” Fgspp and “backward” Bgspp scattering powers,
respectively [here we suppose that the incident SPP plane wave
propagates along the positive direction of the x axis as shown
in Fig. 1(a)].

Using the electric field Espp, as a superposition of multipole
fields (2), the contribution of different multipoles in the
scattered SPP power can be evaluated. In the electric and MD
approximation one can write [33]

. k
Espp. ~ p, +iap, — (1 — a*)\/Itogo k—s )
0

where p, and p, are the out-of-plane and in-plane components
of ED moment p, respectively, and m, is the in-plane
component of the MD moment m. The in-plane compo-
nents are connected with the Cartesian component of the
corresponding dipole moments: p, = p, cos ¢ + p, sin ¢ and
my = —m, sing + m, cos ¢. Itis important to note that (i) the
contribution of the in-plane component of ED moment p,, is
proportional to the parameter a, which is very small (a < 1)
in the spectral region where SPPs can be excited; and (ii) the
out-of-plane component m, of MD does not excite the SPP on
metal surfaces.

The scattered power into the light waves propagating away
from the metal surface can be calculated from [33]

1 [eoeq [™* 7
P == /_/ / |Eq + E,.|?r?sin0dode,  (10)
2V mo Jo 0

where ¢ and 6 are the azimuthal and polar angles of
the spherical coordinate system, respectively. Note that the
expression

1
SLLLY) S REM (1)

0(9.0) = 7 p

is the differential cross section of the scattering into the
light propagating away from the substrate surface. This value
describes the angular distribution of the scattered light. In the
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electric and MD approximation one can write [33]
(Eq + E,)y ~ [rWe %0 4 11(p, + \/logoeq m sin6)
+ [r(s)eikﬂzn cosf 1] ,—MOSOSd m, cos 0,

(12)
and
(By +E)p ~ [rPe050 + 1](\/liogoea my — p: sin6)
+[1 - r(p)eideZOCOSG] Po cos 6, (13)

where r®) and r?) are the reflection coefficients for s- and
p-polarized waves, respectively [33], zo is the position of the
dipole moments, and p, and p, = —p, sing + p, cos ¢ are
the in-plane components of the particle ED moment, m, =
my cos ¢ + my, sin @. In contrast to Eq. (9) contributions of the
ED in-plane components in the electric field [Egs. (12) and
(13)] are not proportional to the small parameter a.

The extinction (scattering and absorption) cross section oey;
can be evaluated by [11,34]

Pexi w %
Im Eq(r) - P(r)dr, (14)

Oext = —— =
P 2P, Vs

where P is the extinction power and Ey(r) is the electric
field of the incident (external) electromagnetic waves (the field
that we would have if the scattering object was not there).
The multipole decomposition of the extinction cross section
is presented elsewhere [33]. In the case of SPP plane-wave
incidence [Fig. 1(a)],

Eo(r) = ESPPelfsv=aksi(_jg2,0,5), z>0, (15)

where ESPP is the amplitude magnitude of the electric field. In
the case of light plane-wave incidence,

E()(I‘) — eikdx sinﬂ(Eane—ikdzcosﬁ + REl(')efeikdz cosﬂ)’ (16)

where B is the incident angle; Ei" and Eff" are the amplitude
vectors of the incident and reflected waves, respectively; and R
is the reflection coefficient depending on the wave polarization.
Here we suppose that the light incident plane is the xz plane
[Fig. 1(b)]. In the case of TE polarization Eg‘ = E{)ef and

R— cos B — +/(&5/eq) — sin2 B
B cos B + /(e;/eq) — sin2 B

In the case of TM polarization Ej}, = —Ef and El = EF,

and
o Esc0sp = ea/Ge o) — s
£, cos B+ eqv/(e,/ea) — sin? B
The magnetic field Hy can be found using the Maxwell
equation V x Eg = ikg/1to/eoHp.

III. RESULTS AND DISCUSSIONS

Our numerical calculations are carried out using the discrete
dipole approximation (DDA) [34] including the procedure of
the multipole decomposition [33]. We consider first a spherical
95-nm-radius silicon NP placed near a gold surface (the space
gap between the NP and the substrate is equal to 5 nm). The
studied system together with the chosen coordinate system are

245419-3



ANDREY B. EVLYUKHIN AND SERGEY 1. BOZHEVOLNYI

shown in Fig. 1(a). Dielectric constants for gold and crystalline
silicon are taken from the tables in Refs. [35,36], respectively.
Importantly, for gold Rea > Ima and a ~ Rea < 0.3 and
ks/ko ~ Re kg/ko ~ 1 in the considered optical range. This
will be used in the following when conducting estimations.
Note that in our approach the calculation of extinction and
scattering sections is divided on two steps. First, the electric
field inside NPs and corresponding multipole moments are
calculated. Second the scattered fields in the far-field zone and
the scattering cross sections are calculated. In the first step we
take into account the imaginary part of the metal dielectric
constant. Due to the dressing and bianisotropic effects [12,37]
the calculated dipole (multipole) moments include influence
of this imaginary part. As a result the extinction cross sections
include the substrate influence on the SPP or light absorption
in the NPs.

A. SPP scattering

Scattering and extinction cross sections for the case of SPP
scattering by the spherical silicon NP are shown in Fig. 2(a).
Small differences between the scattering and extinction cross
sections indicate very weak absorption of electromagnetic
energy by the NP. The partial scattering cross sections for the
two scattering channels are also presented in Fig. 2(a). In the
whole considered spectral range, the (elastic) SPP scattering
into SPPs is more efficient than the (inelastic) SPP scattering
into light. Especially, this concerns the spectral vicinity of
the wavelength of 645 nm, at which the ratio between ogpp
and ofigy is at its maximum and equals to 4 [blue curve in
Fig. 2(b)]. Note that this maximum of the elastic SPP scattering
is realized outside the resonance of the total scattering cross
section and outside the spectral region, within which the
forward SPP-into-SPP scattering dominates over the backward
one, resulting in the unidirectional SPP scattering [red curve
in Fig. 2(b)]. For physical clarification of these scattering
features, we employ a multipole analysis of SPP scattering by
NPs on a plane surface [33]. From the multipole decomposition
presented in Fig. 3 one can see that the extinction is basically
determined by contributions of the out-of-plane ED (p,) and
in-plane MD (m,) moments of the NP. Contributions of the
in-plane ED (p,) and electric quadrupole moments in the
extinction cross section are weak. The broad peak is associated
with resonant excitation of m, at the wavelength of 670 nm
and the nonresonant contribution from p,. Thus the resonant
forward (unidirectional) scattering of the incident SPP into
SPPs [Fig. 2(b)] is explained by the interference effect between
electromagnetic fields generated by m, and p.. From Eq. (9)
neglecting contribution of ap, and taking into account that
a? « 1and ks/ko = 1 one can write

Espp; ~ p; — \/It0&0 My COS @. a7

At the condition of the forward (backward) scattering (with
respect to the direction of the incident SPP) ¢ = 0(rw).
Therefore the ratio between the elastic forward and backward
SPP scattering can be estimated as

|p: — /oo my|? (18)
|p: + /Iogo my|*
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FIG. 2. (Color online) (a) Extinction and scattering cross-section
spectra of a spherical silicon NP (with the radius of 95 nm) located
on a gold surface and irradiated by a SPP plane wave. SPP (Light)
scattering corresponds to ospp (OLign). (b) Corresponding spectral
dependence of the ratios ospp/0rign; and Fspp/Bspp. For convenient
presentation the ratio ospp/0pien; Was multiplied by the factor 4.

The spectral maximum of the ratio (18) shown in Fig. 4
is in good agreement with the corresponding maximum for
Fspp/Bspp in Fig. 2(b), confirming a very small role of the p,
component in the unidirectional SPP scattering.

Weak negative (antiresonant) contribution of the in-plane
ED p, into the extinction cross section (Fig. 3, A = 650 nm)
is due to the bianisotropic effect, where the ED response is
induced mainly by the electric field generated by the MD and
reflected from the metal substrate surface. This is a reason
why this antiresonance appears at the condition of the MD
resonance and the induced in-plane ED moment is out of
phase with the external incident electric field. Generally, the
bianisotropic effect can be perceived as an excitation of the
in-plane electric (magnetic) dipole moment by the magnetic
(electric) field of incident electromagnetic waves [37]. In this
case the in-plane components of electric p;| = (px,py) and
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FIG. 3. (Color online) Extinction cross-section spectra of a
spherical silicon NP (with the radius of 95 nm) located on a gold
surface. The plot shows different multipole contributions to the total
extinction cross section: ED, electric dipole; MD, magnetic dipole;
EQ, electric quadrupole.

magnetic my; = (m,,m,) dipole moments are determined by
the expressions

P = @.Eo + denHo, 19)

m; = &,Hy + &,.Eo, (20)

where the tensors &, and &j,, provide the bianisotropy effect
and the direct polarizability tensors &, and &, depend on
the electromagnetic interaction between the NP and substrate.
Moreover &, = oQne [37].

In the spectral region corresponding to the p, antiresonance
the magnitudes of p, and p, are close to each other (Fig. 5).
Therefore both ED components and the MD will determine the
scattered light waves [Eqs. (12) and (13)]. However, due to the
bianisotropic effect, the scattered electric field generated by p,

3
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FIG. 4. (Color online) Spectral dependence of the ratio (18) for
the parameters as in Fig. 2.
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FIG. 5. (Color online) The magnitudes of the in-plane p, and
out-of-plane p. components of the ED moment and the in-plane m,
component of the MD moment of spherical silicon NP irradiated by
a SPP plane wave. The parameters are as in Fig. 2.

will be out of phase with respect to the electric field generated
by m,. As a result the scattered light waves propagating away
from the surface will be partially suppressed, providing the
minimum of o gy [Fig. 2(a)] and the maximum for the ratio
ospp/0Light [Fig. 2(b)]. Thus the spectral difference between
the two resonances presented in Fig. 2(b) is explained (i) by
different importance of the in-plane component p, in the two
scattering channels and (ii) by the bianisotropic effect.

In order to realize the resonant unidirectional and elastic
SPP scattering within the same spectral region, one has to
increase the contribution of the in-plane component p, into the
elastic SPP scattering. Here, we suggest achieving this effect
by reshaping spherical particles into oblate spheroids. It is seen
(Fig. 6) that different aspect ratios ¢ (¢ = 1 corresponds to
spherical shape; for oblate spheroids ¢ > 1) result in different
magnitudes of the dipole components p,, p., and m, excited
by SPP plane waves in silicon oblate spheroids. Note that
the considered NPs have the same volume, corresponding to a
sphere with the radius of 95 nm. With increasing of the oblation
parameters g the magnitude of the in-plane dipole component
px grows, including the two resonances [Fig. 6(b)]. The
other (out-of-plane) dipole component p, is decreased with
increasing g [Fig. 6(a)], providing more important influence
of p, on the SPP scattering in the case of oblate NPs. Note
that the two resonances of p, (¢ = 1.8) appear at the spectral
regions where the corresponding resonances of m, are also
excited [Figs. 6(b) and 6(c)]. This correlation is a result of the
bianisotropy effect connecting the electric and MD resonances.
The spectral shifts of the p, and m, resonances with changing
of g are a result of complex combination of the bianisotropy
and dressing effects. The latter can be illustrated using the
image theory. For more oblate spheroid NPs the distance
between induced dipoles and their images (with respect to
the metal-mirror surface) is decreased, providing stronger
interaction between them. As a result the in-plane MD (ED)
resonance could have blueshift (redshift) because the MD (ED)
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FIG. 6. (Color online) The magnitudes of the (a) out-of-plane p,
and (b) in-plane p, components of the ED moment and (c) the in-
plane m, component of the MD moment of spheroid silicon NPs
irradiated by a SPP plane wave. ¢ is the NP aspect ratio. The volumes
of the NPs are corresponded to a spherical NP with the radius of
95 nm.
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FIG. 7. (Color online) (a) Extinction cross-section spectra of an
oblate spheroid silicon NP (the aspect ratio ¢ = 1.8; the volume
corresponds to a spherical NP with the radius of 95 nm) located on
a gold surface and irradiated by a SPP plane wave. The plot shows
different multipole contributions to the total extinction cross section:
ED, electric dipole; MD, magnetic dipole; EQ, electric quadrupole.
(b) Scattering cross-section spectra of this spheroid silicon NP. SPP
(Light) corresponds to ospp (OLight)-

and its image are directed in the same (opposite) directions
[38].

Thus the two resonances and the spectral difference
between them shown in Figs. 6(b) and 6(c) for the oblate
spheroid NP with ¢ = 1.8 explaining the spectral features
of the extinction and scattering cross sections presented in
Fig. 7. The multipole decomposition in Fig. 7(a) confirms that
the extinction and scattering cross sections are determined by
the electric and MD modes excited by SPP waves inside the
oblate NP. In contrast to the results shown in Fig. 3 for the
spherical NP the negative contribution of the p, term into
the short-wavelength resonance of the total extinction cross
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FIG. 8. (Color online) Spectral dependence of the ratios
0spp/OLight and Fspp/ Fyigh for the spheroid silicon NP irradiated by
a SPP plane wave. The parameters are as in Fig. 9.

section in Fig. 7(a) is increased, indicating on importance
of the in-plane p, component in the SPP scattering. As a
result the elastic SPP scattering maximum (ospp/0Ligh:) and
the maximum of the SPP forward scattering (Fspp/Bspp) are
realized at the narrow spectral region around A = 610 nm
(Fig. 8).Itis seen from the figure that under these conditions the
SPP forward (SPP elastic) scattering is ten (five) times more
effective than the SPP backward (SPP into light) scattering.
The resonance of Fspp/Bspp at A = 790 nm in Fig. 8 is realized
when USPP/ULight ~ 1.

For the explicit demonstration of the SPP backward scatter-
ing suppression, we calculated the SPP intensity distribution in
a plane located in the near-field zone above the metal substrate
surface with the oblate NP (¢ = 1.8) illuminated by an
incident SPP wave corresponding to the resonant wavelength
A = 614 nm. The spatial intensity distribution of the scattered
SPP demonstrates close to complete suppression of the SPP
backward scattering (Fig. 9). Moreover, the SPP-into-light
scattering is also significantly weakened at this resonant
wavelength (Fig. 10). Concluding this subsection, we note
that, if a space gap between the oblate NPs and metal substrate
surface increases, the spectral distribution of the SPP scattering
cross section begins to look like that of the scattering cross
section for spherical NPs located on the substrate surface.

B. Light scattering

Let us consider the reciprocal light scattering from silicon
NPs located on a gold surface and having parameters as in the
previous subsection. Here we assume a normal incidence of
linear-polarized light plane waves as it is shown in Fig. 1(b).
The spectra of extinction cross sections for spherical and
oblate spheroid NPs are presented in Fig. 11. From the
multipole decompositions included there it is clear that the
optical properties of the NPs are determined by solely their
electric and MD moments. Due to the bianisotropy effect both
resonant peaks of the extinction cross sections in Figs. 11(a)
and 11(b) correspond to the simultaneous resonant excitation
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4 -2 0 2
X (um)

FIG. 9. (Color online) Scattered SPP electric-field intensity (arb.
units) calculated 150 nm above the air-gold interface for the SPP plane
wave (light wavelength 614 nm) being incident on the oblate spheroid
silicon NP (¢ = 1.8). The black circles indicate the NP position.

of the electric and MD moments. In contrast to the case of the
SPP scattering here the partial negative contribution in total
extinction cross sections corresponds to the MD term (MD)
of the multipole decomposition (Fig. 11). That results from
different space distributions of the electric and magnetic fields
of the incident SPP and light waves near a metal surface. Note
that the NP MD moment is not in phase with the magnetic
field of the incident light waves at the spectral region where
the MD contribution in the extinction cross section is negative.
Another important difference from the case of SPP scattering
is the absence of the out-of-plane component p, under the
condition of normal light incidence. Consequently, Eq. (9)
reduces to the following one:

Espp, ~ (iapy — (1 — a*)/;ogg my)cosp  (21)

for the incident light polarized along the x axis. As a result,
we obtain the condition for the suppression of SPP excitation

——A=614 nm
- = A=653 nm
- % -A=775nm | .-

100 80 60 40 20 O 20 40 60 80 100

(9,6) (nm)

FIG. 10. (Color online) Differential scattering cross sections
(scattering diagrams) of SPP-into-light scattering by the oblate
spheroid silicon NP (¢ = 1.8) calculated in the xz plane.
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FIG. 11. (Color online) Extinction cross-section spectra of (a)
spherical and (b) oblate spheroid silicon NPs (g is the aspect ratio;
the volumes correspond to a spherical NP with the radius of 95 nm)
located on a gold surface and irradiated by a normally incident light
plane wave. The plot shows different multipole contributions to the
total extinction cross section. (c) Scattering cross-section spectra of
the same spheroid silicon NP. SPP (Light) corresponds to ospp (OLight)-
For the sake of comparison the extinction cross sections of the NPs
without substrates have been added in (a).
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N

f (arb. units)

N

600 650 700 750 800
A (nm)
FIG. 12. (Color online) Spectral dependence of the function f =

[(iap, — (1 — a*)/1to8o m,)|? for the spherical and oblate spheroid
silicon NPs, Eq. (21).

in the system

HoE0E
Px X = e myv (22)
Ed

where & is the complex number and one takes J=1=i.
Owing to the bianisotropy interaction existing only between
the in-plane ED and MD components, the condition (22)
could be satisfied in the spectral region, where resonances
of the ED and MD contributions in the extinction spectrum
have opposite signs. Indeed, one notices [Fig. 11(c)] that the
scattering of light into the SPP is significantly suppressed in
the spectral region below A = 600 nm. Figure 12 demonstrates
the spectral dependence of the expression f = |(iap, — (1 —
a®)/iogo my)|? from Eq. (21) for the spherical and spheroid
NPs. In both cases the minimum (maximum) of excited SPPs

1.4 T

1.2r

Sspp/OLight
o o o
£ ()] [e0] —_

o
N

700 750 800

A (nm)

600 650

FIG. 13. (Color online) Spectral dependence of ospp/0Opign cal-
culated for the spherical and oblate spheroid silicon NPs irradiated
by normal-incident light plane waves.
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FIG. 14. (Color online) Scattering cross-section spectra of spher-
ical silicon NPs with the radius of 95 nm located on a gold surface and
irradiated by incline-incident light plane waves. The incident angle is
equal to 70°. SPP (Light) corresponds to ospp (OLight)-

in the considered systems is realized at the condition of the
short-wavelength (long-wavelength) resonance of the total
extinction and scattering cross sections (Fig. 11). Importantly
the SPP suppression is realized for silicon nanospheroids with
different aspect ratios at the condition of the short-wavelength
resonance because the NP electric and MD resonances are
automatically adjusted to each other due to the strong bian-
isotropy effect. Changing the NP shape it is possible to shift the
spectral point where the SPP excitation is suppressed (Fig. 13).
Similar behavior can be also realized by changing the NP sizes
at the fixed shape.

Concluding this section let us briefly discuss the scattering
of incline-incident light plane waves. Figure 14 demonstrates
the scattering cross sections calculated for the 70° incidence
of light waves with TM and TE polarization. In the case of
the TM-polarization light [Fig. 14(a)] the partial scattering
cross section ospp exceeds the section of gy because of the
contribution of the large out-of-plane ED component p,

PHYSICAL REVIEW B 92, 245419 (2015)
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FIG. 15. (Color online) Magnitudes of the ED moment p and the
MD moment ,/iogo m of a spheroidal silicon NP with ¢ = 1.8
irradiated by (a) normal-incident light plane waves and (b) SPP
plane waves. The NP volume corresponds to that of a spherical
95-nm-radius NP.

excited by the electric field of the incident light wave. Partially
the situation recalls the SPP scattering [Fig. 2(a)] where the
out-of-plane ED component p, plays a principal role. In the
case of the TE-polarization light [Fig. 14(b)] the efficiency of
scattering into light exceeds the scattering into SPPs as it is
realized in the case of the normal-incident light. An additional
resonant peak at A = 710 nm in Fig. 14(b) corresponds to
resonant excitation of the out-of-plane MD component m;.
However, as already has been indicated above, this component
does not participate in the SPP excitation and can increase the
only light-into-light scattering cross section.

IV. CONCLUSION

The multipole analysis of SPP and light scattering by
arbitrarily shaped NPs located on a plane surface has been
applied to study the optical response of individual spheroidal
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silicon NPs with sizes of the order of 200 nm being placed
near a gold surface. Using numerical calculations by the DDA
method together with the multipole decomposition procedure,
we showed that the extinction and scattering cross sections of
the silicon NPs have two resonances (in the spectral range of
X € [575-825] nm) corresponding to the resonant excitations
of their ED and MD moments. Due to the bianisotropy effect,
the in-plane ED and MD components are excited by both
electric and magnetic fields of incident electromagnetic waves.
As aresult, the resonant peaks of the extinction cross sections
can include both ED and MD resonant contributions. It was
found that, in the case of SPP scattering by oblate spheroidal
silicon NPs, the ED and MD resonant excitations can ensure
resonant unidirectional and elastic SPP scattering within the
spectral range that is determined by the NP aspect ratio. For
NPs with the aspect ratio of 1.8, it was obtained that at the
wavelength A = 610 nm the SPP forward (elastic) scattering is
ten (five) times more effective than the SPP backward (SPP into
light) scattering. The suppression of SPP scattering into light
is connected with the destructive interference between light
waves radiated by the induced ED and MD moments of NP.
We have also discussed a role of the bianisotropy effect in
the realization of the efficient elastic SPP scattering. It was
shown that due to the bianisotropy effect the contributions of
the in-plane ED and MD components to the extinction cross
section can be of opposite signs. In this case, the destructive
interference between the waves generated by these dipole
components can suppress the considered scattering channel.
In the case of SPP incidence, this destructive interference
practically eliminates (out-of-plane) scattering into light,
whereas in the case of normally incident light this ensures
efficient suppression of SPP excitation in the system. The
appropriate analytical condition for the suppression of the

PHYSICAL REVIEW B 92, 245419 (2015)

SPP excitation has been obtained. Difference in SPP and
light scattering by NPs is connected with different spatial
distributions of the electric and magnetic fields created in
these two cases near a gold surface. In the case of normally
incident light waves, the induced ED p exceeds the induced
MD /&0 m (where /1108 is the dimension factor) within
the considered spectral range [Fig. 15(a)]. As a result, only
the SPP scattering suppression can be realized in the system
at the short-wavelength resonance [Fig. 15(a)]. In the case
of SPP scattering, the corresponding magnitudes of p and
+/Mogo m can be equal to each other at the short-wavelength
resonance [Fig. 15(b)], providing the possibility of suppression
of SPP-into-light scattering (Fig. 8). Additionally, it was shown
that, in the case of oblique light incidence, the scattering cross
sections for scattering into light and SPP excitation are strongly
dependent on the light polarization.

Summarizing, the results obtained demonstrate directly that
high refractive index dielectric NPs (for example, crystalline
silicon NPs), supporting resonant excitation of the MD and
ED modes and being located on metal (gold and silver)
substrates, can be used for the realization of unidirectional and
elastic SPP scattering as well as for the suppression of SPP
scattering when illuminated by light. We believe that these
unique optical properties are very important for designing
SPP-based photonic components and metasurfaces for control
and manipulation of SPP and light waves.
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