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We study an excitation of surface plasmons (SPs) due to the scattering of light by a dipole nanoparticle located
near a flat air–metal interface. It is well known that such a scattering can reveal asymmetric behavior of excited
SPs with respect to the plane of incidence of light. This asymmetric SP excitation, which takes place at the
incidence of elliptically polarized light, is often associated with the so-called photonic spin Hall effect caused
by the interplay between rotating polarization of a nanoparticle and the intrinsic field angular momentum of
the SP. We show that this photonic spin Hall effect can be applied for the SP excitation control, which allows
managing the SP directivity pattern and amplitude. The possibilities of SP control can also be extended using
nanoparticles with anisotropic polarizability. We believe that manipulations with SPs at a nanometer scale may
find some applications in modern nanoplasmonics.
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1. INTRODUCTION

Surface plasmon (SP) is a specific kind of electro-
magnetic excitations localized in the vicinity of the
interface between a dielectric medium and a metal
[1–4]. The electromagnetic field confinement near the
metal–dielectric interface is provided by the free elec-
tron plasma of metals making the real part of the metal
dielectric permittivity negative in a wide range of fre-
quencies up to the near-ultraviolet domain. To date,
SPs are one of the most relevant objects for intended
use in light nanolocalization and light nanofocusing
[5–9]. The SP control at a nanometer scale is recently
attracting great interest due to a number of possible ap-
plications in different fields of contemporary nanopho-
tonics, including medicine [10], biology and chemistry
[5], nanolasing [11], and integrated optics [12, 13]. At
the same time, the manipulations with SPs are some-
what complicated because of the absence of direct cou-
pling between SPs and incident light. An SP is an
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electromagnetic excitation that is slowed down in com-
parison with the bulk wave, and only near-field exci-
tation of an SP is possible. Thus, some additional
optical elements generating higher spatial harmonics
of the electromagnetic field are required to excite an
SP. Actually, this can be done by any defect on the
metal surface or by a nanoparticle located near the
interface. It is known that the scattering of an el-
liptically polarized light wave by a nanoparticle or a
nanowire may result in asymmetric excitation of an SP
with respect to the plane of incidence [14]. This effect
is often attributed to the so-called photonic spin Hall
effect [15–18], which, in other words, is a manifestation
of the interplay between rotating polarization of the
nanoparticle and the SP intrinsic field angular momen-
tum, which is sometimes associated with the SP spin
[19–21]. Based on the concept of asymmetric SP exci-
tation, the all-dielectric nanoantenna of special design
is suggested [22]. It seems attractive to use the direc-
tional SP excitation for manipulations with SPs at a
nanometer scale.

For this purpose, for example, we can explore scat-
tering of an SP by subwavelength holes in metallic films
[23, 24]. In elegant paper [25], it was shown that a
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point-like dipole with a definite (in the general case,
elliptic) polarization placed near a metal–dielectric in-
terface excites SPs with the directivity pattern strongly
dependent on the dipole polarization. This means that
SP radiation can be potentially controllable even by a
point-like dipole.

In this paper, we study possibilities for control of
SP excitation by means of incident light scattered by a
nanoparticle located near the air–metal interface. Bas-
ing on an analytic solution and numerical analysis, we
demonstrate that the dominant direction of SP pro-
pagation and the whole directivity pattern can be ef-
fectively managed by means of the angle of incidence,
ellipticity of light, anisotropic nanoparticle orientation,
and the nanoparticle position above the interface. We
believe that directional excitation of SPs may broaden
the field of possible plasmonic applications.

This paper is organized as follows. In Sec. 2, we
give an analytic solution of the scattering problem. In
Sec. 3, we present the obtained results and their dis-
cussion. In this section, we consider the SP excitation
by a dipole nanoparticle with isotropic and anisotropic
polarizabilities and demonstrate their potential to be-
come a useful tool for manipulation of SPs. Finally,
Sec. 4 concludes the paper.

2. THE SP EXCITATION DUE TO LIGHT
SCATTERING BY A NANOPARTICLE.

MATHEMATICAL FORMALISM

It is well known [2] that an SP guided by the inter-
face between two nonmagnetic media has a TM polar-
ization with two components of the electric field: along
the wavevector h and normal to the interface with the
phase shift π/2, due to the inhomogeneous type of the
wave. Thus, the SP has a field angular momentum,
which is often referred to as the SP spin oriented in the
plane of the interface perpendicular to the wavevector
h. We note that the field angular momentum is an
inherent property of any inhomogeneous electromag-
netic wave. Another important property of SPs is their
nonradiating character because their phase velocity is
smaller than the speed of light in the surrounding di-
electric medium. This, in turn, means that according
to the reciprocity principle, an SP cannot be directly
excited by an incident bulk electromagnetic wave. This
feature results in the necessity to use some optical cou-
plers for SP excitation that generate higher spatial har-
monics of the incident field, including nonpropagating
near fields. There are well-known resonant prism cou-
plers in Otto [26] and Kretchmann–Raether [27,28] ge-
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Fig. 1. Schematic geometry of the problem of SP excitation
via the scattering of light by a dipole nanoparticle

ometries of attenuated total reflection (see also [29]),
resonant grating coupling [30], so-called end-fire cou-
pling of volume and surface waves [31] which occurs
at the irradiation of the interface from the end side,
or simply scattering of light by defects in the vicinity
of the interface, which also leads to the emerging of
near-field components. Below, we consider a simplified
example of the scattering of elliptically polarized light
by either a spherical or an elliptical dipole nanopar-
ticle located near the air–metal interface to demon-
strate quite wide possibilities of manipulations with ex-
cited SPs.

Let the air–metal interface be located at the plane
z = 0 and the nanoparticle has coordinates x = 0,
y = 0, z = −a, as is shown in Fig. 1. The incident el-
liptically polarized wave is a superposition of two plane
TE and TM linear-polarized waves shifted in phase by
some value Ψ. In the chosen coordinate system (see
Fig. 1), the Cartesian components of those waves can
be represented as

Hy = A0 exp (−ikzz − ikxx),

Ex =
kz
k0

A0 exp (−ikzz − ikxx),

Ez = −kx
k0

A0 exp (−ikzz − ikxx)

(1)

for the TM mode and
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Ey = B0e
iΨ exp (−ikzz − ikxx),

Hx =
kz
k0

B0e
iΨ exp (−ikzz − ikxx),

Hz =
kx
k0

B0e
iΨ exp (−ikzz − ikxx)

(2)

for the TE mode, where k0 = ω/c is the wavenumber
in free space, ω is the frequency of light (it is sup-
posed that time-dependent electromagnetic field obeys
the harmonic law, i. e., is proportional to exp (iωt)),
kz = k0 cos θ and kx = k0 sin θ are the wavevector
components, θ is the angle of incidence, and the ra-
tio A0/B0 and the phase Ψ (A0 and B0 are assumed
to be real) define the eccentricity and orientation of
the polarization ellipse of incident light. For example,
A0 = B0 and Ψ = π/2 correspond to the circular po-
larization, while A0 �= 0, B0 = 0 and A0 = 0, B0 �= 0

to the respective pure TM and pure TE polarizations.
To solve the scattering problem, we start from the

Maxwell equations with the dipole nanoparticle re-
garded as a point-like dipole,

∇× E = −ik0H,

∇× H = ik0ε(z)E+
4π

c
jδ(x)δ(y)δ(z + a),

(3)

where j = iωp = iωα̂E is the electric current density
flowing in the nanoparticle, p is the dipole moment,
and α̂ is the tensor of polarizability of the nanoparti-
cle. For a spherical homogeneous nanoparticle, α̂ is a
scalar quantity,

α̂ = α = d3
εp − 1

εp + 2
, (4)

where εp is the dielectric permittivity of the nanoparti-
cle material and d is the nanoparticle radius, which
must be less than all electromagnetic characteristic
scales such as the wavelength and skin-layer depth. Ap-
plying the spatial Fourier transformation along lateral
coordinates x and y, we arrive at the set of equations

ihyEz + dEy
dz

= ik0Hx,

ihxEz + dEx
dz

= −ik0Hy,

hxEy − hyEx = k0Hz,

−ihyHz − dHy

dz
= ik0ε(z)Ex + 4π

c
jxδ(z + a),

ihxHz +
dHx

dz
= ik0ε(z)Ey + 4π

c
jyδ(z + a),

−hxHy + hyHx = k0ε(z)Ez − i
4π

c
jzδ(z + a).

(5)

The effective surface currents jx, jy, and jz in Eqs. (5)
are determined by the superposition of incident, re-
flected, and SP electric fields. Currently, we keep the

symbols jx,y,z and take their explicit dependences on
E into account later, at the final stage of calculations.
Tangential components of the electric, Eτ , and mag-
netic, Hτ , fields have to satisfy boundary conditions at
the air–metal interface z = 0 and at the plane z = −a of
nanoparticle location. At z = 0, we should apply the
continuity conditions for Eτ and Hτ , but at z = −a

both Eτ and Hτ are discontinuous due to the effective
polarization surface current. We note that jz leads to
a jump in Eτ , and therefore the normal surface electric
current is equivalent to the tangential magnetic surface
current. This result can be obtained by expressing Ez

via jzδ(z+ a) in the second equation in (3) and substi-
tuting this expression in the first equation in (3) and
subsequently integrating dEx,y/dz over z in the vicinity
of z = −a. Maxwell equations (3) yield the boundary
conditions

[Hy]|z=−a = −4π

c
jx, [Hx]|z=−a =

4π

c
jy ,

[Ey]|z=−a =
4πhy

ω
jz , [Ex]|z=−a =

4πhx

ω
jz ,

[Hx,y]|z=0 = 0, [Ex,y]|z=0 = 0,

(6)

where square brackets denote the jumps of the corre-
sponding quantities. In the regions free of electromag-
netic sources, the electric field components can be ex-
pressed through the magnetic field components:

Ex = − hy

k0ε(z)
Hz − 1

ik0ε(z)

dHy

dz
,

Ey =
hx

k0ε(z)
Hz +

1

ik0ε(z)

dHx

dz
,

Ez = − hx

k0ε(z)
Hy +

hy

k0ε(z)
Hx.

(7)

The magnetic field satisfies the Helmholtz equation

d2H

dz2
+ (k20ε(z)− h2)H = 0, (8)

where h2 = h2
x + h2

y. It is convenient to rewrite rela-
tions (7) by means of Eqs. (5) for the tangential field
components only. After that, we obtain

Ex = − 1

ik0ε(z)Δ

(
1− h2

x

k20ε(z)

)
dHy

dz
−

− hxhy

ik30ε(z)
2Δ

dHx

dz
,

Ey =
1

ik0ε(z)Δ

(
1− h2

y

k20ε(z)

)
dHx

dz
+

+
hxhy

ik30ε(z)
2Δ

dHy

dz
,

Δ = 1− h2

k20ε(z)
.

(9)
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Using the obvious solution of Eq. (8) in each region
bounded by the planes z = −a and z = 0 and taking
zero values of the slow field with h2 > k20ε(z) at ±∞
into account, we can obtain explicit expressions for tan-
gential components of the electromagnetic field:

Hx = Aeκ0(z+a), Hy = Beκ0(z+a),

Ex =

(
−κ0(1− h2

x/k
2
0)

ik0Δ0
B − κ0hxhy

ik30Δ0
A

)
×

× eκ0(z+a),

Ey =

(
κ0(1− h2

y/k
2
0)

ik0Δ0
A− κ0hxhy

ik30Δ0
B

)
×

× eκ0(z+a)

(10)

for z < −a,

Hx = C1e
κ0(z+a) +D1e

−κ0(z+a),

Hy = C2e
κ0(z+a) +D2e

−κ0(z+a),

Ex = −κ0(1− h2
x/k

2
0)

ik0Δ0
×

×
(
C2e

κ0(z+a) −D2e
−κ0(z+a)

)
−

− κ0hxhy

ik30Δ0

(
C1e

κ0(z+a) −D1e
−κ0(z+a)

)
,

Ey =
κ0(1 − h2

y/k
2
0)

ik0Δ0
×

×
(
C1e

κ0(z+a) −D1e
−κ0(z+a)

)
−

− κ0hxhy

ik30Δ0

(
C2e

κ0(z+a) −D2e
−κ0(z+a)

)

(11)

for −a < z < 0, and

Hx = Fe−κm(z+a), Hy = Ge−κm(z+a),

Ex =

(
κm

ik0εmΔm

(
1− h2

x

k20εm

)
G +

+
κmhxhy

ik30ε
2
mΔm

F

)
e−κm(z+a),

Ey = −
(

κm

ik0εmΔm

(
1− h2

y

k20εm

)
F −

− κmhxhy

ik30ε
2
mΔm

G

)
e−κm(z+a)

(12)

for z > 0. Here,

κ0 =
√
h2 − k20 , κm =

√
h2 − k20εm,

Δ0 = 1− h2

k20
, Δm = 1− h2

k20εm
,

εm is the dielectric permittivity of metal, and the con-
stants A, B, C1,2, D1,2, F , and G should be found

from the field matching at z = −a and z = 0 according
to boundary conditions (6). The calculation of these
constants is a straightforward but quite cumbersome
procedure, which we omit and quote only the final re-
sult:

G =
ΔG

Σ
, F =

ΔF

Σ
,

ΔG =
2hxhy

κ0κm

(
1− 1

εm

)
D̃1 +

2k20
κ2
0

×

×
[
Δ0 +

κ0

κm

(
1− h2

y

k20εm

)
−

− h2
x

k20

(
1 +

κ0

κm

)]
D̃2,

ΔF =
2k20
κ2
0

[
Δ0 +

κ0

κm

(
1− h2

x

k20εm

)
−

− h2
y

k20

(
1 +

κ0

κm

)]
D̃1+

+
2hxhy

κ0κm

(
1− 1

εm

)
D̃2,

D̃1,2 = D1,2e
−κ0a,

D1 = −2π

c

(
i
hy

κ0
jz − jy

)
,

D2 =
2π

c

(
i
hx

κ0
jz − jx

)
,

C1 = Fe−κ0a −D1e
−2κ0a,

C2 = Ge−κ0a −D2e
−2κ0a,

A = C1+D1−4π

c
jy, B = C2+D2−4π

c
jx,

(13)

where Σ = −(κm/εm + κ0)(1/κm + 1/κ0). We note
that the expressions for all the constants G, F , C1,2,
A, and B include the factor 1/Σ, and the equation

κm

εm
+ κ0 = 0 (14)

is the dispersion relation for SPs guided by an air–metal
interface. At the same time, the roots of Eq. (14) are
the poles of the integrand in the inverse Fourier trans-
form. Therefore, it becomes possible to analytically cal-
culate the SP amplitude based on contour integration
in the complex plane (hx, hy). The solution of Eq. (14)
for h leads to the well-known result (see, e. g., [2])

h2 = k20
εm

εm + 1
, (15)

where the real part of the metal permittivity must be
negative. The imaginary part of εm gives the rule for
choosing the integration contour in the vicinity of the
singularities. Thus, in order to determine the wave field
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in coordinate space, we should apply the inverse Fourier
transformation to all expressions (10)–(12), which al-
lows finding the electromagnetic field structure in the
whole space. For the amplitudes of the tangential mag-
netic field, we have

Hx,y(x, y, z) =

∫∫
Hx,y(z, hx, hy)×

× exp(−ihxx− ihyy)
dhxdhy

(2π)2
, (16)

where H stands for Fourier components given by for-
mulas (10)–(12) with the constants determined in
Eqs. (13). It is more convenient to do the integration
in terms of polar coordinates h and φ:

hx = h cosφ, hy = h sinφ, dhxdhy = hdhdφ. (17)

To perform the contour integration, we should multi-
ply both numerator and denominator of any integrand
in Eq. (16) by the value κm/εm − κ0, which enables
extracting simple poles. The corresponding residues of
the integrand after the integration over h define the
angle dependence of the SP far-field intensity (i. e., the
directivity pattern). We show in what follows that the
obtained approximate analytic results for the SP di-
rectivity patterns demonstrate good agreement with a
full-wave numerical solution.

3. RESULTS AND DISCUSSION

After integration, we obtain the desired final expres-
sions for F (φ, ω, θ) and G(φ, ω, θ), which define the SP
directivity pattern written in terms of the one-fold in-
verse Fourier transform over the SP wavenumber of the
tangential magnetic field components Hx and Hy at the
interface z = 0:

F = 2ik20
ε2m(1 − εm)

ε2m − 1
×

× (sin2 φD1 − sinφ cosφD2

) ×
× exp

(
− k0a√−(1 + εm)

)
,

G = −2ik20
ε2m(1− εm)

ε2m − 1
×

× (sinφ cosφD1 − cos2 φD2

)×
× exp

(
− k0a√−(1 + εm)

)
,

D1 = −2π

c

(
i
√−εm sinφjz − jy

)
,

D2 =
2π

c

(
i
√−εm cosφjz − jx

)
.

(18)

For example, if jz is shifted in phase by π/2 relative
to jx or jy (which corresponds to elliptic polarization
of the dipole moment), then D1 or D2 may become
zero, which in turn results in an obvious asymmetry
in the SP excitation, while if jz = 0 and jx = jy, the
SP excitation is symmetric. Below, we demonstrate
the possibility of SP excitation control for several re-
alistic examples. First of all, we recall that the elec-
tric current in Eqs. (18) is to be given as an extra-
neous current [32]. On the other hand, this current
is induced by external incident and reflected electro-
magnetic waves along with the SP field. Including the
electromagnetic field of the SP into consideration in-
evitably leads to an integral equation for the SP am-
plitude. The electromagnetic field of the excited SP
changes the nanoparticle polarization induced by exter-
nal (incident and reflected) light, and, strictly speaking,
it is necessary to find nanoparticle polarization self-
consistently. But the contribution of the SP field to
the nanoparticle polarization is relatively small (pro-
portional to (k0d)

3 exp(−2κ0a) � 1 because the po-
larization current is proportional to the nanoparticle
volume, i. e., is proportional to d3), which gives us a
reason to neglect the SP impact on the nanoparticle
polarization. Thus, in order to calculate the values of
electric currents in formulas (18), we should determine
the electric field strength at the point of nanoparticle
location (x, y = 0, z = −a). This field is the sum of
the fields of incident and reflected light:

Ex = cos θA0

(
e−ik0a cos θ −

− εm cos θ + i
√
sin2 θ − εm

εm cos θ − i
√
sin2 θ − εm

eik0a cos θ

)
,

Ey = B0e
iΨ

(
e−ik0a cos θ +

+
cos θ + i

√
sin2 θ − εm

cos θ − i
√
sin2 θ − εm

eik0a cos θ

)
,

Ez = − sin θA0

(
e−ik0a cos θ +

+
εm cos θ + i

√
sin2 θ − εm

εm cos θ − i
√
sin2 θ − εm

eik0a cos θ

)
.

(19)

We recall that θ is the angle of incidence, A0 and B0 are
the respective amplitudes of partial TM-polarized and
TE-polarized waves, and Ψ is the phase shift between
the TM and TE waves.
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Fig. 2. Directivity patterns of the SP, W (φ) = |F |2 + |G|2, in
the case of TEM-polarized normally incident light (θ = 0):
curve 1 is a dipole-like pattern excited by a linearly polar-
ized wave (B0 = 0) with only the Ex component; curve 2
is a similar, but ortogonal pattern excited by a linearly polar-
ized wave (A0 = 0) with only the Ey component; curve 3 is
a symmetric circular pattern excited by a circularly polarized
wave with Ey = iEx (B0 = A0, Ψ = π/2); the radiation
wavelength is λ0 = 500 nm; the metal (silver) permittivity is

εm = −7.8191 − 0.7797i

3.1. Excitation by a spherical nanoparticle

Variation of the angle of incidence and/or the
nanoparticle position leads to a change in the phase and
the amplitude of the full electromagnetic field of light
(incident plus reflected), which results in a modification
of the nanoparticle polarization ellipse up to inversion
of the rotation direction of the dipole moment vector.
In turn, it changes the conditions for SP excitation.
Hence, we can expect different SP excitation modes in-
cluding the possibility of scanning of the SP propaga-
tion direction. This fact is demonstrated in Figs. 2–4,
where the directivity patterns W (φ) = |F |2 + |G|2 (in
arbitrary units) of excited SPs calculated in accordance
with Eqs. (19) are shown. In Fig. 2, the directivity
patterns of an SP excited by normally incident light
are depicted for three cases of different polarizations.
Curves 1 and 2 respectively display the SP excitation
by light that is linearly polarized along the x and y

axes. The SP directivity patterns have the form typ-
ical for dipole radiation, but nevertheless they signifi-
cantly differ from a vacuum-radiating dipole. Indeed,
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0.5
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c

Fig. 3. Directivity patterns of the SP, W (φ) = |F |2 + |G|2,
in the case of oblique incidence of a linearly polarized TM
wave (θ = π/8) for three different positions of the parti-
cle: (a) k0a cos θ = 0.5π; (b ) k0a cos θ = 0.618π; and (c)
k0a cos θ = 0.7857π. The other parameters are the same as

in Fig. 2

the vacuum dipole produces maximum radiation in the
direction perpendicular to the dipole moment, but the
maximum excitation of SP falls on the corresponding
parallel direction. Such a difference is caused by polar-
ization of radiated waves: dipole radiation in vacuum
is transversely (TEM) polarized, whereas the excited
surface plasmon mode is TM-polarized, and therefore
has the electric field component along the wavevector.
The symmetric circular directivity pattern of the SP
emerges in the case of circular-polarized incident light
(Fig. 2, curve 3 ). The next figure (Fig. 3) shows the
directivity patterns of the SP in the case of linearly
TM-polarized light at oblique incidence and different
positions of the nanoparticle above the interface. Fi-
gures 3a,c demonstrate an almost unidirectional exci-
tation of the SP (“plasmonic projectors”) in opposite
directions depending on the location of the nanoparti-
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Fig. 4. Dependence of the (normalized) intensity of SP ex-
citation on the nanoparticle position in the case of oblique
incidence of a linearly polarized TM wave for forward (φ = 0),
backward (φ = π), and sideward (φ = π/2) directions of ra-
diation; θ = π/8, B0 = 0, and the other parameters are the

same as in Fig. 2

cle. It occurs due to the transverse angular momentum
of the wave that resides in all kinds of inhomogeneous
electromagnetic waves, including two interfering (inci-
dent and reflected) plane waves (as in the case consid-
ered here and also in [21]). The direction of the trans-
verse angular momentum changes periodically along
the z axis with the period Δz = π/k0 cos θ, and this
leads to a change in the direction of the nanoparticle
dipole moment rotation. Because the SP also has the
transverse angular momentum with a specific direction
relative to the SP wavevector, the direction of SP ex-
citation is determined so as to match the external field
angular momentum of incident and reflected waves with
that of the SP.

The intermediate situation (Fig. 3b ) is character-
ized by symmetric SP excitation when the nanopar-
ticle is located at the point where right-handed and
left-handed rotation of the electromagnetic field in in-
terfering incident and reflected waves supersede one an-
other. Considerable changes in the directivity pattern
from a highly anisotropic (as in Fig. 3a,c) to the sym-
metric one in the x direction (as in Fig. 3b ) and a circu-
larly symmetric one (at k0a cos θ ≈ 1.119π, not shown)
demonstrate the potential of its easy control. Figure 4
shows the intensity of the excited SP in three direc-
tions: forward (relative to the direction of the incident
plane wave, i. e., the +x direction), φ = 0; backward,
φ = π, and sideward, φ = π/2, as a function of the
nanoparticle position (z = −a). The decrease in the
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Fig. 5. Directivity patterns of the SP, W (φ) = |F |2 + |G|2,
in the case of oblique incidence of a linearly polarized TM
wave (B0 = 0, k0a = π) for two different angles of incidence:
θ = 0.15π and θ = 0.3π. The other parameters are the same

as in Fig. 2

0.1 0.2 0.3 0.4 0.50

0.2

0.4

0.6

0.8

1.0

1.2

� �/

I I/ 0

� �=

� = 0

� �= /2

Fig. 6. The (normalized) intensity of SP excitation as a func-
tion of the angle of incidence in the case of a linearly polarized
TM wave for forward (φ = 0), backward (φ = π), and side-
ward (φ = π/2) directions of radiation; B0 = 0, k0a = 0.3π,
and the other parameters are the same as in Fig. 2. Arrows
indicate specific incidence angles at which there is no forward

radiation or the directivity pattern is symmetric

SP intensity when the nanoparticle moves away from
the interface relates to the reduction of the scattered
near-field from the nanoparticle. Along with the dis-
tance between the nanoparticle and the interface, the
angle of incidence of light also affects the SP excita-
tion because of the change in the phase shift between
the incident and reflected waves at a fixed position of
the nanoparticle. This is illustrated in Figs. 5 and 6.
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Fig. 7. Directivity patterns of the SP excited by ellipti-
cally polarized ligth, which is a sum of TM and TE plane
waves with different ratios of partial amplitudes, B0/A0 =

= 0.2(1.52 , 1.53, 1.54, 1.55, 1.56, 1.57), and different phase
shifts Ψ = (0, 0.2, 0.4, 0.6, 0.8, 1)π; k0a = 0.5π, θ = 0.1π,

and the other parameters are the same as in Fig. 2

In Fig. 5, the directivity patterns of the SP excited
by TM-polarized light at different angles of incidence
are shown. We can see that changing the incidence
angle induces strong changes in W (φ), and the direc-
tion of the SP propagation may even be inverted. In
Fig. 6, the intensities of the excited SP in the forward
(φ = 0), backward (φ = π), and sideward (φ = π/2)
directions are given as functions of the incidence angle.
The characteristic angles of incidence corresponding to
the case of vanishing forward radiation (θ ≈ 0.07π) and
a symmetric directivity pattern (θ ≈ 0.3π) are shown
in Fig. 6 by arrows. Thus, we can see that linearly
polarized light already offers quite wide capabilities to
adjust the SP directivity pattern, and this results from
the transverse field angular momentum, which changes
along the z axis and also depends on the angle of inci-
dence θ.

Using the elliptically polarized incident electromag-
netic waves, we can scan and switch the SP directiv-
ity pattern by both changing the phase shift Ψ (bet-
ween the partial linear-polarized TE and TM incident
waves) and varying the ratio of their amplitudes. Figu-
re 7 demonstrates the potential of the considered sys-
tem for easily scanning the directivity of an excited
SP. Here, in the plane of parameters (Ψ, logB0/A0),
the corresponding directivity patterns are depicted for
the particular values Ψ = (0, 0.2, 0.4, 0.6, 0.8, 1)×π and
B0/A0 = 0.2(1.52, 1.53, 1.54, 1.55, 1.56, 1.57).

Figure 7 reveals that the most effective control of
an SP can be realized by simply varying the amplitudes
A0 and B0 (e. g., using an optical filter or a splitter),
and the phase shift Ψ (e. g., using a delay line) at a
fixed angle of incidence. Furthermore, it is necessary
to note that a circularly polarized incident wave does
not provide better conditions for an asymmetric unidi-
rectional excitation of the SP. By contrast, the optimal
excitation regime can be realized using an elliptically
polarized incident wave with a particular orientation of
the polarization ellipse due to a better matching of the
nanoparticle polarization with the polarization of the
excited SP.

3.2. Excitation by an anisotropic nanoparticle

The above calculations clearly exhibit different ways
for manipulation of the SPs. Light scattered by
nanoparticles can produce SPs propagating mainly uni-
directionally as well as evenly in all directions, and the
capability of scanning the directivity pattern may turn
out to be useful in nanoplasmonic applications. All of
those SP excitation modes strongly depend on light po-
larization, the angle of incidence, and the nanoparticle
location above the interface. However, the scattering
of light by a single nanoparticle actually never leads to
the formation of a narrow SP directivity pattern. Nev-
ertheless, we may expect a perfect unidirectional SP
excitation due to the scattering of light by a lattice of
dipole nanoparticles. The SP control can be broadened
by means of an anisotropic scatterer, for example, an
irregular-shaped nanoparticle described by the polar-
izability tensor α̂, and the orientation of the particle
(and also of α̂) can be managed by the external con-
stant electric field.

As a simple example, we let the nanoparticle shape
be an ellipsoid of revolution and the nanoparticle it-
self be placed just on the interface such that the major
axis of the ellipsoid is parallel to the interface and tilted
with respect to the x axis at an angle β. In this case,
the polarizability tensor has the form

α̂ =

⎛
⎜⎝

αxx αxy 0

αyx αyy 0

0 0 αzz

⎞
⎟⎠ , (20)

where αxx = α(⊥) + (α(‖) − α(⊥)) cos2 β, αyy =

= α(⊥) +(α(‖)−α(⊥)) sin2 β, αzz = α(⊥), αxy = αyx =

= (α(‖) − α(⊥)) sinβ cosβ. Here, α(‖) and α(⊥) are
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longitudinal and transverse parts of the ellipsoid polar-
izability tensor in principal axes given by [33]

α(⊥) =
d2⊥d‖
3

εp − 1

1 + 1/2(εp − 1)(1− n)
,

α(‖) =
d2⊥d‖
3

εp − 1

1 + (εp − 1)n
,

(21)

where εp is the matter permittivity of the particle, d⊥
and d‖ are the principal semi-axes of the ellipsoid, and

n =
1

2

(
d⊥
d‖

)2
∞∫
0

dξ

(1 + ξ)3/2(ξ + (d⊥/d‖)2)
(22)

is the so-called depolarization factor, which varies in
the range 0 < n < 1 with n = 1/3 corresponding to a
sphere; 0 < n < 1/3 relate to elongated and 1/3 < n <

< 1 to oblate nanoparticles.
Let the nanoparticle be illuminated by obliquely

incident TM linearly polarized light. According to
Eqs. (19), the electric field of the incident wave at the
nanoparticle location (x = 0, y = 0, z = 0) has the
components

Ex =
−2i cosθ

√
sin2 θ − εm

εm cos θ − i
√
sin2 θ − εm

A0,

Ez =
−2εm sin θ cos θ

εm cos θ − i
√
sin2 θ − εm

A0.

(23)

Hence, the nanoparticle polarization can be written in
the form

px = αxxEx, py = αyxEx, pz = αzzEz , (24)

and it completely differs from light polarization, p ∦ E.
Moreover, absorption of light in the particle, which is
described by a nonzero imaginary part of the polariz-
ability tensor, can also change the nanopartile polar-
ization ellipse and lead to an asymmetric excitation of
the SP. The polarizability tensor components depend
on the angle of nanoparticle rotation β relative to the
projection of the wave electric field on the plane of the
interface. Therefore, changing β results in changing the
conditions for SP excitation. In Fig. 8, the SP direc-
tivity patterns at different β are shown. As mentioned
above, the particle orientation can be controlled by an
external constant electric field, which gives us a conve-
nient tool for SP manipulation.

It is of interest to transform the field spect-
rum Ez(hx, hy, z) at the interface z = 0 into real
space (x, y), i. e., to find the spatial field structure
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Fig. 8. Directivity patterns of the SP excited by TM polar-
ized light incident on an elongated elliptical silver nanoparti-
cle placed very close to the metal–air interface; calculations
are performed for different angles β of the particle orientation.
The ratio of the ellipsoid semi-axes is d⊥/d‖ = 0.2, n = 0.056,
εp = εm = −7.8191 − 0.7797i, θ = π/4, and the other pa-

rameters are the same as in Fig. 2

Ez(x, y, z = 0) of the excited SP. The results of such
a Fourier transformation are depicted in Fig. 9a,c.
We can clearly see an asymmetric excitation in agree-
ment with the directivity patterns shown in Fig. 9b,d.
We note that these directivity patterns (yellow (gray)
areas) represent a more accurate numerical solution,
where the radial component of the Poynting vector
(calculated using the field distributions in Fig. 9a,c)
was found as a function of the azimuthal angle. How-
ever, this directivity pattern nearly coincides with that
of simplified analytic calculations described above (the
black curve at the boundary of the yellow (gray) area).
The similarity is a result of a very strong impact of the
excited eigenmodes (of the singularities in integration,
Eq. (16)).

Another type of polarization anisotropy originates
in magnetized gyrotropic ferromagnetic particles, and
here we can expect similar “photonic spin-dependent”
effects of SP excitation to occur [34]. However, in the
optical domain, the gyrotropy correction to the fer-
romagnetic nanoparticle polarizability tensor is very
small (the nondiagonal component of the polarizability
tensor is of the order of 10−3), and the corresponding
desired effect should be negligibly small as well.
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Fig. 9. (a), (c) Spatial structure of the excited SP: the real part of the transverse component of the electric field, Re(Ez), as a
function of (x, y) at the metal–air interface; (b ), (d) the corresponding normalized directivity patterns. The case of TM-polari-
zed ligth incident on an elongated elliptical silver nanoparticle is considered for two angles θ. The ratio of ellipsoid semi-axes is
d⊥/d‖ = 0.1, n = 0.0205, εp = εm = −7.8191− 0.7797i, β = π/4; (a,b ) θ = π/3, and (c,d) θ = 0; the position of the particle

is k0a = 0.1π, and the other parameters are the same as in Fig. 2

4. CONCLUSION

We have studied the so-called photonic spin-de-
pendent optical effects emerging at the SP excitation
at an air–metal interface via scattering of light by a
dipole nanoparticle located near the interface. It has
been shown that the directivity pattern of the excited
SP can be managed by means of light polarization, its
angle of incidence, and the choice of the nanoparticle
position above the interface. These effects demonstrate
a promising way to the manipulation of the SP, which

can be useful for applications in modern nanoplas-
monics. A similar effect of asymmetric SP excitation
by linearly polarized light was demonstrated in the
example of absorbing nanoparticle with anisotropic
polarizability.

This research is supported in parts by Russian
Academy of Sciences; numerical simulation was
funded by the Institute of Applied Physics Rus
(0035-2014-0020).
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