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ABSTRACT
For a long time, light manipulation at the nanoscale has been provided primarily with plasmonic materials. However, recent works show
that the light can be controlled with dielectric particles. Here, we exploit the asymmetric shape of silicon nanopyramids to control the farﬁeld scattering pattern and the electric ﬁeld concentration inside the particles by simply changing the incident light polarization. This eﬀect
is considered both in air and lossless optical medium. For an explanation of the demonstrated features, we apply the multipole analysis of
the scattering cross sections. We show that the electric and magnetic quadrupole resonances can be switched between them by changing the
incident wave polarization providing changes of the scattering diagrams. We also show that the polarization control of the scattering properties of pyramidal nanoparticles strongly depends on the refractive index of the surrounding medium. The obtained results can be used for
the development of optical antennas, switchers, and polarization ﬁlters composed of silicon materials.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5094162
I. INTRODUCTION
Light–matter interaction of dielectric or plasmonic structures
is extensively studied.1–5 Conventional optical devices, such as
mirrors and lenses direct, focus, or diverge the light. However, this
light manipulation is limited by the diﬀraction. At the subdiﬀraction limit regime the light manipulation can be also achieved with
subwavelength structures.1,2,6,7 Compared to plasmonic nanostructures, dielectric nanostructures having simple particle geometries
provide both electric and magnetic responses3,4,8–10 and decrease
Joule losses, which is naturally present in metals.4,11
The particular case of scattering by spherical nanoparticles
can be studied using the Mie theory.12 The analysis based on the
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Mie theory provides important information about the origins of
the scattering phenomena. However, spherical particles limit a
study due to a ﬁxed shape and aspect ratio. Nonspherical nanoparticles can be studied, for example, using the Cartesian multipole
decomposition semianalytical approach. Recently, it was shown
that particles’ geometry, aspect ratio, and material dispersion aﬀect
the light–matter interaction leading to a change in particles’ optical
properties.13,14 Mutual interaction between multipole moments
resulting in overlapping their resonances can be explored for engineering nanoantennas,15–18 sensors,19,20 optical ﬁlters,21 energy
harvesting devices,22,23 and cloaking.24,25 Anapole physics is
another area where multipole interaction is a keynote.26–28 It is
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worth noting that multipole decomposition approach can also be
applied for studies in the terahertz frequency range29 and even for
macroscopic objects like the Great Pyramid.30
Silicon is one of the highly demanded materials in modern
dielectric nanophotonics due to its large refractive index and low
absorption at near-infrared frequencies.31–33 However, its absorption increases in the visible spectral range.34 Nevertheless, for relatively small particles comparing to an incident wavelength, the
absorption can be neglected.
Here, we implement the Cartesian multipole decomposition
approach35,36 to study pyramidal silicon nanoparticles and exploit
their asymmetry to control light scattering at the nanoscale. The
lateral faces of the explored pyramids are illuminated with orthogonally polarized light (Fig. 1). We expand our research conducted in
Ref. 13 to study lateral illumination of a silicon nanopyramid. It is
important to study the inﬂuence of asymmetric shape on light scattering by nanoparticles. Comparing to spherical nanoparticles,37
which only have one geometrical degree of freedom, complex particle shapes provide much more possibilities to tune a spectral
response. Particularly, there is no dependence on polarization conditions in the case of spherical particles. In addition, far-ﬁeld diagrams of spherical nanoparticles are always symmetric, and the
spectral order of multipole moments is rigidly ﬁxed. For silicon
pyramids, we show that the incident wave polarization switches the
resonant excitation of either electric quadrupole or magnetic quadrupole moments.
II. THEORETICAL BACKGROUND
Here, we consider the optical system including a single silicon
nanopyramid suspended in air and in a lossless medium with a
refractive index of nenv ¼ 1:31. Figure 1 shows the schematics of
the nanopyramid with base edge of D ¼ 250 nm and height of
H ¼ 250 nm, made of polycrystalline silicon.34 Incident wave illuminates the lateral facet of the pyramid. Note that the k-vector of
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the incident wave is parallel to the pyramid base and normal to
pyramid’s main axis, as shown in Fig. 1. To study the inﬂuence of
the incident wave polarization on the scattering eﬀect, we compare
the electric ﬁeld polarization oriented (1) along the axis through
the vertex and (2) along the base of the nanopyramid.
To analyze the considered system, we use the semianalytical
multipole decomposition approach reported in Ref. 35. This
approach is based on the multipole expansions frequently used in
the electrodynamic theory.35,36,38 Here, we use the expressions of
the multipole moments beyond the long-wavelength approximation
deﬁned in Ref. 36. Note that for scatterers located in a medium, the
wavenumber, substituted in the expressions for multipoles,36
should be multiplied by the refractive index of this medium. We
validated that the considered set of multipole moments is suﬃcient
for the proper description of the system we study. The full electric
ﬁeld in the system is numerically calculated with the ﬁnite element
method (FEM) implemented in COMSOL Multiphysics commercial package.39,40 The calculated electric ﬁeld is used for obtaining
the multipole moments and their contributions to the scattering
cross sections.35,36,38
The scattering cross section of a particle in a homogenous
host medium can be presented as (see Ref. 35 for details)
Csca ≃

k40
2
6πε0 jEinc j2

jpj2 þ

k40 εd μ0
k60 εd
2
^2
jQj
2 jmj þ
6πε0 jEinc j
720πε20 jEinc j2

k60 ε2d μ0
k80 ε2d
^ 2,
^ 2
þ
jOj
2 jMj þ
80πε0 jEinc j
1890πε20 jEinc j2

(1)

where Einc is the electric ﬁeld amplitude of the incident light wave,
εd ¼ n2d is a relative dielectric permittivity of the surrounding
pﬃﬃﬃﬃﬃ
medium, ε0 is the vacuum electric permittivity and vd ¼ c= εd is
the light speed in the surrounding medium; k0 and kd are the wavenumbers in vacuum and in a surrounding medium, respectively. m
is a magnetic dipole moment (MD) of a particle; p is a total electric
^ M,
^ are electric quadrupole
^ and O
dipole moment (TED); Q,
moment tensor (EQ), magnetic quadrupole moment tensor (MQ),
and tensor of an electric octupole moment (OCT), respectively.
Note that these tensors are symmetric and traceless and in tensor
^ is equal to Qαβ , where the subscript indices denote
notation e.g., Q
components (e.g., α ¼ x, y, z).35 The total scattering cross section
is obtained through the integration of the Pointing vector over a
closed surface in the far-ﬁeld zone and the normalization to the
incident ﬁeld intensity.
III. RESULTS AND DISCUSSION

FIG. 1. Rendered silicon nanopyramid. The pyramid lateral facet is illuminated
by the plane wave of orthogonally polarized waves.
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We show that due to such asymmetric shape, light scattering
can be controlled with a simple switching of the incident light
polarization. In order to analyze this eﬀect, we pay attention to the
second- and third-order multipoles’ contributions to scattering,
namely, we note the dependence of the resonant behavior of quadrupole moments on the polarization. First, we study silicon nanopyramids in air and in dielectric surrounding medium with a
refractive index nenv ¼ 1:31. Second, we consider the far-ﬁeld radiation patterns for both cases and their polarization dependence.
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A. Multipole decomposition in different media
In this subsection, we analyze scattering cross sections of
pyramidal nanoparticles in air and in medium with nenv ¼ 1:31.
Figures 2(a) and 2(b) present the multipole decomposition of the
scattering cross section spectra for two polarizations of the incident
plane wave. The most interesting wavelength region is located in
500 nm λ  600 nm. As one can see in Fig. 2(a), if the electric
ﬁeld polarization of the incident wave is directed along the main
axis of a nanopyramid, noticeable resonant excitation of magnetic
quadrupole moment appears in the considered region. However, if
the electric ﬁeld polarization directed perpendicularly to the main
axis, one can note the resonant excitation of electric quadrupole
moment [Fig. 2(b)].
Figures 2(c) and 2(d) show the scattering cross sections for the
medium with nenv ¼ 1:31 for the same light polarization as in
Figs. 2(a) and 2(b). Here, we show that embedding the particle into
the lossless medium with nenv ¼ 1:31 allows to excite either MQ or
EQ resonance at the same wavelength depending on the incident
wave polarization. As can be seen, the MQ moment provides the
dominant contribution for the polarization directed along the main
axis, while the EQ moment provides the dominant contribution for
the opposite case. Thereby, resonant excitations of quadrupole
moments at λ ¼ 574 nm [Figs. 2(c) and 2(d)] can be switched with
each other simply by changing the polarization condition. Such a
feature follows from the fact that electric multipole moment

ARTICLE

scitation.org/journal/jap

resonances experience bigger red shift than their magnetic counterparts as nenv rises.41
As can be seen in Fig. 2, the sum of multipole contributions is
in a good agreement with directly calculated scattering cross
section. The small discrepancy between these spectra can be
explained with nonresonant high-order multipole contributions,
which are not taken into account in our multipole decomposition.
Note that the high-order multipoles, higher than the electric octupole, have been considered in the long-wave approximation in
Ref. 42. In Sec. III B, we consider far-ﬁeld radiation patterns for
both surroundings and study their polarization dependence.

B. Far-ﬁeld radiation patterns
We note four interesting wavelengths between λ ¼ 500 nm
and λ ¼ 600 nm to compare far-ﬁeld radiation patterns and
analyze multipole interaction. Figure 3 presents the far-ﬁeld radiation patterns at λ ¼ 537 nm, λ ¼ 549 nm, λ ¼ 563 nm, and
λ ¼ 576 nm. The coordinate system in Fig. 3 is tied to the incident
wave, that is, the x axis of the Cartesian system is directed along
the electric ﬁeld polarization, and the y axis is directed along the
magnetic ﬁeld polarization. In turn, the z axis is directed along
the k-vector of the incident wave. As depicted in the top of Fig. 3,
the left column in Fig. 3 corresponds to the electric ﬁeld polarization along the main axis, and the right column corresponds to the

FIG. 2. Spectra of the scattering cross
section and corresponding multipoles’
contributions calculated for a silicon
nanopyramid with height H ¼ 250 nm
and base edge D ¼ 250 nm (a), (b) in
air (c), (d) in medium with nenv ¼ 1:31;
electric ﬁeld polarization of the incident
plane wave is directed [(a), (c)] along
the main axis of the nanopyramid [(b),
(d)] perpendicular to the main axis of
the nanopyramid. “Sum Scat” states for
the scattering cross section as the sum
of the multipole contributions; “Total
scat (COMSOL)” states for the total
scattering cross sections calculated
directly in COMSOL.
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FIG. 3. Radiation patterns of the pyramidal nanoparticle with height H ¼ 250
nm and base edge D ¼ 250 nm at the indicated wavelengths. Left column corresponds to the electric ﬁeld polarization of the incident plane wave directed
along the main axis of the nanopyramid; right column corresponds to the polarization perpendicular to the main axis.

perpendicular polarization. Far-ﬁeld radiation patterns have been
drawn in COMSOL Multiphysics package.
For λ ¼ 537 nm in the right column of Fig. 3, we show the
far-ﬁeld radiation pattern corresponding to the resonant excitation
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of the EQ moment [Fig. 2(b)]. Such a dominating contribution of
EQ provides four scattering lobes; side-scattering in this case
directed along the polarization of the electric ﬁeld. Noticeable contribution of TED moment breaks the symmetry of the forward and
backward scattering. For λ ¼ 549 nm, the relative EQ contribution
decreases, and in the right side of Fig. 3, we note the suppression of
the backward scattering in comparison with the previous case. For
the opposite polarization of the incident wave (left column in
Fig. 3), the combination of several multipoles’ contributions leads
to dominating side-scattering in a selected direction together with
two weaker radiation lobes.
As λ increases to 563 nm, one can note the resonant excitation
of MQ moment in Fig. 2(a). It leads to the corresponding far-ﬁeld
radiation pattern, depicted in the left column in Fig. 3; For the
polarization perpendicular to the main axis of the pyramid, radiation pattern tends to provide dominating side-scattering due to the
mutual interaction between multipoles. Thereby, we note the suppression of the forward and backward scattering with simultaneous
ampliﬁcation of side-scattering in the same direction with respect
to the pyramid location.
Interestingly, side-scattering prevails for both polarization
cases at λ ¼ 576 nm. As shown in the left side of Fig. 3, the mutual
interaction between TED, MD, and MQ moments [Fig. 2(a)] provides unusual side-scattering in three directions. However, it can be
switched to the side-scattering along the electric ﬁeld polarization
of the incident wave, as depicted in the right column of Fig. 3.
Thus, such pyramids can be used to change the far-ﬁeld scattering
in the particular direction by changing the incident wave polarization. We note that polarization change leads to the scattering suppression toward the apex of the nanopyramid. It is important that
the nanopyramid scatters light in a plane, perpendicular to the
k-vector of the incident wave. Another approach to control the
light scattering in this plane is rotating the nanopyramid around
the incident wave k-vector.
Let us now consider the case of dielectric medium, which is
more interesting for potential experimental veriﬁcation. We show
that surrounding medium with nenv ¼ 1:31 allows switching
between resonant excitations of MQ and EQ moments. To
conﬁrm this eﬀect in Fig. 4, we show 2D and 3D far-ﬁeld radiation patterns at λ ¼ 574 nm. Figures 4(a) and 4(b) present 3D
and 2D radiation patterns for the incident wave polarization
directed along the main axis of a nanopyramid. The blue line in
Fig. 4(b) shows the distinctive MQ radiation pattern with 4-lobes
in the plane of magnetic ﬁeld polarization. In turn, the green line
in Fig. 4(d) shows the distinctive radiation pattern with 4-lobes in
the plane of electric ﬁeld polarization. While comparing spectra
in Figs. 2(c) and 2(d), one can see that EQ resonant excitation
[Fig. 2(d)] is stronger than MQ resonant excitation [Fig. 2(c)];
it explains more symmetrical quadrupole radiation pattern in
Fig. 4(d). However, additional contributions of another multipole
moments [Figs. 2(c) and 2(d)] aﬀect far-ﬁeld radiation as well. It
can be seen in Fig. 4(b) (green line) and in Fig. 4(d) (blue line).
Thus, the simple change of polarization conditions for silicon
nanopyramids in the dielectric medium allows switching between
EQ and MQ resonant excitation and provide corresponding
changes in far-ﬁeld radiation patterns. However, side-scattering
lobes do not change the direction with respect to the pyramid
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FIG. 4. 3D and 2D radiation patterns
of the pyramidal nanoparticle in the
medium with nenv ¼ 1:31 at wavelength λ ¼ 574 nm. Electric ﬁeld polarization of the incident plane wave
directed [(a), (b)] along the symmetry
axis of the pyramid (x axis). In (c) and
(d), the incident electric ﬁeld is directed
along the y axis perpendicular to the
symmetry axis (x axis). Green lines in
(b) and (d) correspond to the plane of
electric ﬁeld polarization; blue lines correspond to the plane of magnetic ﬁeld
polarization. In both cases, the external
wave propagates along the z axis.

location [the coordinate system in Figs. 4(a) and 4(b) is tied to
the incident wave as well as in Fig. 3].
To underline the diﬀerence between EQ and MQ resonant
excitation, in Fig. 5, we present the electric ﬁeld concentration
inside the pyramid. The coordinate system shows the incident wave
polarization. One can note that MQ resonance leads to a stronger
electric ﬁeld concentration. The shape of a distribution also diﬀers
for the diﬀerent incident wave polarizations. Thus, pyramidal

nanoparticles can be used not only to switch far-ﬁeld radiation patterns but also to manipulate electric ﬁeld concentration inside
nanoobjects. Fabrication of such asymmetric structures can be
done, for example, using the additive nanomanufacturing.43
Additional discussion on the fabrication of pyramidal structures at
the nanoscale can be found, for instance, in Refs. 44 and 45.
Insights from this study can be used to control light direction by
the incident wave polarization in optical switches and ﬁlters.

FIG. 5. Electric ﬁeld distribution and concentration inside
the silicon nanopyramid due to resonant excitation of (a)
MQ (b) EQ moment. Electric ﬁeld polarization of the incident plane wave directed (a) along the main axis of the
pyramid and (b) perpendicular to the main axis.
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IV. CONCLUSION
In conclusion, we utilize the multipole decomposition
approach to explore the dependence of scattering by the silicon
nanopyramid on the polarization of the incident wave. Our study
covers scattering properties of the nanopyramids in air and lossless
dielectric media with nenv = 1.31 in the visible range. It has been
demonstrated that such particles allow switching between resonant
excitations of EQ and MQ moments. Such switching crucially
changes far-ﬁeld scattering by the considered nanoparticles.
Moreover, it is possible to switch the direction of the side-scattering
in particular wavelength by changing the polarization of the incident wave. It is also possible to control light scattering by rotating
the nanopyramid around the incident wave k-vector.
We show that using the inﬂuence of the surrounding medium,
it is possible to resonantly excite either EQ or MQ multipole
moment depending on the polarization conditions. Such switching not only changes the far-ﬁeld scattering but also provides
signiﬁcant changes in the electric ﬁeld distribution and concentration inside the particle. Worth noting that for smaller nanopyramids, similar eﬀects are expected to appear at the smaller
wavelengths due to Maxwell equations’ scaling. In the considered
spectral range, small pyramids will scatter light due to the excitation
of low-order multipoles (electric and magnetic dipole moments).
Our study provides important information that can be used in the
development of optical antennas, switches, and polarization ﬁlters
at the nanoscale.
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