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Abstract: By controlling interference of Mie resonance modes of various nanostructures, we
can achieve a large number of nontrivial effects in nanophotonics. In this work, we propose a
cylindrical structure in which the spectral overlap of the Mie-type modes can be controlled by
drilling a hole parallel to the axis, thus changing unidirectional scattering. We further demonstrate
that the scattering patterns can be tailored by rotating the structure to achieve almost arbitrary
scattered wave direction.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In the last decade, researchers have been fascinated by the possibilities of light manipulation using
subwavelength structures. In particular, high-index all-dielectric nanostructures were proposed
for a range of applications due to their ability to provide strong light-matter interaction [1–5]. In
such systems the optical resonance can be tuned by varying the material and geometry parameters
of the structure. All-dielectric Mie-resonant nanostructures are now seen as a replacement
for plasmonics structures that previously were proposed for various applications, including
magnetic field localization and enhancement [6], scattering cancellation [7], light absorption and
trapping [8–13].
It has been shown both theoretically [14–19] and experimentally [20–22] that all-dielectric

optical nanostructures can support strong electric and magnetic dipolar and multipolar resonances.

Fig. 1. Schematics of the problem. (a) A hollow nanorod structure with outer radius
Rout = 450 nm and refractive index ∼n = 3.4 + i 0.01. (b) An asymmetric nanorod structure
with the same outer radius and refractive index. Both structures are illuminated by TE-
polarized plane wave propagating in x-direction as indicated by the colored arrows. The
insets in each figure show the cross-sectional view as well as an example of angular intensity
distribution for each structure.
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Fig. 2. (a) Scattering efficiency of a symmetric hollow nanorod as a function of the ratio of
the inner radius to the outer radius Rin/Rout and size parameter q = k0Rout . (b) Scattering
efficiency spectra obtained by taking a horizontal cross-section of Fig. 2(a) at Rin/Rout =
0.3 along with the mode decomposition. (c) Ratio of forward scattering (the scattered wave
intensity at φ = 0o) to backward scattering (the scattered wave intensity at φ = 180o). (d)
Angular intensity distributions corresponding to the marked points in Fig. 2(c).

Furthermore, those resonances can occur in overlapping frequency ranges, producing interference
and resulting in interesting scattering phenomena [23–28]. One of the most critical outcomes
of this interference is the simultaneous excitation of electric dipole mode (ED) and magnetic
dipole mode (MD) with balanced strengths which leads to the Kerker condition of zero backward
scattering [29–34]. This condition is important inmany applications such as nanoantennas [35–37],
optical sensing [38], and photovoltaics [39]. Recently, it has been shown that Kerker condition can
occur even in a simple homogeneous dielectric nanorod [40,41]. In an infinitely long homogeneous
cylinder or in a sphere each Mie resonance mode has a distinct resonance wavelength, thus the
interference effects cannot be controlled substantially. To obtain a more desirable interference
effects between the ED andMDmodes in long cylindrical structures one will usually try to overlap
the two resonances by using metal-dielectric composite structures [42–44]. Unfortunately, Kerker
condition is by no means a perfect way to achieve directional scattering since the interference of
the ED and MD modes produces substantial scattering in other directions [45]. Another way to
obtain a more preferable scattering pattern is through the interference of the electric quadrupole
mode (EQ) and the electric dipole mode (ED) known as the generalized Kerker condition [46,47]
or by interfering higher resonance modes [44, 48, 49].
In this paper, we show that unidirectional scattering patterns can be engineered by using a

simple structure of an asymmetric hollow dielectric nanorod. Most structures proposed so far
in the field of nanophotonics act only as a passive system which gives almost no flexibility for
controlling the beam deflection. Lately, a system of coupled dipole and a sphere was envisaged
to overcome that shortcoming [50]. It was also shown that interference of the Mie resonance
modes in dielectric metalattices can exhibit the beam deflection effect [51]. Here, we outline the
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possibility of the beam deflection by rotating a hollow asymmetric nanorod.

2. Scattering by a nanorod

Our system consists of an infinitely long hollow nanorod with fixed outer radius Rout (in all
following calculations we assume Rout = 450 nm) and refractive index ∼n = 3.4 + i0.01. The
nanorod is illuminated by the transverse electric (TE) plane wave (see Fig. 1) with wavelength λ.
First, we discuss the scattering of a symmetric hollow nanorod [Fig. 1(a)] and its dependence on
the hole radius. Next, we study the effect of asymmetric hole position in the nanorod [Fig. 1(b)].
We write the general expression for the magnetic field in all regions as follows [52, 53]

Hz1 =
∑
n

[A1nJn(k1ρ1)]einφ1, (1)

Hz2 =
∑
n

[A2nJn(k2ρ1) + B2nHn(k2ρ1)]einφ1, (2)

Hz3 =
∑
m

[imJm(k3ρ2) + B3mHm(k3ρ2)]eimφ2, (3)

whereHz1,Hz2 andHz3 are the general expressions for magnetic fields in the hole region, in
the dielectric shell and in the surrounding background, respectively. Each solution consists
of cylindrical wave representation described by integer order Hankel function of the first kind
(Hm/n(k`ρj)) and Bessel function (Jm/n(k`ρj)) with k` = ω

√
ε`/c (` = 1, 2, 3). The two polar

coordinate systems introduced, (ρ1, φ1) and (ρ2, φ2), are associated with the two origins located
at the hole and shell axes, respectively. Both coordinate systems are related to each other through
Graf′s addition theorem as

J/Hn(k2ρ1)einφ1 =
∑
m

Jm−n(k2d)e−i(m−n)θJ/Hm(k2ρ2)eimφ2, (4)

in which (d, θ) are the offset parameters representing the relative position of the hole axis with
respect to the coordinate system of the rod. The unknown field coefficients A1n, A2n, B2n and
B3m can thus be determined from the boundary conditions at the two interfaces. It follows that in
this system the scattering efficiency can be written as

Qsca =
Re

[∫
(Esca ×H∗sca) · ρ̂dφ

]
4Iinc

, (5)

where Esca denotes the corresponding scattered electric field solutions and Iinc is the incoming
wave intensity. In general, the integral in Eq. (5) can be calculated numerically for any desired
angular limit. Nevertheless, in most cases the integral is calculated over an imaginary closed
surface covering the scatterer, thus giving us the standard formula of scattering efficiency

Qsca =
2
q

∞∑
m=−∞

|B3m |2, (6)

in which |B3m| is the amplitude of the scattered wave and q = k0Rout = 2π Rout/λ is the so-called
size parameter. In the case of TE wave illumination, m = 0 corresponds to the MD mode, while
m = ±1 and m = ±2, respectively, are the ED mode and the EQ mode [48].
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Fig. 3. (a) Scattering efficiency Qsca calculated for the asymmetric nanorod system for
(Rin, d, θ) = (0.5Rout, 0.4Rout, 100o), (b) Scattering diagrams calculated at q = 2.24 for
θ = 100o (solid blue), 140o (solid brown), −100o (dashed blue), −140o (dashed brown). (c)
The angle of the major scattering lobe as a function of the angle θ.

2.1. Symmetric nanorod

In Fig. 2(a) we show the dependence of the scattering efficiency of a hollow nanorod on the ratio
of the hole radius to outer radius, with each bright line in the figure corresponding to different
resonance modes. We observe that by increasing the ratio of radii we can achieve an overlap of
some of the resonances. By taking a horizontal slice of Fig. 2(a) at Rin/Rout = 0.3, we observe
several resonances in the scattering cross-section. By plotting the contributions of individual
multipoles to the scattering efficiency, we identify their contributions, with magnetic dipole
(m = 0), electric dipole (m = ±1) and electric quadrupole mode (m = ±2) as shown in Fig. 2(b).
We notice that, due to the symmetry in this case, the contributions of positive and negative m
modes are identical. Each of the modes, individually, possesses various symmetries, however
when we overlap the resonances, the ratio of the forward scattering (the scattered wave intensity
at φ = 0o) to backward scattering (the scattered wave intensity at φ = 180o) can be controlled, as
is seen in Fig. 2(c). The enhanced forward scattering is due to the constructive interference in the
forward direction, and destructive interference in the backward direction of the ED and EQmodes,
as predicted by the generalized Kerker condition [46]. The scattering pattern for the system
parameters specified by (Rin/Rout, q) = (0.3, 2.618) (point B) and (Rin/Rout, q) = (0.52, 1.673)
(point A) are shown in Fig. 2(d). It is clear that the scattering patterns are unidirectional, with
enhancement in the forward direction and suppression in the backward direction.

2.2. Beam deflection with asymmetric hollow nanorods

It was shown earlier that the expression of scattering efficiency (Qsca) for the problem of scattering
by a hollow cylinder with non-coaxial inner core can still be written in the form of Eq. (6). To
see the differences of scattering by a concentric and non-concentric hollow cylinder, we begin
by studying the configuration with (Rin, d, θ) = (0.5Rout, 0.4Rout, 100o). Here, d is the distance
between the hole axis and the nanorod axis, and θ is the angle of the core-offset direction with
respect to the direction of the incoming wave [see Fig. 1(b)].
One can see from Fig. 3(a) that the scattering coefficient arising from the positive-m modes

is no longer the same as that from the negative modes: |B3(−m) | , |B3(+m) |. This phenomenon
is clearly the result of azimuthal symmetry breaking in the system. Due to this phenomenon,
it becomes possible to obtain a more diverse interference effects between the Mie resonance
modes. As a demonstration, in Fig. 3(b) we show that the angle of the main scattering lobe can
be engineered by simply rotating the nonconcentric hollow nanorod. On the other hand, Fig. 3(c)
shows the dependence of the angle of the main lobe of scattering on the angular position of the
hole. We see that by rotating the nanorod we can control direction of scattering in a wide range
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Fig. 4. (a) The scattering efficiency Qsca calculated only for the upper half-space (y > 0),
(b) the Qsca calculated only for the lower half-space (y < 0), (c) The ratio of scattering in
the lower half-space to that in upper half-space. (d) The angular intensity distribution for
the parameters corresponding to the point T in figure (c). All figures are calculated for
asymmetric nanorod structure with Rout = 450 nm, Rin = 0.5Rout and d = 0.4Rout.

of angles, however we cannot cover the whole 2π range.
It follows from Fig. 3 that the angular scattering intensity distribution resulted from an

asymmetric nanorod structure is no longer symmetric with respect to the horizontal axis. This
condition may lead to an unbalanced total power radiated in the upward direction and in the
downward direction, as observed in Fig. 4. In Fig. 4(a) the scattering efficiency is calculated for
upper half space, whereas in Fig. 4(b) the calculation is done for the lower half. It is clear that
the total power radiated into the two directions is different. By calculating the ratio of the energy
flow in the downward direction to that in the upward direction, we find the parameters for which
the energy is mostly radiated in the downward direction, as shown in Fig. 4(c). For example, the
angular intensity distribution for the point T in Fig. 4(c) is shown in Fig. 4(d), which suggests
that the scattering occurs mostly in the downward direction. We note that such an unbalanced
radiation will result in a transverse optical force, hence the asymmetric nanorod system can be
utilized for controlling the optical force direction [54].

3. Conclusions

We have studied the scattering properties of a hollow dielectric nanorod structure. We have
observed that manipulation of the mutual position of various resonances of the structure can be
controlled by changing the radius and position of the hole within the nanorod. We have shown
that, in general, higher-order resonances are less sensitive to a variation of the hole size, and
this can lead to a merging of resonances and their resulting interference. In particular, for the
considered structures, the dominating resonances are electric dipole and electric quadrupole,
which in the symmetric case produce unidirectional scattering characterized by a pattern with
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zero backward scattering. We have further demonstrated the possibility of the beam deflection
by using a hollow nanorod structure with asymmetrically placed hole. Due to the azimuthal
symmetry breaking, the scattering amplitude of the modes with positive and negative azimuthal
numbers became different, resulting in unconventional scattering patterns. Unbalanced radiation
power occurs for the more complex resonances interference which can be useful for tailoring the
transverse optical forces.
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