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The interference of optically induced electric and magnetic resonances in high-refractive-index dielectric nano-
particles provides a new approach to control and shape the scattering patterns of light in the field of nanopho-
tonics. In this Letter, we spectrally tune the electric and magnetic resonances by varying the geometry of a single
isolated lead telluride (PbTe) dielectric nanocube. Then, we overlap the electric dipole resonance and magnetic
dipole resonance to suppress backward scattering and enhance forward scattering in the resonance region.
Furthermore, a broadband unidirectional scattering is achieved by structuring the dielectric nanocuboids as
a trimer antenna.
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Light scattering by metallic nanoparticles, thanks to local-
ized surface plasmons resonance, has been widely studied[1]

and shown many potential applications in the fields of
nanophotonics, plasmonics, and metamaterials, such as
nanoantennas[2], cloaking[3], sensing[4,5], photovoltaic devi-
ces[6], and metasurfaces[7,8]. Conventional approaches to
the scattering control and shaping rely mostly on the elec-
tric responses of the nanostructures, while the magnetic
responses are often ignored. As we know, introducing mag-
netic responses into the scattering system brings an extra
dimension to engineer scattering patterns. However, natu-
ral materials that exhibit magnetic responses are very
limited. To obtain artificial magnetic responses, various
plasmonic structures, such as split-ring resonators[9],
coupled nanorods[10–12], fishnets[13,14], and nanorings[15], are
presented. However, all of these structures are always
accompanied by metal intrinsic ohmic losses, which affect
the performance of every plasmonic or metamaterial struc-
ture and hinder further possible applications[16].
Recently, it has been reported that high-refractive-

index dielectric nanoparticles support electric and strong
magnetic responses[17–22]. The magnetic dipole (MD) re-
sponse in a dielectric nanoparticle originates from a circu-
lar current of the electric field inside the nanoparticles.
The ability to possess electric and magnetic responses
simultaneously in a nanoparticle is very interesting.
According to Kerker’s proposal[23] of backward scattering
suppression and forward scattering enhancement, when
electric dipole (ED) and MD are of the same magnitude
and in phase, they will interfere destructively in the back-
ward direction and constructively in the forward direc-
tion, thus leading to unidirectional scattering. A lot of
work[24–33] has been done theoretically and experimentally

to demonstrate this proposal. However, the frequency of
unidirectional scattering is often not in the resonant
region and consequently, the total scattering efficiency
is inevitably relatively low. Thus, obtaining resonantly
unidirectional scattering becomes more significant. By
introducing a metallic core into a dielectric shell or split-
ting a nanocube with a gap, unidirectional scattering at
the resonant frequency has been achieved[34–39]. However,
introducing metallic components or a gap is not necessary
for nanoparticles to achieve resonantly unidirectional
scattering.

Here, a single isolated lead telluride (PbTe) dielectric
nanocube is presented. The spectral positions of the ED
resonance and MD resonance are tuned by tailoring the
dielectric nanocube geometry. So, the ED resonance
and MD resonance can be overlapped with the proper
aspect ratio of a single isolated nanocuboid.

The scattering of the nanoparticles can be analytically
calculated by theMie theory[1,21]. The scattered field can be
decomposed into a multiple series (the so-called Mie’s
expansion), characterized by the electric and magnetic
Mie coefficients fang and fbng (a1 and b1 being propor-
tional to the ED and MD, a2 and b2 to the quadrupoles,
and so on). For a nanoparticle smaller than the wave-
length, the scattering field can be sufficiently described
by the dipole components

I sðθÞ ∝ j3∕2ða1 þ b1 cos θÞj2; (1)

I pðθÞ ∝ j3∕2ða1 cos θ þ b1Þj2: (2)

The forward scattering (θ ¼ 0) and backward scatter-
ing (θ ¼ π) intensities of interest can be obtained using
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I sð0Þ ¼ I pð0Þ ¼ j3∕2ða1 þ b1Þj2; (3)

I sðπÞ ¼ I pðπÞ ¼ j3∕2ð−a1 þ b1Þj2: (4)

From Eq. (4), it is clear that I sðπÞ ¼ I pðπÞ ¼ 0 when
a1 ¼ b1. This means that the backward scattering will
be canceled out and light will be scattered only in the
forward direction when the ED and MD components of
the scattering field are in phase and of the same magni-
tude. In other words, high-efficiency unidirectional scat-
tering is obtained.
Here, we consider a simple case of a single isolated PbTe

dielectric cube with side length d ¼ 160 nm and refractive
index n ≈ 5.66 illuminated by a plane wave in free space.
As illustrated in Fig. 1(a), light is incident along the z-axis
with the x-polarized electric field. The scattering spectra
and electromagnetic field distribution can be calculated
through finite-difference time-domain method (Lumerical,
Solutions). Figure 1(a) shows the scattering spectra with
MD resonance at 1105 nm, ED resonance at 821 nm
and magnetic quadrupole (MQ) resonance at 730.8 nm,
corresponding to the electromagnetic field distribution
in Figs. 1(b), 1(c), and 1(d).
As we know, the resonance wavelength of a nanoparticle

is related to its size[18,29]. For a nanocuboid, its size is gov-
erned by three individual geometric parameters: l, w, and
h, corresponding to the length along the x-axis, the width
along the y-axis, and the height along the z-axis. Now,
we shrink one side of the single isolated nanocuboid but
leave the other two sides unchanged to tailor the ED
resonance and MD resonance. Figure 2 shows that the

spectra positions of the MD resonance, ED resonance,
and MQ resonance all blueshift as one side decreases.
Meanwhile, the MD resonance shifts faster than the ED
resonance, and the two resonances get closer. However,
there are some differences when we change different sides.
It can be seen from Fig. 2(a) that when we vary h from 160
to 30 nm with w ¼ l ¼ 160 nm, the MD resonance and ED
resonance overlap with each other at h between 70 and
80 nm at the optical frequency. It is similar when we
change l. Although the two dipole resonances cannot over-
lap at the optical frequency, they could overlap at the
ultraviolet frequency, which can be seen in Fig. 2(b).
However, it can be seen from Fig. 2(c) that the two dipole
resonances can hardly overlap when w changes. So, here
are two ways for a nanocuboid to obtain resonantly uni-
directional scattering: (1) shrink the side that is parallel to
the wave vector k[40], and (2) shrink the side that is parallel
to the electric field E.

After further simulations, we find that when
(1) l ¼ 160 nm, w ¼ 160 nm, and h ¼ 72 nm or (2) l ¼
32 nm, w ¼ 160 nm, h ¼ 160 nm, the MD and ED overlap
quite well with each other. The aspect ratios are about
1∶1∶0.45 and 0.2∶1∶1, respectively. From Figs. 3(a) and
4(a), it is clear that the nanocuboid is resonant at 693
and 354 nm, respectively. The scattering far fields shown
in Figs. 3(b) and 4(b) agree well with Kerker’s proposal.

Fig. 1. (a) Numerical simulation result of the scattering spectra.
The inset shows a schematic diagram of the problem. (b) Electro-
magnetic field distribution at MD resonance (λ ¼ 1105 nm).
(c) Electromagnetic field distribution at ED resonance
(λ ¼ 821 nm). (d) Electromagnetic field distribution at MQ
resonance (λ ¼ 730.8 nm).

Fig. 2. Scattering spectra of the nanocuboid with different h, l,
and w ranging from 160 to 30 nm. The inset shows the schematic
diagram of the problem.
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Now, high-efficiency unidirectional scattering is fulfilled
by a single isolated nanocuboid at the resonance fre-
quency. According to characterizing directivity (D) of
the antenna[2],

D ¼ 4πMax½pðθ;φÞ�
Prad

; Prad ¼
Z
Ω
pfθ;φÞdΩ; (5)

where Prad is the integrated radiated power, θ and φ are
spherical angles, and pðθ;φÞ is the radiated power in the
given direction θ and/or φ. Here, for the nanocuboid, the
directivity (D) is about 3.0463 from Fig. 3(b) and 3.1114
from Fig. 4(b) at the resonance frequency compared to
2.049 and 2.117 at the off-resonance frequency shown in
Figs. 3(c) and 4(c). The backward scattering of case (2),
shown in Figs. 4(b) and 4(c), is not completely diminished
compared to case (1), which is shown in Fig. 3(b).

The reason might be that the MQ resonance at 338 nm
is so close to the dipole resonance at 354 nm that it will
contribute to the far-field scattering, thus leading to an
unpleasant scattering pattern. From Fig. 4(c), it can be
clearly seen that the MQ resonance greatly modifies the
scattering patterns at 343 nm.

The directivity of a single isolated nanocuboid,
however, is not high as we want, and the frequency of
the unidirectional scattering is confined at a very narrow
resonant region, which may hinder further possible appli-
cations. Inspired by the work in Refs. [35,41], the directiv-
ity of an antenna can be improved by arranging the
nanoparticles in a chain. Now, we arrange the nanocuboid
with l ¼ 160 nm, w ¼ 160 nm, and h ¼ 72 nm into a lin-
ear trimer with a 30 nm gap. The trimer is illuminated by a
plane wave with an x-polarized electric field from the
þz-direction in free space. From the transmittance spectra
shown in Fig. 5(a), the trimer is highly transmissive over a
wide frequency band in the resonance region. After further
calculation, in Fig. 5(b), over 95% of energy is scattered
forward, from 730 to 890 nm, which means that 160 nm
bandwidth high-efficiency unidirectional scattering is
obtained. Figures 5(c) and 5(d) shows the far-field scatter-
ing pattern; the directivity (D ≈ 3.8078) is enhanced com-
pared to an isolated nanocuboid.

In conclusion, we demonstrate that the ED resonance
and MD resonance of a single isolated nanocuboid can
be spectrally tuned to overlap with each other by varying
the aspect ratio of the nanocuboid. The ability to tailor
the ED resonance and MD resonance provides an
opportunity to control the far-field scattering pattern.
High-efficiency unidirectional scattering at the resonance

Fig. 3. (a) Scattering spectra of the nanocuboid with l ¼ w ¼
160 nm and h ¼ 72 nm. The inset shows the schematic diagram
of the geometry. The far-field scattering pattern at (b) the
resonance frequency (λ ¼ 693 nm) and (c) the off-resonance fre-
quency (λ ¼ 800 nm).

Fig. 4. (a) Scattering spectra of the nanocuboid with h ¼ w ¼
160 nm and l ¼ 32 nm. The inset shows the schematic diagram
of the geometry. The far-field scattering pattern at (b) the
resonance frequency (λ ¼ 354 nm) and (c) the off-resonance fre-
quency (λ ¼ 343 nm).

Fig. 5. (a) Transmittance of forward scattering (red line) and
backward scattering (blue line) of 30 nm gap. (b) Ratio of for-
ward scattering to total scattering. Red solid line corresponds to
the case of the 30 nm gap, the dark blue corresponds to the 20 nm
gap, the light blue to the single isolated nanocuboid, and the
dashed line to the ratio of 95%. Far-field scattering pattern at
777.4 nm in (c) xz-plane and (d) yz-plane. The inset shows
the schematic of the problem.
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frequency can be obtained by the nanocuboid through two
ways: (1) shrink the side parallel to k with aspect ratio
1∶1∶0.45, and (2) shrink the side parallel to E with aspect
ratio 0.2∶1∶1. By arranging the nanocuboid into a linear
trimer, a bandwidth of 160 nm unidirectional scattering
with a higher directivity of 3.8 is achieved. This work
may offer a way for designing very efficient and low-loss
optical nanoantennas, but first, further experimental work
will need to be done.
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