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T
he study of light scattering by small
particles has a long history and is of
fundamental significance in different

branches of physics, such as sensing, solar
cells, optical communications, etc. Nanopar-
ticles have found wide applications for bio-
medical labeling, impacting strongly on
fields such as biology and medical re-
search.1�5 Recently fostered by the flourish-
ing fields of plasmonics and metamaterials,
various novel scattering phenomena have
been demonstrated, for example, cloaking,6

superscattering,7,8 control of the direction
of the scattered light,9,10 nonlinear second
harmonic scattering,11 and artificial antiferro-
magnetism.12 It is also shown that light scat-
tering can be significantly enhanced with the
incorporation of gain materials, based on
which deep subwavelength nanoscale lasing
could be achieved.13�15

For many applications based on the
mechanismof resonant light scattering, such
as nanoantennas,16,17 sensing with nano-
particles,18 and photovoltaic devices,4 usu-
ally broadband unidirectional scattering is
required or preferred. However, for light
scattering by particles at resonant wave-
lengths, usually only one specific mode is
dominantly excited. Consequently, two
typical features of the scattering patterns
are exhibited: (i) light will be scattered
symmetrically in backward and forward
directions,1 and (ii) the excited mode will
have a different orientationdependingon the
polarization of the incident wave, resulting in
azimuthally asymmetric scatteringpatterns.1,19

To suppress the unwanted backward scat-
tering (reflection) and enhance the direc-
tional forward scattering, an extra reflector
or coupled item,16,17,20�24 an extended
substrate,24�27 Fabry-Pérot resonator-like
structures,26,28 and/or complicated structure
engineering29,30 are usually employed. It
was theoretically predicted that a magnetic

particle can exhibit unidirectional scat-
tering31�33 without involving complicated
structures or an extra reflector. However,
the high loss and limited operating wave-
lengths of magnetic materials can prevent
the broadband unidirectional scattering
and hinder possible practical applications.
Although it is shown that the backward
scattering suppression can be achieved
in a single high permittivity sphere,34,35

or in simple structures with anisotropic
materials,36,37 the operating spectral re-
gime is far from the resonant region and
the scattering is generally weak in all
directions,34,35 without significant forward
scattering enhancement.
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ABSTRACT Core�shell nanoparticles

have attracted surging interests due to their

flexibly tunable resonances and various

applications in medical diagnostics, biosen-

sing, nanolasers, and many other fields. The

core�shell nanoparticles can support simul-

taneously both electric and magnetic reso-

nances, and when the resonances are

properly engineered, entirely new proper-

ties can be achieved. Here we study core�
shell nanoparticles that support both elec-

tric and artificial magnetic dipolar modes, which are engineered to coincide spectrally with the

same strength. We reveal that the interferences of these two resonances result in azimuthally

symmetric unidirectional scattering, which can be further improved by arranging the

nanoparticles in a chain, with both azimuthal symmetry and vanishing backward scattering

preserved over a wide spectral range. We also demonstrate that the vanishing backward

scattering is preserved, even for random particle distributions, which can find applications in

the fields of nanoantennas, photovoltaic devices, and nanoscale lasers that require backward

scattering suppressions.

KEYWORDS: Mie scattering . core�shell nanoparticle . dielectric magnetic
response . coupling of electric and magnetic dipoles . broadband unidirectional
scattering
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In this paper, we demonstrate the suppression of the
backward scattering and enhancement of the forward
directional scattering by superimposing electric and
artificial magnetic dipolar responses of core�shell
nanoparticles. We achieve azimuthally symmetric
broadband unidirectional scattering using the (metal)
core�(dielectric) shell nanoparticle structures without
magnetic materials or extra reflectors being involved.
Each nanoparticle is effectively magneto-electric as it
supports orthogonal electric dipole (ED) and artifi-
cial magnetic dipole (MD) resonances, which can be
engineered to coincide spectrally with the same
strength.38,39 The electric and magnetic dipoles have
the same strength, and they can interfere destructively
in the backward direction and constructively in the
forward direction. Therefore, azimuthally symmetric
unidirectional scattering can be achieved even for a
single particle. Furthermore, we show that the direc-
tionality can be additionally enhanced in a chain of
such particles. Although there is a trade-off between
energy confinement and directionality for different
interparticle distances, the properties of vanishing
backward scattering and azimuthal symmetry are al-
ways preserved. At the end, we demonstrate that the
operating spectral regime of the unidirectional scatter-
ing is broadband and the feature of vanishing
backward scattering is preserved, even for a random
ensemble of such magneto-electric core�shell
particles.

RESULTS AND DISCUSSION

The scattering of a spherical particle (see Figure 1a)
(single-layered or multilayered) can be solved ana-
lytically using Mie theory.1,40 The effective electric
and magnetic dipolar polarizabilities can be ex-
pressed as1

Re
1 ¼ 3i

2k3
a1, Rm

1 ¼ 3i
2k3

b1 (1)

where a1 and b1 are Mie scattering coefficients,
which correspond to electric and magnetic dipole
moments, respectively, and k is the angular wave-
number in the background material (vacuum in our
case). In Figure 1b, we show the scattering efficiency
spectra including the total scattering � total scat-
tering cross section divided by the geometrical
cross section of the particle (blue line) and the
scattering contribution from a1 (red line) of a silver
sphere with a radius R = 68 nm, illuminated by a
linearly polarized (along x) plane wave, as shown in
Figure 1a. For the permittivity of silver, we use the
experimental data from ref 41. It is clear that the
sphere can be approximated as an electric dipole for
the wavelength range under consideration. The
scattering patterns at the resonant wavelength of
440 nm are shown on the right of Figure 1c for both
p (line with crosses) and s (solid line) polarizations

[scattering plane parallel (j = 0) and perpendicular to
the polarization (j = 90�) of the incident plane wave,
respectively]. The three-dimensional (3D) scattering pat-
tern is shownon the left of Figure 1cwith a part cut off for
better visibility. Two typical features of the scattering by a
single dipole are seen: (i) azimuthal asymmetry and (ii)
symmetry in the backward and forward directions. We
note that the spherical symmetry of the silver sphere
does not guarantee azimuthally symmetric scattering
because the sphere has only dominant electric response.
In contrast, in Figure 1d, we show the scattering

efficiency spectra for a core�shell nanoparticle (total
and the contribution from a1 and b1) with a silver core
anddielectric shell of refractive indexn=3.4 (e.g., GaAs, Si,
or Ge) with an inner radius R1 = 68 nmand an outer radius
R2 = 225 nm (inset). Considering that a1 and b1 corre-
spond to the first-order electric and magnetic eigen-
modes of the core�shell nanoparticle, respectively, the
core�shell nanoparticle can be effectively viewed as a
combination of a pair of orthogonal electric andmagnetic
dipoles. We note here that spherical symmetry leads to
theorthogonality of the twomodes, and thus they are not
coupled to each other.42 Due to the orthogonality, it is
possible to superimpose these two modes spectrally. To
match the strength of the electric and magnetic dipoles
with the same strength, further geometric tuning (change
of the radius aspect ratios) is required.38,39 For most
structures that do not exhibit specific symmetries,42

although both electric and magnetic resonances
are supported, they are coupled to each other and
therefore the resonances are spectrally separated.
Due to the coexistence of ED and MD resonances,
different from a single metal sphere, the core�shell
nanoparticle is effectively a magneto-electric scat-
terer according to eq 1.
When higher order mode excitation is negligible

(an = bn = 0, ng 2), the normalized scattering intensity
(NSI, which corresponds to the scattering intensity
normalized by the intensity of the incident wave1) of
a spherical particle can be derived as

NSI(θ,j) ¼ 9
4k2

[sin2j(a1þb1cosθ)
2 þ cos2j(a1cosθþb1)

2]

(2)

When there is no dipolar magnetic response (b1 = 0), as
for the case of a silver sphere in Figure 1b, the scattering
intensity is NSI(θ,j) = (9/4k2)a1

2(sin2 j þ cos2 j cos θ2),
which results in a typical scattering pattern of an electric
dipole, as shown in Figure 1c. However, when there are
equal dipolar electric and magnetic responses (b1 =
a1 = c), as for the core�shell nanoparticle shown in
Figure 1d, the scattering intensity is simplified to

NSI(θ) ¼ 9
4k2

c2(1þcosθ)2 (3)

where the j dependence is eliminated, indicating
that the scattering is azimuthally symmetric, as
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shown in Figure 1e. Also according to eq 3, the
forward scattering intensity is NSI(0) = 9c2/k2, which
is enhanced, and the backward normalized scatter-
ing intensity is NSI(π) = 0, which is canceled. The
enhancement and cancelation of the scattering
originates from constructive and destructive inter-
ference of the electric and magnetic dipoles, respec-
tively.
Up to now, we have demonstrated azimuthally

symmetric unidirectional scattering using a single
core�shell nanoparticle (eq 3 and Figure 1e). To
further enhance the directionality, we employ a
one-dimensional chain of such particles with a chain
axis parallel to the propagation direction of the
incident plane wave (Figure 2a), where the interpar-
ticle distance is d. To characterize the directionality
of the scattering, we define the main lobe angular
beamwidth R, as shown in Figure 2b, which corre-
sponds to the full width at half-maximum of the
scattering intensity. To investigate theoretically the
scattering of the chain, each core�shell nanoparticle
is treated as a combination of orthogonal ED and MD
with polarizabilities described by eq 1. The chain
comprises N such particles, and the ith particle,
located at the position of ri, has an electric moment
di and a magnetic moment mi. According to the
coupled dipole approximation (CDA) involving both

electric and magnetic dipoles43,44

di ¼ Re
1E

0
i þRe

1 ∑
j 6¼i

j¼ 1:N
(Edji þ E

mj

i )

mi ¼ Rm
1 H

0
i þRm

1 ∑
j 6¼i

j¼ 1:N
(Hdj

i þH
mj

i )

(4)

where Ei
0 and Hi

0 are the electric and magnetic fields
of the incident wave at position ri, respectively; Ei

dj

and Hi
dj are electric and magnetic fields of radiation

of dj at ri, respectively; Ei
mj and Hi

mj are the fields of
radiation ofmj at ri. By solving eq 4, both the electric
and magnetic moments of each particle can be
obtained and then the scattering pattern can be
found as the superposition of the radiations of all
the 2N interacting dipolar moments.
The symmetry of Maxwell's equations guarantees

that in eq 4 di and �mi, Ei and �Hi are exchangeable
when R1

e = R1
m. This means that each particle in the

chain will have electric and magnetic moments of the
same strength, thus leading to unidirectional scatter-
ing, similar to an isolated core�shell nanoparticle.
Considering also the azimuthal symmetry of the struc-
ture, the whole chain will scatter light unidirectionally
independent of the azimuthal angle. In Figure 2b�d,
we show the scattering patterns at arbitrary scattering
planes by a chain with particle number N = 2, 3,
and 10, according to eq 4. The operating wavelength

Figure 1. Scattering of an incident plane wave by a spherical particle. The electric field is polarized along x, and the wave is
propagating along z. (b) Scattering efficiency spectra (total and the contribution from a1) for a Ag sphere (inset) with a radius
of 68 nm. (c) Left: corresponding 3D scattering pattern at the resonant wavelength of 440 nm (with a part cut for bettering
viewing). Right: scatteringpattern for both s (solid line) andp (linewith crosses) polarizations. (d) Scattering efficiency spectra
(total and the contributions from a1 and b1) for a core�shell nanoparticle (inset) with an inner radius of 68 nm and an outer
radius of 225 nm. The core is silver, and shell is dielectric with n = 3.4. (e) Left: corresponding 3D scattering pattern at the
resonant wavelength of 1550 nm. Right: scattering patterns for both p and s polarizations. In (c) and (e), the maximum
normalized scattering intensity is shown in green on the side, as is the case for other figures below.
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is λ = 1550 nm, which is approximately the resonant
wavelength of a single core�shell nanoparticle
(Figure 1d), and the interparticle distance is fixed at
d = 700 nm. It is clear from Figure 2b�d that, by
increasing the number of particles, the main lobe
beamwidth will decrease, indicating a better direction-
ality. The dependence of R on the particle number is
shown in Figure 2e for N up to 400. In Figure 2f, we also
show the normalized scattering intensity in forward and
backward directions for different numbers of particles in
the chain. These dependencies confirm that the vanish-
ing backward scattering feature is robust with increased
particle number N and the forward scattering is
enhanced for larger N. To verify the CDA results, we
also perform three-dimensional finite-difference time-
domain (FDTD) simulations of the chains, with the
results shown in Figure 2b�d (crosses). It is seen that
the FDTD results agree well with the CDA predictions,
justifying the claim of azimuthally symmetric unidirec-
tional scattering with enhanced directionality. Note
here that we do not use forward�backward ratio to
characterize the scattering, which is impractical in our
case, as this ratio is practically infinite, as shown in
Figure 2b�d. We note here that the mechanism of the
directionality enhancement by the nanoparticle array
is basically the same as that of Yagi-Uda antennas,
where the interferences plays a major role.16,20

However, in contrast to the conventional Yaga-Uda
antennas, in our structures, the backward scattering is
suppressed automatically based on the special feature
of each nanoparticle, without the need of extra reflec-
tors to reflect the backward radiation.
As a next step, we investigate the dependence of the

scattering by the chain on the interparticle distance d.
We fix N = 4 and λ = 1.55 μm. In Figure 3a�c, we show
both the CDA (solid line) and FDTD (crosses) results of
the scattering patterns for three interparticle distances:
d = 450 nm (touching particles), 700 nm, and 1200 nm,
respectively. Figure 3d shows the dependence of R on
d for the range of 450 to 1200 nm (both FDTD and CDA
results are shown). It is clear that, when d > 650 nm, the
CDA results are in excellent agreement with the FDTD
simulations, indicating the validity of the coupled
dipole approximation. In the regime of d < 650 nm,
the CDA results agree only qualitatively with the FDTD
simulations, showing accurately the trend that, with
decreasing d, R increases, displaying worse direction-
ality. The discrepancies come from the dipole approx-
imation of spherical particles (eq 1), which is based on
the far-field scattering effect,1,38 while the near-field
features of spherical particles cannot be fully captured
by the dipole approximation. Viewing the core�shell
nanoparticle as combined dipoles will reflect the cou-
pling with high accuracy when they are well separated

Figure 2. (a) Chain of core�shell nanoparticles with interparticle distance d. The chain axis is parallel to the propagation
direction of the incident plane wave. (b�d) CDA (solid line) and FDTD (crosses) results of the scattering pattern (arbitrary
scattering plane) by a chain of such particles with N = 2, 3, and 10 particles, respectively. The wavelength is λ = 1550 nm and
d= 700 nm. Themain lobe beamwidthR is defined and shown in (b). (e) Main lobe beamwidthR and (f) forward and backward
normalized scattering intensity versus particle numbers in the chain. The parameters of a single nanoparticle are the same as
in Figure 1.
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(d > 650 nm). However, when the particles are closer to
each other and the near-field coupling is more pro-
nounced, the dipole approximation can only give
qualitative trend. In Figure 3d (inset), we show the
near-field distributions (electric field) for four core�
shell nanoparticles of two interparticle distances,
which show clearly stronger near-field coupling for
smaller d. We emphasize that, even for touching
particles [Figure 3d (top inset)], the dipole moments
are still dominant. This is because, within each core�
shell nanoparticle, the electric dipole is a result of a
surface plasmon mode, with the fields confined at the
interface of core and shell, while themagnetic dipole is
a result of a cavity type mode in the high permittivity
shell,1,45 with most of the fields confined within the
shell. Thus, the fields outside the core�shell particle
are relatively small, resulting in a weak interparticle
coupling. Therefore, the dipolemoments remain domi-
nant irrespective of interparticle distances [Figure 3d
(inset)]. At the same time, due to the symmetry of
eq 4, the dominant electric and magnetic dipole
moments of each particle have the same strength,
and this guarantees that the features of azimuthally
symmetric scattering and vanishing backward scat-
tering are robust against different interparticle dis-
tances (Figure 3a�d), which are preserved even for
touching particles (Figure 3a).

According to Figure 3d, there is a clear trend that
smaller distance d will lead to worse directionality and
larger distance d can enhance the directionality. This
feature can be intuitively understood simply through
considering the far-field interference of the nanoparti-
cles in the array. The phase delay between adjacent
nanoparticles is ΔΦ = kd(1 � cos θ), which indicates
that in the forward direction θ = 0 all dipoles interfere
constructively. As such, the scattering intensity is al-
ways strongest in the forward direction (Figure 2b�d).
At the same time, better directionality means destruc-
tive interference for smaller θ, which requires larger d
to produce sufficient phase delay. Here we also em-
phasize the trade-off between the energy confinement
and directionality for the chain with different d.
Although larger d will lead to better directionality
(Figure 3), when d > λ/2, the phase delay between
adjacent nanoparticles will be sufficient to support
collective grating diffractions, leading to significant
energy leakage into other directions (Figure 3c). The
angle of the first diffraction order is β = arccos(1� λ/d),
which corresponds to 107� and 253�when d= 1200 nm
and λ = 1550 nm. As shown in Figure 3c, there is
significant energy leakage into both of these directions
due to the grating effect. On the other hand, for smaller
d, although there will be worse directionality (Figure 3),
light would be better confined (less leakage to other

Figure 3. (a�c) CDA (solid line) and FDTD (crosses) results of the scattering pattern (arbitrary scattering plane) by a chain of
core�shell nanoparticles with N = 4 and d = 450 nm (touching particles), 700 nm, and 1200 nm, respectively. Two diffraction
angles of 107� and 253� are indicated in (c). (d) CDA and FDTD results of R versus d. Inset: Electric near-field distributions for
two interparticle distances (top) d = 450 nm and (bottom) 500 nm. The parameters of a single particle are the same as in
Figure 1d and λ = 1550 nm.
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channels) as a larger proportion of the Brillouin zone is
located above the light line.46

A key feature of the scattering properties of the
core�shell nanoparticles is their relatively broadband
spectral response. From Figure 1d, one can clearly see
that there is a wide spectral region where a1 and b1
spectrally overlap. According to eq 3, azimuthally
symmetric unidirectional scattering can be achieved
when a1 and b1 coincide and, thus, the main features
should be preserved in the entire overlapping spectral
region. To obtain the spectral response of the scatter-
ing, we fix the number of particles to N = 4 and the
distance between them to d = 700 nm. In Figure 4a�c,
we show the scattering patterns of the chain under
plane wave illumination for three different wave-
lengths in the range of 1.51 to 1.65 μm, covering the
entire C band and L band that are dominantly used in
optical fiber telecommunications.47 Both s (solid line)

and p (circles) polarization scattering patterns are
shown, demonstrating a 140 nm bandwidth of the
unidirectional scattering. For wavelengths outside this
spectral region, a1 and b1 are significantly different
(Figure 1d), and thus both the azimuthal symmetry and
the vanishing backward scattering will be lost accord-
ing to eq 2. We emphasize here that we call the
response broadband in a relative sense because of
the following: (i) Both electric and magnetic dipolar
resonances overlap spectrally over a range that is as
broad as the individual resonances (Figure 1d), over
which the unidirectionally scattering can be achieved.
If the two resonances are not tuned to coincide
spectrally and are effectively separated, the bandwidth
of the unidirectional scattering will also be reduced
and can be quite narrow compared to what we have
achieved in this work. (ii) The achieved spectral regime
covers the entire C band and L band that are primarily
used in optical fiber communications.47

As mentioned above, in eq 4, di and�mi, Ei and�Hi

are interchangeable when R1
e = R1

m. This means that no
matter how the core�shell nanoparticles are randomly
distributed, and no matter what the polarization and
incident angle of the incident plane waves are, the
magnetic and electric moments are of the same mag-
nitude for each particle, thus the backward scattering is
always suppressed. To verify this, in Figure 5, we show
the scattering patterns for two ensemble arrange-
ments. Four core�shell nanoparticles are arranged in
two ways: (i) in the corners and the center of a
equilateral triangle with nearest interparticle distance
d = 700 nm (Figure 5a, left) and (ii) placed randomly in
three-dimensional space (Figure 5b, left). The incident
plane wave is propagating along z and polarized
along x. The azimuthal symmetry of the scattering
pattern is lifted since the ensemble does not possess
azimuthal symmetry anymore. For simplicity in Figure 5,
we only show the CDA (solid line) and FDTD (crosses)
results of the scattering patterns for p polarization. It is
clear that the backward scattering is vanishing for
different particle distributions and should be therefore
vanishing in other configurations, including the ana-
logue of plasmonic oligomers.42,48,49

Figure 4. FDTD results of the scattering pattern of a chain of four core�shell nanoparticles with d = 700 nm for three
operatingwavelengths of 1.51, 1.57, and 1.65 μm. Both s (solid line) and p (circles) polarization scattering patterns are shown.
The parameters of a single core�shell nanoparticle are the same as in Figure 1d.

Figure 5. CDA (solid line) and FDTD (crosses) results of the p
polarization scattering patterns by four core�shell nano-
particles arranged in two ways. In (a), the four particles are
placed on the x�z plane occupying the three corners and
the center of a equilateral triangle with nearest interparticle
distance d=700 nm, and in (b), one nanoparticle is placed at
the center and other three placed at the three axes with
different separations from the center. The parameters of a
single core�shell nanoparticle are the same as in Figure 1.
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CONCLUSIONS
We have studied the scattering properties of (metal)

core�(dielectric) shell nanoparticles and show that
they exhibit azimuthally symmetric unidirectional scat-
tering, which originates from the interference of elec-
tric and magnetic dipolar resonances that coexist with
the same strength within the particle itself. We have
further shown that the directionality of a single core�
shell nanoparticle scattering can be enhanced when
the nanoparticles are arranged in a one-dimensional
chain. For such a chain, there is a trade-off between
energy confinement and directionality for different
interparticle distances; however, the features of van-
ishing backward scattering and azimuthal symmetry
are always preserved irrespective of the interparticle
distances, even when the particles touch each other.
We also show that the operating wavelength range for
unidirectional scattering of the chain spans over a
bandwidth of 140 nm. Furthermore, the suppression
of backward scattering, which comes from the coex-
istence and interference of the magnetic and
electric dipoles of the core�shell nanoparticles, is a
robust effect and persists for random nanoparticle
distributions.
It is worth mentioning that the described features

are valid under excitation of broad Gaussian beam
(compared to the cross sections of the scatter),1 which
provides a feasible path to experimental observation of
the predicted effects. For experimental realization, the
fabrication of particles with a metal core and high-
index dielectric shell is of key importance. Chemical
synthesis of core�shell nanoparticles is well-suited
for practical realizations,50 with numerous examples
where a metal core with a shell of high-index oxides
such as TiO2 or ZrO2 can be routinely synthesized.51 At
the same time, for shells made of materials with a

refractive index higher than 3, such as high-index
semiconductors, one would probably need to resort
to a bottom-up approach, including double inversion
with silicon deposition. Indeed, high-index silicon
shells have already been developed and used for
low-Qwhispering gallerymode cavities.52 Similar shells
might well be applicable for the fabrication of core�
shell nanoparticles considered in this work.
We note that the operating wavelength range of the

core�shell nanoparticles is highly tunable by changing
the core�shell aspect ratios and the permittivity of the
dielectric shell. Furthermore, there is extra freedom
for resonance tuning if anisotropic materials are
involved.36,37 For the nanoparticles studied here, at
the resonant wavelength of λ = 1550 nm, the total
scattering efficiency is approximately 14 and the ab-
sorption efficiency is approximately 0.3. The ratio is
close to 50, which means that a very small proportion
of the total energy is transferred into heat rather than
radiated. For an operating wavelength where the loss
of metal is higher or/and the loss of the dielectric shell
is significant, the absorption efficiency will be higher.
Loss can also change the position and strength of the
resonances of the particles. However, as long as the
two resonances can be tuned to coincide spectrally
with the same strength, the azimuthally symmetric
unidirectional scattering could be achieved. Most im-
portantly, all of our results can be extended to other
particle geometries (rather than spheres) that support
orthogonal electric and magnetic resonance pairs. We
envisage that our findings on reflection suppression
and broadband unidirectional scattering by superim-
posing electric andmagnetic responses will be of great
importance in various fields, especially in the flourish-
ing fields of nanoantennas, photovoltaic devices, and
nanoscale lasers that require reflection suppression.

METHODS
The plane wave (or broad Gaussian beam) scattering by

spherical particles (single-layered or multilayered) can be
solved analytically using Mie theory.1,40 The far-field scattering
of such particles can be expanded into orthogonal electromag-
netic dipolar and multipolar scattering, with Mie coefficients an
and bn (both can be calculated analytically

1,40) corresponding to
electric and magnetic moments, respectively.1,38 For the single
core�shell nanoparticles investigated in this paper, the high-
order scattering is effectively negligible, and the particles can be
viewed as a combination of a pair of orthogonal electric and
magnetic dipoles, with the effective polarizabilities calculated
according to eq 1. The scattering of the core�shell nanoparti-
cles exhibits quite unique features: vanishing backward scatter-
ing and azimuthal symmetry. All of these properties originate
from the coexistence of ED and MD resonances, which coincide
spectrally with the same strength. It is worth mentioning that
the dipole approximation approach we used is based on the
similarity of the far-field scattering pattern.1,38 This approxima-
tion cannot be used to study the near-field properties.
In the coupled dipole approach, we employed a coupled

electric and magnetic dipole approach43,44 shown in eq 4. The
resonant moments of each particle are induced not only by the

fields of the incident wave but also by the scattered fields of the
moments of other particles, which are considered in eq 4. By
solving eq 4, electric and magnetic moments for all of the
particles can be obtained, and thus the far-field scattering
pattern is just a superposition of the fields of all of the dipolar
moments. The specific expressions for scattered fields of both
electric and magnetic moments can be found in refs 43 and 44,
where a specific symmetry is shown: the electric (magnetic) field
scattering matrix of an electric dipole is the same as the
magnetic (electric) field scattering matrix of a magnetic dipole.
This symmetry comes directly from the symmetry of Maxwell
equations, and this guarantees that in eq 4 di and �mi, Ei
and �Hi are exchangeable when R1

e = R1
m. This means that in

an ensemble of randomly interacting particles with the same
electric and magnetic polarizabilities, no matter how the parti-
cles are distributed, the magnetic and electric moments are of
the samemagnitude for each particle. This is consistent with the
results shown in our paper: for a 1D chain of core�shell
nanoparticles with the incident beam propagating along the
chain axis, both the scattering features of azimuthal symmetry
and vanishing backward scattering are preserved. As we men-
tioned above, the dipole approximation of each particle is
based on the far-field scattering similarity. When the particles
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are well separated (d > 650 nm), the coupled dipole approxima-
tion, eq 4, will give results that agree excellently with full wave 3D
simulations. However, when the particles are close to each other,
thedominant inducingfields are thenearfields of theneighboring
particles, which cannot be fully accounted for in the frame of the
dipole approximation. Nevertheless, as for the core�shell
nanoparticles, most of the fields are confined within the particle
with only a small portion outside.39 Therefore, even when the
core�shell nanoparticles are very close together, the coupling is
relatively small. As a result, the dipoles within each core�shell
nanoparticle are still dominant, and the coupled dipole approxima-
tion can give qualitatively good results, even for touching particles.
All of the simulations have been carried out using the finite-

difference time-domain method with the commercial software
Lumerical FDTD Solutions (http://www.lumerical.com/). The ex-
perimental data41 are assigned for thepermittivity of silver, and the
refractive index of the shell is n = 3.4. A total-field scattered-field
plane wave source and six two-dimensional frequency-domain
field monitors are used to calculate the far-field scattering pattern
directly. In simulations, the perfectly matched layer (PML) bound-
ary condition is used for all six boundaries, and we decrease the
mesh size until the results are convergent.
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