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We theoretically investigate the optical properties of dimers consisting of a gold nanosphere and a silicon
nanosphere. The absorption spectrum of the gold sphere in the dimer can be significantly altered and
exhibits a pronounced Fano profile. Analytical Mie theory and numerical simulations show that the
Fano profile is induced by constructive and destructive interference between the incident electric field
and the electric field of the magnetic dipole mode of the silicon sphere in a narrow wavelength range.
The effects of the silicon sphere size, distance between the two spheres, and excitation configuration on
the optical responses of the dimers are studied. Our study reveals the coherent feature of the electric
fields of magnetic dipole modes in dielectric nanostructures and the strong interactions of the coherent
fields with other nanophotonic structures.
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1 Introduction

Dielectric nanostructures have recently attracted consid-
erable interest, as they exhibit strong optical responses,
and their material losses are low [1–3]. The strong opti-
cal responses typically arise from different magnetic and
electric modes, which are leaky geometrical resonances.
These optical properties make dielectric nanostructures
attractive for many photonic applications such as opti-
cal antennas [4, 5], metasurfaces or metamaterials [6–8],
solar cells [9], and structural colors [10]. The building
blocks for these applications are typically simple dielec-
tric nanoresonators with different geometric shapes, such
as spherical particles [11, 12], cylinders or disks [13, 14],
and nanoblocks [15]. Complete understanding of the op-
tical responses of these simple resonators is essential for
better realizing the above photonic functionalities.

The optical properties of individual simple nanores-
onators have been extensively investigated [11–15]. Low-
order electric and magnetic resonances can be readily ex-
cited in these structures, for example, the electric dipole
(ED) and magnetic dipole (MD) modes. Many optical
phenomena involving interaction of the electric and/or

magnetic resonant modes in dielectric nanostructures
have been demonstrated, such as magnetic near-field en-
hancement [16, 17], directional scattering [18, 19], and
Fano resonances [20–24]. The couplings between the op-
tical responses of dielectric nanostructures and the sur-
face plasmon resonances of metal nanostructures have
also been investigated, and directional scattering [25–
27] and Fano resonances [28, 29] have been observed.
Fano resonances in photonic nanostructures usually in-
volve constructive and destructive interference between
broad and narrow spectral responses [30].

In this work, we theoretically investigate the optical
properties of dimers consisting of a gold (Au) nanosphere
and a silicon (Si) nanosphere. The ED and MD modes
of the Si sphere are spectrally covered by the Au inter-
band transitions. In such a dimer, the absorption spec-
trum of the Au sphere is changed greatly and exhibits a
Fano profile in which the plane wave propagates from one
sphere to the other. Analytical Mie theory and numerical
simulations show that the magnetic dipole polarizability
varies dramatically from a negative minimum value to a
positive maximum value in a narrow wavelength range
around the MD mode of the Si sphere. This variation
causes constructive and destructive interference between
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the incident electric field and the electric field of the
MD mode, and induces the Fano profile in the Au ab-
sorption spectrum. The effects of the size of the silicon
spheres and the distance between the two spheres on the
Fano resonances are studied. The optical responses of
dimers with different excitation configurations are also
considered. Our study reveals the coherent properties of
the electric field associated with the MD modes in di-
electric nanostructures and the strong modifications of
the optical responses of other nanophotonic structures
nearby. These features may find applications in compos-
ite nanophotonic devices including photon–exciton hy-
brid nanostructures [31, 32].

2 Results and discussion

Figure 1(a) shows a schematic of a dimer system with
a plane wave as the excitation source. The optical re-
sponses are calculated using commercial finite-difference
time-domain (FDTD) software (Lumerical FDTD). The
dielectric constants of Si and Au are taken from Palik’s

book [33]. Figure 1(b) shows the scattering and absorp-
tion spectra of individual Au and Si spheres. The radii
of the Au and Si spheres are 40 and 50 nm, respectively.
For the Au sphere, the absorption cross section is much
larger than the scattering cross section. There is an elec-
tric dipole plasmon resonance near λ = 510 nm. The
interband transitions in the Au material contribute to
the responses below λ ≈ 500 nm. There are two main
peaks in the spectra of the Si sphere. They correspond
to an ED resonance (λ ≈ 400 nm) and an MD resonance
(λ ≈ 465 nm).

Figure 1(c) shows the optical responses of a coupled
dimer, where the wave vector is along the −x direction.
The ED and MD resonance lineshapes of the Si sphere
are weakly affected in the dimer. However, the absorp-
tion spectrum of the Au sphere is greatly modified, and
an obvious Fano-like profile can be observed around the
MD resonant wavelength of the Si sphere. When the wave
vector of the light is along the +x direction [Fig. 1(d)],
the Au sphere also shows a Fano-like response similar
to that in Fig. 1(c). Note that the absorption spectrum
of the entire dimer barely shows a Fano-like feature, as

Fig. 1 (a) Schematic of a coupled system. The origin of the coordinates is chosen as the center of the Si sphere. (b)
Scattering and absorption cross section spectra of individual Au and Si spheres. The radii of the Au and Si spheres are 40
and 50 nm, respectively. (c, d) Absorption cross section spectra of Au and Si spheres in the coupled structure. The surface
distance is 10 nm. The results for individual spheres are also shown for comparison. The wave vectors of the plane waves in
(c) and (d) are in the −x and +x directions, respectively.
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it is dominated by the Si sphere, and the absorption of
the Si sphere is modified slightly in the dimer. The inter-
band transitions of the Au sphere can be excited by both
the electric field associated with the light source and the
MD mode of the Si sphere. Thus, understanding the rel-
ative phase between the incident field and the field scat-
tered by the Si sphere is important to explain the above
Fano-like resonances. We will use the Mie scattering the-
ory to describe the optical responses of an individual Si
nanosphere.

Consider a Si nanosphere with a radius R and com-
plex refractive index m = n1 + in2 placed in vacuum.
The excitation light is a plane wave with wavelength λ
and wave vector k = 2π/λ. Owing to the small size of
the sphere (R ∼ 50 nm) compared to the wavelength
λ (kR ≪ λ), the resonant modes are dominated by the
ED and MD modes within the visible wavelength range.
The electric and magnetic dipole moments can be written
as p = ε0εsαEE and m = (µ0µs)

−1αMB, where ε0(εs)
and µ0(µs) are the permittivity and permeability of vac-
uum (the sphere), respectively. Further, αE and αM are
the electric and magnetic polarizabilities of the sphere,
respectively. E and B are the external excitation fields.
The polarizabilities can be rewritten as [34, 35]

αE =
α
(0)
E

1− i k3

π3α
(0)
E

, αM =
α
(0)
M

1− i k3

π3α
(0)
M

, (1)

where

α
(0)
E = −6π

k3
tanα1, and α

(0)
M = −6π

k3
tanβ1. (2)

Further, α1 are β1 the scattering phase shifts satisfying

tanαn = −m2jn(y)[xjn(x)]
′ − jn(x)[yjn(y)]

′

m2jn(y)[xyn(x)]′ − yn(x)[yjn(y)]′
,

tanβn = − jn(y)[xjn(x)]
′ − jn(x)[yjn(y)]

′

jn(y)[xyn(x)]′ − yn(x)[yjn(y)]′
, (3)

where x = kR = 2πR/λ, and y = mx · jn(x) and
yn(x) are the spherical Bessel and Neumann functions,
respectively. The extinction and scattering cross sec-
tions can be written in terms of αM and αE as σext =
kIm(αM+αE) and σS = k4(|αM|2+ |αE|2)/(6π), respec-
tively. The cross sections calculated using these formulas
agree well with those calculated directly by the FDTD
method (data not shown). Thus, Eqs. (1)–(3) in the limit
of x ≪ 1 are good approximations for our system. Note
that the Rayleigh limit (y ≡ m2πR/λ ≪ 1) cannot be
satisfied by our system. The cross sections calculated
using the Rayleigh limit, where α

(0)
E |y≪1 ≈ 4πR3(m2 −

1)/(m2 + 2), α
(0)
M |y≪1 ≈ 4πR3(m2 − 1)k2R2/30, show

poor agreement with the FDTD results. Thus, we will
use Eqs. (1)–(3) to study the optical properties of a Si
nanosphere analytically.

Figure 2(a) shows the magnetic dipole polarizabil-
ity αM of a Si sphere (R = 50 nm) calculated by
Eqs. (1)–(3). Re(αM) shows an antisymmetric shape
around Re(αM) = 0, and the Re(αM) = 0 point cor-
responds to the MD resonance peak. Im(αM) shows a
symmetric lineshape near the dipole resonance peak with
positive values [Im(αM) > 0]. The results in Fig. 2(a)
indicate that the Fano-like responses of the Au sphere in
Fig. 1 could result from the dramatic variation of Re(αM)
around the MD resonance of the Si sphere.

Let us investigate the responses at λ1 = 455 nm, where
Re(αE) reaches a negative minimum value. The angle of
polarizability is approximated as π for simplicity. Plane-
wave light is coming from right to left (−x direction)
with the electric field along the y axis. The magnetic
dipole moment and the corresponding magnetic field are
in phase. The phase of the rotating electric field associ-
ated with a MD has a π/2 delay compared to the dipole
moment of the MD (

∫
L
Edl = −d

∫
S
BdS/dt). There-

fore, when the plane wave has a maximum electric field
in the −y direction at x = −λ1/4 ≈ −111 nm, which
has a π/2 spatial phase difference from the center of Si
sphere at x = 0, the induced rotating electric field as-
sociated with the MD resonance reaches the maximum
value in the clockwise direction. As a result, destructive
interference occurs between the incident electric field and
the induced electric field of the Si sphere around both
x = −λ1/4 and x = λ1/4. Our direct FDTD calculations,
as shown in Figs. 2(c)–(e), agree well with the above
analysis based on analytical Mie theory [Fig. 2(a)]. For
the Si sphere with positive polarizabilities [Re(αM) > 0],
the discussion is similar to that for Re(αM) < 0. Take
the wavelength λ2 = 480 nm, for example. We now
have constructive interference around both x = −λ2/4
and x = λ2/4. Direct FDTD calculations also support
this analysis [Fig. 2(f)]. The Au sphere is placed 100
nm from the Si sphere in Figs. 1(c) and (d), where this
distance is nearly one-fourth of the magnetic dipole reso-
nance (≈ λ1/4, λ2/4). Thus, we obtain constructive and
destructive interference between the excitation light and
the light scattered by the Si sphere in a narrow wave-
length range, which induces a Fano profile in the ab-
sorption spectrum of a nearby Au nanosphere (along the
propagation direction of the light).

Figure 2(b) shows the electric dipole polarizability αE
of the same Si sphere calculated by Eqs. (1)–(3). Both
Re(αE) and Im(αE) are positive, and the angle θE of
the polarizability is between 0 and π/2. In this θE range,
Fano resonance between the excitation light and the light
scattered by the Si nanosphere cannot occur. Thus, a
Fano profile is not observed in the Au spectra near the
ED resonance (λ3 ≈ 400 nm) of the Si sphere [Figs. 1(c)
and (d)]. This polarizability behavior differs from that of
plasmonic nanoparticles, where the real part of the po-
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Fig. 2 Polarizability and near-field properties of a Si sphere of radius 50 nm in vacuum. (a) Magnetic electric polarizability
αM and (b) electric polarizability αE of the Si sphere. The corresponding angles of the polarizabilities are also shown. (c)
Simulated electric field vector of a light source at λ1 = 455 nm. (d) Simulated scattered electric field vector of the Si sphere
at λ1 = 455 nm. The white dashed line denotes the Si sphere. (e) Simulated total electric field enhancement of the Si sphere
at λ1 = 455 nm. (f) Simulated total electric field enhancement of the Si sphere at λ2 = 480 nm.

larizability can vary from positive to negative values [36].
Near the ED resonance (λ3 ≈ 400 nm), the Au sphere
shows different absorption behavior under the two types
of excitation [Figs. 1(c) and (d)]. This difference can be
explained by the polarizability properties in Fig. 2(b).
The phase delay between the electric dipole moment and
the excitation light is θE, and the spatial phase difference
between the two spheres is π/2(λ3/4). The electric field
generated by an ED of the Si sphere is opposite to the
electric dipole moment (π phase delay). Thus, for the
configuration shown in Fig. 1(d), the induced electric
field from the Si sphere has a phase delay of (θE−π/2+π)
at the position of the Au sphere. This phase difference
corresponds to destructive inference between the incident
field and the induced field of the Si sphere. Thus, the
Au absorption is reduced when the Si sphere is present.
For the configuration in Fig. 1(c), the discussion is the
same as the above, but constructive inference between
the incident field and the induced field of the Si sphere
can be obtained. The Au absorption is increased when
the Si sphere is present.

The Fano resonance of the Au sphere is tunable by

shifting the MD mode of the Si sphere. Figure 3(a) shows
the absorption spectra of individual Si spheres of differ-
ent sizes. Both the MD and ED modes show redshifts
with increasing radius. The corresponding absorption
spectra of a Au sphere in the dimers with the above Si
spheres are shown in Fig. 3(b). The excitation plane
wave is propagating from the Si sphere to the Au sphere.
The surface distance between the two spheres is fixed
at 10 nm. The position of the Fano resonance closely
follows the MD mode of the Si sphere and is obviously
redshifted with increasing size of the Si sphere. In con-
trast to the Si sphere size, the distance between the two
spheres has little effect on the Fano resonances of the
system. We calculated dimers with surface distances of
0 to 30 nm, where the other parameters were the same
as those in Figs. 1(c) and (d). The absorption spectrum
of the Au sphere changed little when the distance was
adjusted from 0 to 30 nm (data not shown).

The optical responses of the dimers under different
excitation configurations are also investigated (Fig. 4).
Figure 4(a) shows the absorption spectra of the dimer
with the polarization of the incident light along the x
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Fig. 3 (a) Absorption cross section spectra of individual Si spheres with radii varying from 35 to 55 nm. (b) Absorption
cross section spectra of Au sphere in dimer structures. The radius of the Au sphere is 40 nm. The radius of the Si sphere
varies from 35 to 55 nm. The wave vector of the excitation light is along the +x direction, as shown in the insets.

Fig. 4 Absorption spectra of Au and Si spheres in dimers with different excitation configurations. The geometries are the
same as that in Fig. 1. (a) Polarization of the incident light is along the x axis. (b) Polarization and wave vector of the
incident light are along the z and y axes, respectively.

axis. The absorption spectrum of the Au sphere does
not exhibit Fano resonance, but its magnitude is greatly
enhanced in a broad wavelength range. This enhance-
ment is caused by both the ED and MD resonances of
the Si sphere. For the MD resonance, the induced electric
field is perpendicular to the excitation field near the Au
sphere. For the ED resonance, the induced electric field
is in phase with the excitation field near the Au sphere.
Thus, the total field is always larger than the excitation
field in a broad range. Figure 4(b) shows the case where
the polarization and wave vector of the incident light
are along the z and y axes, respectively. The absorp-
tion spectrum of the Au sphere does not exhibit Fano
resonance, and its magnitude becomes smaller. Near the
MD mode, the total field enhancement near the center of
the rotating electric field of the MD mode is lower than
the excitation field. The electric field of the ED mode
undergoes destructive interference with the incident field
[Fig. 2(b)]. Thus, the total electric field is lower than the
excitation field in a broad range.

3 Conclusions

In conclusion, a Fano profile has been found in the ab-
sorption spectrum of a Au nanosphere in a dimer con-
sisting of a Au nanosphere and a Si nanosphere, where
the excitation plane wave propagates from the Au sphere
to the Si sphere, or in the opposite direction. We con-
ducted both Mie theory analysis and numerical simula-
tions, and found that the Fano profiles are induced by
constructive and destructive interference between the ex-
citation electric field and the induced electric field of the
MD mode of the Si sphere in a narrow wavelength range.
The ED mode of the Si sphere cannot induce Fano res-
onance in the absorption spectrum of the Au sphere in
this dimer. As the size of the Si sphere increases, the
Fano resonance is redshifted because the MD mode of the
Si sphere is redshifted. The Fano resonance is affected
only slightly by the distance between the nanospheres
(0–30 nm). The optical responses of dimers with other
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excitation configurations (polarization and propagation
directions) were discussed in addition, where Fano res-
onance has not been observed. It is difficult to directly
measure the absorption spectrum experimentally; fur-
thermore, the Au sphere is only part of the dimer. How-
ever, the Fano feature of the electric field interference
should be verified by photoemission electron microscopy
or near-field scanning optical microscopy. Our study re-
veals the coherent spatial and spectral properties of the
electric field associated with the MD modes in dielectric
nanostructures and their strong interactions with other
nanophotonic structures nearby. These properties may
find applications in composite nanophotonic devices.
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