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Tunability of Fano resonance in cylindrical core–shell nanorods∗
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The optical properties of cylindrical core–shell nanorods (CCSNs) are theoretically investigated in this paper. The
results show that Fano resonance can be generated in CCSNs, and the wavelength and the intensity at Fano dip can be
tuned respectively by adjusting the field coupling of cavity mode inside and near field on gold surface. The high tuning
sensitivity which is about 400 nm per refractive-index unit can be obtained, and an easy-to-realize tunable parameter is also
proposed. A two-oscillator model is also introduced to describe the generation of Fano resonance in CCSNs, and the results
from this model are in good agreement with theoretical results. The CCSNs investigated in this work may have promising
applications in optical devices.
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1. Introduction
Fano resonance, originated from atomic physics,[1] has

received great interest of researchers in many fields, such
as plasmonics,[2–4] with the development of nanotechnology.
Like it in atomic physics, the emergence of Fano resonance
can be attributed to the coupling of broad resonance and nar-
row resonance supported in plasmonic systems.[5,6] Various
kinds of plasmonic structures have been explored to achieve
Fano resonance,[7–13] and some theoretical models were intro-
duced to explain this optical phenomenon.[14–16] The potential
applications of Fano resonance, such as optical sensors,[17,18]

and nonlinear optical effects enhancement were also investi-
gated extensively.[19] However, noble metals which are often
the vital elements of plasmonic structures owe losses at optical
frequencies.[20] Thus, the generation of Fano resonance in the
coupled dielectric nanoparticles was also studied.[21]

The local surface plasmon resonance (LSPR) supported
by many plasmonic structures is very sensitive to the geometry
of metallic nanoparticle and environment.[22,23] Therefore, it is
entirely feasible to tune the Fano resonance in plasmonic sys-
tems by using the LSPR’s features previously described.[24,25]

Although there were some researches on the tunability of Fano
resonance,[26–29] they mainly focused on the spherical struc-
tures and resonance position adjustment. The tunability of the
intensity of Fano resonance has been rarely studied, but this
characteristic is also important and may be used to design op-
tical nano-logical elements.

In this work, the optical extinction spectra of cylindrical
core–shell nanorods (CCSNs) are theoretically investigated by
using the finite-difference time-domain (FDTD) method. The
Fano resonances are found in the CCSN structures based on
the calculated results. We also find that the position of Fano

resonance can be easily tuned by changing the refractive index
of the dielectric core, and it can also be adjusted by varying
the height of CCSNs. Moreover, the polarization-dependence
is also investigated in this work, because it is easy to control
the polarization of incident light in experiment. More impor-
tantly, it shows that the intensity of Fano resonance indeed can
be controlled and tuned by the polarization of incident light.
Our work can conduce to the potential applications of CCSNs
in optical nano-device design and nonlinear optics.[17–19]

2. Theoretical model

The CCSN is a cylindrical dielectric nanorod coated by
thin gold film. The geometry of the CCSN is shown in Fig. 1.
The yellow part denotes the coated thin gold film, and the co-
ordinate system is also presented there. We can see that the
axial direction of the CCSN is along the x direction. The inci-
dent light propagates along the z direction, and the polarization
is along the CCSN axis firstly.

The extinction spectra of CCSNs are calculated by the
FDTD method. Then the Fano resonance can be analyzed by
extinction spectra and field distribution. By changing the re-
fractive index of the dielectric core, the Fano resonance can be
tuned. The dependence of Fano resonance on the polarization
of the incident light is also explored by extinction spectra. In
the end, a two-oscillator model is introduced to reproduce the
Fano resonance in the CCSN. It is an extension of the classical
two-oscillator model[11] and the motion of the two oscillators
can be described by the following two equations:

ẍ1(t)+ γ1ẋ1(t)+ω
2
1 x1(t)−Ω

2
12x2(t) = F e−iωt cos(θ), (1)

ẍ2(t)+ γ2ẋ2(t)+ω
2
2 x2(t)−Ω

2
12x1(t) = 0. (2)
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The hybridized modes of CCSNs are modeled as the two in-
teracting oscillators with resonance frequencies ω1 and ω2 re-
spectively. The two oscillators are coupled through the co-
efficient Ω12. The oscillator 1 is driven by a harmonic force
F(t) =F e−iωt cos(θ), where θ is the polarization angle of the
incident light. x1 and x2 denote the displacements of oscilla-
tors 1 and 2 from their equilibrium position respectively. The
coupling of the modes in CCSNs is similar to that of the two
oscillators.

x

y

Fig. 1. Schematic diagram of core–shell cylindrical nanorod structure,
where yellow part denotes coated gold thin film on dielectric core, and axial
direction of the nanorod is along x.

3. Results and discussion

We start with examining the extinction spectrum of CC-
SNs. The extinction cross section is obtained by the FDTD
simulations. First, the height and radius of the core of CCSN
are fixed at 76 nm and 30 nm, respectively. The coating gold
film along the axial direction is kept at 7 nm, and at 5 nm along
the radial direction. The incident light is polarized along the
x direction (axial direction). The refractive index of core is
changed from 1.1 to 1.6, in steps of 0.1. The results for the
CCSNs with different cores are presented in Figs. 2(a)–2(e).
It shows that the Fano resonance induced in the CCSN with
the low refractive index (such as n = 1.1 and 1.2 shown in
Figs. 2(a) and 2(b)) core is too weak to be noticed. There
is a distinct Fano resonance around 750 nm in the extinc-
tion spectrum of the CCSN with n = 1.3 shown in Fig. 2(c).
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Fig. 2. Calculated extinction cross sections versus wavelength for core–shell
nanorods with different cores. Height and radius of cores are fixed at 76 nm
and 30 nm, respectively. Thickness of gold shell along axis direction is kept
at 7 nm, and along radial direction at 5 nm. Refractive index of the core
increases from (a) 1.1 to (b) 1.2 to (c) 1.3, and (d) 1.6 in steps of 0.1.

It can also be seen that as the refractive index of core in-
creases from 1.3 to 1.6, the Fano resonance changes from
about 750 nm to 870 nm. It can be concluded that the tuning
sensitivity can reach about 400 nm per refractive-index unit.
This high sensitivity makes it possess promising applications
in chemical sensors or biosensors. Besides, it can be noticed
that as the refractive index of the core increases, the intensity
of Fano resonance is changing. However, the relationship be-
tween the intensity of Fano resonance and the refractive index
of the core in CCSNs is not linear.

The optical response of metallic core–shell nanostruc-
tures can be seen as the interaction between modes supported
by elementary shapes.[30] The CCSN can be seen as a combi-
nation of a gold nanorod and a gold cavity. The electric field
intensity for the gold nanorod and for the cavity with the same
structural parameters are calculated respectively. The normal-
ized electric field intensities for the two elementary shapes are
shown in Fig. 3, where the black line is for the nanorod, and
the red line is for the cavity. It can be seen that a broad mode
supported by the cavity and a narrow mode supported by the
nanorod are existent. Therefore, the Fano resonance can be
generated by tuning the coupling the two modes. In order to
further understand the origin of the Fano resonance existing in
CCSNs, the electric field intensity distributions are also calcu-
lated. Here the parameters of the CCSN are set to be the values
the same as those discussed previously, and the refractive in-
dex of core is fixed at 1.3, where we start to clearly observe the
Fano resonance discussed previously. The field intensity dis-
tributions are shown in Fig. 4. The wavelengths of the electric
field are chosen for three different conditions. The first one
is for the peak of Fano resonance with λ = 745 nm as shown
in Fig. 4(a), the second one is for the dip of Fano resonance
with λ = 757 nm as shown in Fig. 4(b), and the last one is
for peak of the local surface plasmon resonance (LSPR) with
λ = 799 nm as shown in Fig. 4(c). Concerning the peak of
Fano resonance, which is located at 745 nm, we can observe
an obvious field coupling between the cavity mode inside the
dielectric core and the enhanced field near the gold surface in
Fig. 4(a). Therefore, a Fano resonance peak occurs in the ex-
tinction spectrum as a result of field coupling. Concerning the
dip of Fano resonance, which is located at 757 nm, we can still
observe a weak field coupling in Fig. 4(b). It can be noticed
that the field coupling occurs when the field passes through the
thin gold shell which is along the y direction, while it can be
ignored along the x direction because the gold shell is thicker.
This results in the weak dips of Fano resonance observed in the
CCSNs. Concerning the peak of LSPR located at 799 nm, we
can only find the strong field enhancement near the gold sur-
face without field coupling in Fig. 4(c). It can also be found
that the field intensities on the gold surface and in the dielectric
core are of the same order of magnitude in Figs. 4(a) and 4(b),
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thus the coupling between them can strongly affect the spec-
trum lineshape. But figure 4(c) shows the field intensity on the
gold surface is much larger than that in the core. Thus, the
Fano resonance in our proposed CCSNs originates from the
strong coupling between the electric field inside the dielectric
core and strong field near the gold surface.
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Fig. 3. The normalized electric field intensity spectra for gold nanorod
and cavity.
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Fig. 4. Electric field intensity distributions with λ = 745 nm (a), 757 nm
(b), and 799 nm (c).

We previously discussed the generation and origin of
Fano resonance in the CCSNs, and found that the wavelength
of Fano resonance can be adjusted just by varying the refrac-
tive index of the core. A high tuning parameter could be
achieved, but the intensity of Fano resonance could not be con-
trollednor tuned well by changing the refractive index of the
core. Based on the previous results, the dependence of the in-
tensity of Fano resonance on the polarization of the incident
light is investigated in the following.

In Fig. 5, we show the extinction spectra of the CCSN
with different polarized incident light. Here, we adopt the
same parameters of the CCSN as those in previous discussion
and fix the refractive index of core at 1.4. From Fig. 5(a) to
Fig. 5(d), The polarization angle of the incident light varies

from 0◦ to 75◦ as indicated in Figs. 5(a)–5(d) respectively. The
black dotted line denotes the dips of Fano resonance. We can
easily find that as the polarization angle of the incident light
increases, the wavelength of Fano dip around 795 nm barely
change. However, we can see that the intensity of Fano reso-
nance gradually becomes weaker as the polarization angle in-
creases. Comparing Fig. 5(a) with Fig. 5(d), we can find that
the extinction cross section at Fano dip of the CCSN with 0◦

polarized incident light is six times higher than that with 75◦

polarized incident light, which means that the intensity of Fano
resonance can be readily tuned by changing the polarization of
the incident light. It can also be found that when the polariza-
tion angle increases to 60◦, other peaks will occur. In order to
illustrate these new peaks in the spectrum, we also calculate
the electric field intensity distributions at 705 nm, 668 nm,
and 580 nm, and the results are shown in Fig. 6. The elec-
tric quadrupole induced at 705 nm and 668 nm can be found.
When we analyze the electric intensity distribution at 580 nm,
we can find that an octupole mode can be generated in the sys-
tem. Therefore, as the polarization angle increases, we can
find some new peaks in the spectra due to the generation of
higher-order modes in the system.
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Fig. 5. Extinction cross sections of core–shell nanorod with (a) 0◦, (b) 30◦,
(c) 60◦, and (d) 75◦ polarized incident light, where dotted line refers to po-
sition of Fano dip and polarization angle is the angle between polarization
direction of incident light and x direction.

We have discussed the tunability and origin of the Fano
resonance in CCSNs, and in order to obtain a direct picture of
the Fano resonance in CCSNs, the model described previously
is employed. Here we choose the CCSN with the same param-
eters as those in previous discussion, and the refractive index
of its core equals 1.3. Angle θ is set to be 0◦, which means
that the incident light is polarized along the x direction. In this
case, this model becomes a classical two-oscillator model[11]

which can be used to reproduce the response of a Fanoshell.
The calculated results based on the mechanical model and the
normalized extinction cross sections obtained by the FDTD
simulation are shown in Figs. 7(a) and 7(b) respectively. The
LSPR is modeled with wavelength λ1 = 799.6 nm, and the
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subradiant mode is modeled with wavelength λ2 = 745.5 nm.
The friction coefficient for LSPR is given by γ1 = 58.9 THz,
and that for the subradiant mode is given by γ2 = 88.3 THz.
The coupling coefficient here is assigned as Ω12 = 538.5 THz.
Comparing Fig. 7(a) and Fig. 7(b), we find the results of this
model are in good agreement with the theoretical results.
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Fig. 7. (a) Results from two-oscillator model and (b) normalized extinction
cross section versus wavelength for core–shell nanorod with n = 1.3.

This means the Fano resonance in CCSNs can be easily
understood and analyzed by this model. The field coupling

between the inner core and the out shell can be analogous to
the interaction of two oscillators. Then the effect of the po-
larization of the incident light on Fano resonance is analyzed
by this model. The refractive index of core is fixed at 1.4,
and the structural parameters of the CCSN are the same as
those in previous discussion. The extinction cross sections
of the CCSN at the Fano dip are calculated under different-
angle polarized incident light. The polarization angle of the
incident light changes from 0◦ to 70◦ in steps of 10◦. The
results are shown in Fig. 8(a), where the extinction cross sec-
tions are all normalized by the value at θ = 0◦. By solving
the proposed mechanical model, we can easily find that the
mechanical power is a squared cosine function of the polar-
ization angle of the incident light. Figure 8(b) shows the plot
of cos2(θ) versus θ . We can find that the results in Fig. 8(a)
are in agreement with those in Fig. 8(b), which means that the
effect of the polarization of the incident light on the Fano res-
onance is dependent on cos2(θ), and it can be described well
by this mechanical model proposed in this paper. This simple
mechanical model can also be used for designing the CCSNs
proposed in this paper. The field coupling can be tuned by
the parameters of CCSNs and the polarization of the incident
light, and the Fano resonance can be tuned by adjusting the
field coupling.
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Fig. 8. (a) Normalized extinction cross section versus polarization angle of
incident light of core–shell nanorod with n = 1.4 for core at Fano dip, and (b)
proposed-model calculated dependence of mechanical power on polarization
angle of incident light, following the square of cosine function.

4. Conclusions
In this work, we have theoretically investigated the opti-

cal extinction spectra of the proposed CCSNs, each consisting
of a cylindrical dielectric core and coated thin gold film. The
Fano resonance can be generated by the CCSNs, and we find
that the resonance wavelength and the intensity of Fano res-
onance can not only be tuned, but also controlled separately
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by the two independent parameters which are the refractive
index of core and the polarization of the incident light that
is very easy to realize. By analyzing the electric field inten-
sity distributions, we find that the origin of Fano resonance
in CCSN can be attributed to the strong field coupling of the
cavity mode and near field on the gold surface. Besides, a
two-oscillator mechanical model is introduced to describe the
picture of Fano resonance in CCSNs. These results are helpful
in understanding the generation of Fano resonance in core–
shell nanostructures, and may have promising applications in
biosensors and other optical nano-devices.
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