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Abstract

The plasmonic properties of an asymmetric dimer, comprising of two
silver nanospheres with different radii, are studied by the finite difference
time domain method. The extinction efficiencies of the plasmonic dimer
are numerically calculated in the visible and near-infrared regime, i.e., from
950THz to 150THz. Two distinguishable Fano resonances are observed when
the separation between the nanospheres is narrowed within a certain value,
e.g., less than 10nm. The extinction spectrum that presents two Fano res-
onances, associated with two electromagnetic modes, is well fitted using a
model consisting of two Fano lineshape functions. The resonance frequen-
cies, the spectral widths, and the characteristic q values are obtained via the
best fit parameters, and their trends are revealed with varying the radii of
the nanospheres. The fitting scheme proposed in this work may be useful in
the study of other plasmonic nanostructures with multiple Fano resonances.
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1. Introduction

Fano resonance has attracted much attention since it exhibits interesting
quantum physics including the characteristic asymmetric lineshape. In 1961,
U. Fano derived a theoretical formula to successfully fit the lineshape of the
He spectrum obtained from the electron inelastic scattering experiment[1].
The Fano model was later extended to several other quantum systems with
resonance scattering effects, and the Fano lineshape function was employed
in many cases[2, 3, 4, 5, 6, 7]. In general quantum systems, Fano resonance
occurs when interference between a discrete state and a continuum is estab-
lished, accompanied with asymmetric peaks in excitation spectra[8, 9, 10].
In plasmonic nanostructures, Fano resonance is also observed, which is inter-
preted as the strong interaction of a discrete (localized) mode with a contin-
uum of propagation modes, manifesting itself into asymmetric lineshapes in
extinction spectra[11, 12].

Among palsmonic nanostrurctures, the nanoparticle dimer provides an
effective and simple platform to study the Fano resonance effects. For ex-
ample, multiple plasmonic Fano-like resonances, arising from interference of
dimer plasmon modes, were created in a split nanoring dimer resonator[13].
The extinction spectra of gold nanoparticle dimers, and the electromagnetic
contributions to surface-enhanced Raman spectroscopy were calculated by
finite element method[14]. The plasmonic effect of a nanoshell dimer, with
its core filled with different gain materials, was reported[15]. The plasmonic
properties of gold supershape nanoparticle dimers were studied using finite
difference time domain simulations, and the resonance wavelength was ob-
tained from extinction spectra for all plasmonic bands[16]. Besides, the op-
tical absorption spectrum of a periodic array of silver nanoparticle dimer on
a thin silver film was investigated using multiple scattering formalism[17].
Arrays of metallic nanoparticle dimers with nanometer separation were fab-
ricated using electron beam lithography and angle evaporation, and a strong
polarization dependence with two dominant scattering peaks in spectra was
observed[18]. Recently, the physics models of plasmonics for nanodimer was
reviewed in Ref.[19].

In this work, an asymmetric dimer that consists of two silver nanospheres
with different radii is investigated. It is found that a two-peak feature is
revealed in the frequency dependent extinction spectrum, which is accounted
for by two Fano resonances. Further, the extinction spectrum is fitted to a
model that is composed of two Fano lineshape functions, and the best fit
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Figure 1: Schematic of the asymmetric silver nanosphere dimer. The radius of the smaller
nanospehere is denoted as r, and the larger one is labeled R. The separation between the
nanospheres is indicated in ∆. A plane-wave light was normally incident along the z-axis.

values for the key parameters are extracted to quantitatively probe the Fano
resonances in the plasmonic dimer.

2. Structure and method

The structure of the asymmetric dimer that consists of two silver nanospheres
with different radii is illustrated in Fig.1. In the figure, the radii of the smaller
sphere and the bigger one are labeled ’r’ and ’R’, respectively. The spheres
are placed along the x-axis in this work, while the spheres’ centers are fixed
to be the same in both the y- and z-axes. In the x direction, the separation
between the spheres is indicated in ’∆’. Numerical simulations of the dimer
were achieved by employing the Finite Difference Time Domain (FDTD)
method [20]. In this work a plane-wave light in the frequency range of 150
- 950THz was normally incident along the z-axis, and the electric vector of
the light was kept to be x-polarized. Perfect Match Layer (PML) bound-
ary conditions were used in all the directions. In the simulations the optical
constants for silver were from Palik’s experimental data, which were given in
Ref.[21].
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Figure 2: (a) normalized scattering and absorption cross sections of the dimer shown in
Fig.1, and (b) extinction efficiency determined from Eq.1, as a function of the incident
light’s frequency, f . The radii of the silver nanospheres were r = 30nm and R = 40nm,
respectively. The separation between the nanospheres was ∆ = 150nm.

3. Results and discussions

Based on the configuration shown in Fig.1, the scattering and absorption
cross sections (labeled Cscat and Cabs, respectively) were first simulated, be-
fore the corresponding extinction efficiency (indicated in Qext) was calculated
by

Qext = (Cscat + Cabs)/S (1)

where S is the projected cross sectional area of the dimer in the x-y plane,
i.e., S=π(r2+R2).

As an example, Fig.2 presents the results of the case when the radii of
the spheres were r = 30nm and R = 40nm, respectively, and the separation
was ∆ = 150nm. In Fig.2a, the normalized scattering and absorption cross
sections were obtained by scaling the simulated scattering and absorption
cross sections to the value of S. According to Eq.1 the extinction efficiency
of the dimer is the sum of the normalized scattering and absorption cross
sections (i.e., Cscat/S and Cabs/S), which is shown in Fig.2b.

Following the same procedure, with varying the separation, ∆, from 70nm
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Figure 3: Extinction spectrum of the dimer shown in Fig.1. The radii of the silver
nanospheres were r = 30nm and R = 40nm, respectively. The separation between the
nanospheres, ∆, was varied from 70nm to 4nm.

to 4nm, the frequency dependent extinction efficiencies were calculated, and
the resultant extinction spectra are plotted in Fig.3. In Fig.3 the radii of
the dimer were the same to that in Fig.2, that is, r = 30nm and R = 40nm,
respectively.

Regarding Fig.3, as ∆ is decreased, the one-peak extinction spectrum is
gradually changed into a two-peak pattern. Specifically, the two peaks be-
come distinguishable when the separation is as narrow as 10nm. As known
to the community, the strength of the plasmonic coupling between adjacent
nanoparticles may be increased with decreasing the nanoparticles’ separa-
tion, which may in turn cause multiple resonances in certain circumstances.
Similar effects were previously reported and addressed in Ref.[22] where the
transition from an uncoupled to a strong near-field coupled regime in split-
ring-resonators was studied. To further study the underlying physics for the
feature revealed in Fig.3, the electric field distributions at the peak frequen-
cies were also simulated, and the results are shown in Fig.4.

In Fig.4, the radii of the dimer were kept to be r = 30nm and R = 40nm.
The electric fields in the scenarios with four different separations (i.e., ∆
=150nm, 70nm, 10nm, and 4nm) are highlighted. Referring to Fig.4a, the
plasmonic behavior of two individual nanospheres, accompanied by very little
plasmonic coupling between the two, is observed in the case when they are
quite far apart (i.e., ∆ =150nm). It is revealed in Fig.4e and 4f, however,
that the electromagnetic hot spots with great intensities are confined in the
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Figure 4: Electric field in the x-y plane for the dimer with r = 30nm and R = 40nm. The
electric fields were determined from (a) the peak in Fig.2b (i.e., f = 792THz), (b) the peak
of ∆ = 70nm in Fig.3 (i.e., 774THz), (c) and (d) the peaks of ∆ = 10nm in Fig.3 (679THz
and 814THz, respectively), and (e) and (f) the peaks of ∆ = 4nm in Fig.3 (629THz and
799THz, respectively). In the z direction, the x-y plane was through the centers of the
silver nanospheres. Note that the maximum intensity of the color bar, indicating the field
intensity, is different for each figure. To guide the eye, the black circles are added in each
case to highlight the boundaries of the nanospheres.
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space between the two nanospheres. This is a manifestation of the strong
plasmonic coupling between the silver spheres when they are very close to
each other (i.e., ∆ = 4nm).

Fig.4b, and Fig.4c and 4d illustrate the electric fields with the separation
being in the transition regime from the very far to the very close. Although
there is a subtle deviation of the field distributions with comparing Fig.4b to
Fig.4a, the one-peak pattern is clear in both extinction spectra of ∆ = 70nm
in Fig.3 and of ∆ = 150nm in Fig.2b. This similarity is consistent with the
fact that the plasmonic coupling is weak once the separation is large.

By comparing the fields in Fig.4c and 4d to that in Fig.4e and 4f, al-
though the intensities are not as great, the confined hot spots are still evi-
dent, indicating a relatively strong plasmonic coupling of the dimer with a
narrow separation of ∆ = 10nm. Note that this field enhancement effect
was previously studied by a rigorous analytical approach in complex sys-
tems of coupled metallic nanoparticles[23]; a dipole-dipole interaction model
was also employed to investigate the field enhancement in Ref.[24] where the
nanosphere was modeled as a point dipole. Referring to the spectrum of ∆
= 10nm in Fig.3, although a plateau instead of a obvious peak is observed
in the higher frequency region (about 814THz), the plateau is well separated
from the peak at the lower frequency (679THz). This implies that a model
that consists of two lineshapes, characteristic of two resonances, may be uti-
lized to quantify the plasmonic dimer, once the separation is as narrow as
10nm.

To further probe the two-peak feature, the investigation below is focused
on the narrow separations, i.e., ∆ = 10nm, and 4nm. First, with the radius
of the smaller nanosphere being fixed at r = 20 nm, the extinction spectra
were computed for a variety of the larger nanosphere’s radii. The results are
given in Fig.5, where the cases of the two small separations are both shown.

Generally, Fano resonance may occur when the interference between a
continuum and a discrete state of a quantum system is established, and
the corresponding asymmetric Fano lineshape is governed by the following
function[1],

(ǫ+ q)2

ǫ2 + 1
(2)

In Eq.2 the reduced energy variable may be written as ǫ = (f -f0)/fs,
where f0 indicates the resonance frequency, and fs is the spectral width of
the discrete state. q is the characteristic parameter in the Fano lineshape
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Figure 5: Extinction spectrum of the dimer shown in Fig.1. The radius of the smaller
silver nanosphere was r = 20nm. The larger one’s radius was varied from R = 60nm to
78nm. (a) ∆ = 10nm, and (b) ∆ = 4nm. The solid lines are a best fit to Eq.3.

function, depending on both the continuum and the discrete state of the
quantum system.

As mentioned above, multiple resonances may be induced by strong plas-
monic coupling between adjacent nanoparticles in plasmonic systems. Cor-
relating to the multiple resonances, multiple discrete states are created, and
thus multiple Fano resonances may occur. Regarding Fig.5, in this work two
Fano lineshapes in the extinction spectra, associated with two Fano reso-
nances, are observed in the dimer with a narrow separation. Therefore, the
simulated extinction efficiencies were fitted to the following equation com-
prised of two Fano lineshape functions,

Qext = Aα

(ǫα + qα)
2

ǫ2α + 1
+ Aβ

(ǫβ + qα)
2

ǫ2β + 1
(3)

where Aα and Aβ are coefficients. It is clear from Fig.5 that the best fit
curves (denoted by solid lines) are all in good agreements with the simulated
data for both ∆ = 10nm and 4nm. This consistency strongly indicates that
the plasmonic properties of the asymmetric silver nanosphere dimer are char-
acteristic of two Fano resonances, under the condition of a small separation.
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Based on Fig.5, the electric fields at two peak frequencies were calculated,
and the results of R = 60nm and 74nm are summarized in Fig.6 as an exam-
ple. The figures in the left column (i.e., a, c, e, and g) correspond to Peak
α in the extinction spectra, as indicated in Fig.5. The frequency values for
Peak α and Peak β were determined by fitting to Eq.3 as aforementioned,
and the best fit resonance frequencies, f0, are plotted in Fig.7a. Regarding
Fig.6, by carefully examining the fields between the left column and the right,
two different electromagnetic modes, correlating to two Fano resonances, are
witnessed, which are attributed to Peak α and Peak β, respectively.

Referring to Fig.5 again, in addition to f0, the best fit values for the
spectral widths and the q parameters are also plotted in Fig.7. It is clear from
Fig.7 that the key parameters that are accompanied with the Fano resonances
can be quantitatively presented and analyzed. For both separations, the
trends in the three parameters are pronounced, with increasing the value of
R. Take ∆ = 10nm for example, Fig.7a shows that the resonance frequency
of Peak α is decreased from 650THz to 580THz, and Peak β is also downside
shifted from 820THz to 800THz. Fig.7b presents that the spectral width of
Peak α is increased from 108THz to 155THz, and Peak β is also broadened
from 39THz to 57THz. Fig.7c gives that the q parameter of Peak α is slightly
decreased from 8.7 to 7.2, while Peak β is dramatically reduced from 46.3 to
25.8.

To further confirm the fitting approach, another set of simulations were
performed on the dimer, with the radius of the smaller nanosphere being
varied, while the larger one being kept the same. The corresponding extinc-
tion spectra are given in Fig.8, and the best fits to Eq.3 are also shown as
solid lines. In Fig.8, R was always 60nm, while r was changed from 55nm
to 30nm. Similar to Fig.5, the simulated extinction efficiencies in Fig.8 were
also well fitted to Eq.3, which implies again that two Fano resonances take
place in the plasmonic dimer when the separation is as narrow as 10nm.

As with the scenario in Fig.5, the electric fields relating to Peak α and
Peak β in Fig.8 were also computed, and the results are illustrated in Fig.9.
For brevity, only the fields of r = 50nm, 40nm, and 30nm are presented in
the figure. Similar to the fashion witnessed in Fig.6, by carefully comparing
the fields at Peak α and Peak β in Fig.9, two types of electromagnetic modes,
associated with two Fano resonances, are also manifested.

Lastly, the best fit parameters including the resonance frequencies, the
spectral widths, and the q were also derived for the case of Fig.8, and the
values are given in Fig.10. According to Fig.10a, the resonance frequency of
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Figure 6: Electric field in the x-y plane for the dimer shown in Fig.1. In all simulations r
= 20nm. (a) and (b) ∆ = 10nm, and R = 60nm; (c) and (d) ∆ = 10nm, and R = 78nm;
(e) and (f) ∆ = 4nm, and R = 60nm; (g) and (h) ∆ = 4nm, and R = 78nm. The figures
in the left column were determined at Peak α indicated in Fig.5, and the right column the
Peak β. In the z direction, the x-y plane was through the centers of the silver nanospheres.
Note that the maximum intensity of the color bar, indicating the field intensity, is different
for each figure. To guide the eye, the black circles are added in each case to highlight the
boundaries of the nanospheres.
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Figure 7: Best fit values for (a) resonance frequencies, f0, (b) spectral widths, fs, and (c)
q parameters, as a function of the larger nanosphere’s radius, R, determined by fitting the
extinction spectra in Fig.5 to Eq.3. In all figures, the dashed lines are intended to guide
the eye, and do not represent or intend to be a fit to the data.

Peak α is increased from 530THz to 610THz, as r is decreased from 55nm to
30nm. While Peak β exhibits similar resonance frequencies of about 803THz.
Regarding Fig.10b, the spectral width of Peak α is reduced from 110THz to
98THz, whereas Peak β has similar spectral widths of about 32THz. Refer-
ring to Fig.10c, the q parameter of Peak α shows a variation between 3.9 and
6.7, and Peak β gives a subtle change around the value of 7.2.

4. Conclusions

In this work, the plasmonic properties of an asymmetric silver nanosphere
dimer have been investigated, with the incident light being in the visible and
near-infrared region. The frequency dependent extinction spectra have been
numerically simulated by the FDTD method. With decreasing the separa-
tion of the dimer, the effect of plasmonic coupling between the nanospheres
becomes evident, resulting in a two-peak lineshape that correlates to two
Fano resonances. The electric fields at peak frequencies have also been com-
puted, and two different electromagnetic modes that account for the two
Fano resonances have been observed. The calculated extinction efficiencies
have been fitted to a model that consists of two Fano lineshape functions,
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Figure 8: Extinction spectrum of the dimer shown in Fig.1. The radius of the larger silver
nanosphere was R = 60nm, and the separation was ∆ = 10nm. The smaller one’s radius
was varied from r = 55nm to 30nm. The solid lines are a best fit to Eq.3.
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Figure 9: Electric field in the x-y plane for the dimer shown in Fig.1. In all simulations
R = 60nm, and ∆ = 10nm. (a) and (b) r = 50nm; (c) and (d) r = 40nm; (e) and (f) r =
30nm. The figures in the left column were determined at Peak α indicated in Fig.8, and
the right column the Peak β. In the z direction, the x-y plane was through the centers of
the silver nanospheres. Note that the maximum intensity of the color bar, indicating the
field intensity, is different for each figure. To guide the eye, the black circles are added in
each case to highlight the boundaries of the nanospheres.
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Figure 10: Best fit values for (a) resonance frequencies, f0, (b) spectral widths, fs, and (c)
q parameters, as a function of the smaller nanosphere’s radius, r, determined by fitting the
extinction efficiency spectra in Fig.8 to Eq.3. In all figures, the dashed lines are intended
to guide the eye, and do not represent or intend to be a fit to the data.

and a good agreement has been achieved. The best fit parameters including
the resonance frequencies, the spectral widths, and the q have been deter-
mined, providing us with a quantitative insight into the Fano resonances
in the palsmonic dimer. Based on this work, the fitting approach may be
helpful in the studies of plasmonic nanostructures that exhibit multiple Fano
resonances.
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