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Abstract In this study, we examined the optical properties of an antisymmetric quadrumer
composed of silicon (Si) nanodisks that are located in a close proximity to each other as a
molecular cluster. Considering the magnetic response of the presented cluster and modifying
the geometrical sizes of employednanodisks,we calculated the extinction cross-sectional pro-
file in a numerical methods by using two-dimensional finite-difference time-domain model.
We verified that proposed configuration can be tailored to support multiple strong and deep
coil-type Fano resonances without significant radiation losses. Comparing the performance
of the structure with analogous metallic nanoclusters, the superior behavior of the investi-
gated quadrumer is evaluated and confirmed. We verified that localized magnetic fields can
be exploited to intensify the energy of produced hot-spots.

Keywords Silicon quadrumer · Nanodisk cluster · Coil-type Fano resonances ·
Numerical modeling

1 Introduction

There have been tremendous progresses in designing artificial nanostructures that are able
to support strong plasmon resonances in nanoscale dimensions (Fan et al. 2012; Wang et
al. 2007). These resonances may include the electric and magnetic modes, and also, weak,
robust and coil-type Fano resonances (Vallecchi et al. 2011; Francescato et al. 2012; Guerra
et al. 2011). To produce these resonances and exploit their associated features in designing
optical and photonic structures, several molecular orientations in symmetric and antisym-
metric nanoparticle aggregates have been suggested and studied by various research groups
(Ahmadivand and Golmohammadi 2014; Fan et al. 2010). Fano and Fano-like resonances are
the common type of resonant modes that have been appeared and reported in several com-
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plex nanoparticle clusters such as heptamer, octamer, and decamer, where these pronounced
modes are the resultant of the interference between dark and bright plasmon modes, and
this phenomenon can be characterized by plasmon hybridization theory (Prodan et al. 2003;
Hentschel et al. 2011). In this field of optical sciences, noblemetallic nanoparticle (plasmonic
nanoparticles) clusters in simple and complex formations have broadly been utilized, where
most of these clusters are based on nanosize sphere, disk, shell, core-shell, nanomatryushka,
and triangles (Rahmani et al. 2011; Cui et al. 2012; Romo-Herrera et al. 2010; Hentschel et
al. 2012). Despite of this broad utilization of plasmonic structures, it is well understood that
metallic components suffer from inherent and intense optical energy dissipation (Ahmadi-
vand 2014; Sun et al. 2008; Filonov et al. 2014). Therefore, plasmonic structures reflect
strong radiative and non-radiative losses that cause to dramatic reduction in the quality factor
(Q-factor) and performance of the produced subwavelength devices. Recently, high refractive
index dielectric and semiconductor nanoparticles have extensively been employed in design-
ing cluster-type structures to support strong and pronounced Fano resonances free of feasible
non-radiative losses (Savelev et al. 2014; Vynck et al. 2009). Filonov et al. (2014) verified
that dielectric-based structures show a trivial amount of internal absorption (ohmic losses)
that does not have significant influence on the quality of the resultant nanostructure. Tech-
nically, Mie theory proved that electromagnetic (EM) fields in dielectric nanoparticles are
normally concentered within the resonator due to the volumetric nature of resonant modes
(Papoff and Hourahine 2011). The interaction of dipole and multipole magnetic dark and
bright resonant modes gives rise to formation of a pronounced Fano minimum along the
scattering spectra, where the strength and quality of the interference play significant role in
formation of strong Fano dips. Most of previous researches were based on electric resonance
modes in metallic and dielectric nanoparticles. Recently, Zhang et al. (2013) introduced the
possibility of Fano resonance observation in metallic nanocavities based on the interaction
of the electric and magnetic plasmon resonance modes. On the other hand, it is strongly ver-
ified that Fano resonance modes at optical frequencies can be performed efficiently by using
metallic nanoparticle clusters, where, this achievement have been obtained despite of satu-
ration of magnetic responses in metallic substances (Panaro et al. 2014). Besides, it is shown
that closely spaced nanoparticles promote resonant displacement currents in the bridge spot
(gap distance) between proximal subwavelength particles. The size of this bridge between
nanoparticles is an identical gap distance that enhance the quality and energy of interaction
between dark and bright modes that are appeared by dipolar and multipolar electric and mag-
netic resonant modes. Moreover, breaking the symmetry of a certain nanocluster gives rise
to appearing of new dark modes that can be resulted by appearing strong hot spots. Addi-
tionally, the other important result of this interaction is the resonating current intensification.
In this regime, the shape, geometry, and material of utilized nanoparticles play major role in
resonant current enhancement. Considering the coil-type Fano resonant modes, plasmonics
devices have been introduced as major structures to excite the magnetic hot-spots efficiently,
and here we try to study this behavior for Si nanoparticle aggregates, that will be discussed
further.

In this study, we study the optical properties of a simple and antisymmetric quadrumer
cluster composed of four silicon (Si) nanodisks based on experimentally determined Palik
constants that are suited in a close proximity to each other (Palik 1991). Illuminating the
proposed structure by a linear light source, we examined formation of Fano resonances along
the extinction cross-sectional diagram, numerically. Moreover, we showed that investigated
nanostructure is able to support strong interactions between opposite resonant modes and
the result of this interaction is a significant enhancement in the charge current resonance.
Using discrete dipole approximation (DDA) theory, the effect of symmetry breaking in the

123



Multiple coil-type Fano resonances 2057

quadrumer geometries and its impact on the multiple Fano resonance dips are described
comprehensively. Considering the properties of the utilized material, Si is an attractive sub-
stances, which provides numerous features such as low-cost, high natural abundance, and
also Si is an appropriate substance for CMOS fabrication processes.

2 Theory

We first describe the theoretical aspect of a simple and symmetric colloidal-type cluster com-
posed of spherical dielectric nanodisks. It is verified that a constructive interaction between
electric bright modes and magnetic dark modes leads to the formation of a deep and narrow
Fano dip along the scattering diagram of a structure composed of dielectric and spherical
nanoparticles (Miroshnichenko and Kivshar 2012). Considering the DDAmethod (Panaro et
al. 2014) that has been utilized broadly to describe the scattering properties of the colloidal
nanoparticle clusters, we are able to rewrite the electric or magnetic dipole moments (d p,m

n )

as below (Draine and Flatau 1994):

d p,m
n = α

p,m
n FE,H + α

p,m
n

∑

k=n

Ĝ p,m
nk d p,m

k (1)

where α
p,m
n are the polarizabilities of the nanoparticles in an individual nanocluster, FE,H

are exciting electromagnetic fields, and finally, the interaction of nanoparticles dipolar and
multipolar fields can be described in terms of the dyadic Green functions as Ĝ p,m

nk (Hopkins
et al. 2013; Mulholland et al. 1994). Then, applying the Drude model and the coefficients
of Mie scattering theory for polarizabilities of spherical nanoscale particles as Eq. (2), the
dipole moment of electric and magnetic modes can be written as Eq. (3):
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where is the ωp,m plasma frequency and γp,m is the collision frequency. In this regime,
employing Drude model (Maier 2007) as Eq. (4):

ε′(ω) + iε′′(ω) = ε(ω) = εinterband − ω2

ω(ω + iγ )
(4)

we are able to consider the plasma and collision frequency as parameters which strongly
depend on ε′(ω) and ε′′(ω), respectively. Noteworthy point here is the lower absorption ratio
(as a dissipation factor) of the incident optical energy by Si nanoparticles, and hereupon,
we crossed off this parameter from our theoretical computations and numerical simulations.
To verify this claim, we utilized the theory of transition probability per unit time for the
absorption of light that is shown theoretically in Refs. Levi (2006), Zeidler (2007). Therefore,
considering proposed methods and assumed conditions for the wave vectors, the intensity of
EM wave or incoming energy per unit time becomes dominant in comparison to the photon
energy absorbed per unit time. The result of this condition is an insignificant quantity for the
value of the absorption coefficient. Herein, quantifying the value of this parameter has not
been studied and an accurate calculation of this coefficient can be performed by integration
over the interband transitions in the Brillouin zone totally.
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Table 1 FDTD parameters and
settings to extract the optical
properties of Si-based structures

Parameter Setting

Spatial cell sizes 0.1nm

Number of cells 16,000

Number of time steps 8,500

Simulation time 1,350 fs

Number of snapshots 12,459

Boundary condition Perfectly matched layers (PML)

Number of PML layers 16

Background refractive index n = 1

Plane wave source amplitude 1.59335e−20

Pulse length 2.6533 fs

Offset 7.52311 fs

Wavelength bandwidth 100–1,800nm

3 Results and discussion

Using finite-difference time-domain (FDTD) method (Lumerical FDTD Solutions 8.9 soft-
ware), the optical properties and the spectral response of a symmetric quadrumer cluster
composed of Si nanodisks are determined numerically. To provide a comprehensive investi-
gation, we listed all of the FDTD parameters and regarding settings in Table 1. Considering
demonstrated picture in Fig. 1a, we plotted a schematic diagram of the proposed symmet-
ric quadrumer composed of four identical Si nanodisks with an equal radii of R that are
suited in a D4q distance (gap distance) from each other. Illuminating the proposed symmet-
ric quadrumer with a plane wave as a linear light source (with transverse polarization), which
is located in an appropriate distance to the cluster. We calculated the extinction efficiency
diagram for a symmetric quadrumer with the radii of R = 150 nm for each nanoparticle, and
a gap distance of D4q = 2.5 nm, as illustrated in Fig. 2. Obviously, a strong dipolar peak
(electric bright mode) is appeared at λ ∼ 1,190 nm (labeled with Pd) and the other peak at
λ ∼825 nm (labeled with Pq) is related to the quadrupole momentum (magnetic dark mode).
In addition, a shallow dip is appeared along the extinction diagram (λ ∼ 985 nm), and it
cannot be considered as a Fano-like minimum, due to the lower energy of the dark mode that
is not able to interference and couple with the bright mode efficiently. Although the peak
of the octupole mode is absent in this diagram due to the low energy of coupling between
multipolar modes (labeled with a question mark). However, appearing of this extreme will
be possible in a robust regime that causes formation of a deep and narrow Fano minimum
at the shorter spectra. Figure 3a-i exhibits the charge distribution and oscillation direction
(in a same direction or in-phase) through an all-dielectric symmetric quadrumer, where the
charge distribution direction is identical in all of the nanoparticles of Si-based quadrumer.

Now, to study the effect of structural modifications on the spectral response of the configu-
ration (introducing the antisymmetric regime), we increased the radius of one of Si nanodisks,
while the radii of the other neighbor nanoparticles are fixed and the gap distance is 2.5nm
(see Fig. 1b). These increments in the radius of the bigger particle (R′) are in the range of
260–450nm and indicated in the extinction profile (see Fig. 2). Technically, in the examined
antisymmetric quadrumer, with the performed modifications, multipolar extremes became
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Fig. 1 a, b Three-dimensional (3D) schematic diagrams of quadrumer cluster composed of Si nanodisks in
symmetric and antisymmetric orientations

stronger and Fano valleys appear along the extinction profile. From the theoretical view
point, a mixture of multiple Fano and Fano-like resonances in strong and weak condition
are manifest. For instance, for R′ = 260 nm and R = 150 nm, a Fano-like dip is appeared
at λ ∼ 985 nm, while the octupole extreme becomes stronger (labeled with Po), and these
changes in the extinction profile contain a sensible red-shift of dipolar and multipolar peaks
to the longer wavelengths. For R′ = 360 nm and R = 150 nm, the Fano dip becomes
deeper (λ ∼ 1,090 nm) and a remarkable coupling between multipolar magnetic modes is
appeared, which leads to the formation of a Fano-like and a shallow dip at λ ∼ 780 nm. In
the final regime, for R′ = 450 nm and R = 150 nm, two strong and pronounced Fano dips
are observable and indicated by arrows at λ ∼ 830 nm and λ ∼ 1,180 nm, where, the con-
structive coupling between high order modes gives rise to appearing of second strong Fano
resonant mode. In this regime, the peaks of all of the electric and magnetic modes red-shifted
to the near infrared region (NIR), where the behavior of Fano dips is similar. Therefore, two
distinct coil-type Fano dips are generated along the extinction cross-sectional diagram as a
result of these structural modifications. This condition and also, formation of robust Fano
minima resemble the out-of-phase condition, therefore, the charge oscillation direction will
be different between proximal Si nanoparticles of the studied quadrumer (see Fig. 3a-ii, a-
iii). The noteworthy point here is the direction of distributed electric field through the bigger
nanodisk, which is in completely opposite direction to the incidence field (E0). Figure 3b-i,
b-ii demonstrates two dimensional snapshots of the electric and magnetic field excitation and
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Fig. 2 Calculated extinction
spectra for Si-based quadrumer
under transverse electric
polarization excitation, where,
the geometrical sizes of the
structure are varying. The
position of dipole, quadrupole,
and octupole modes are indicated
by Pd, Pq, and Po, respectively.
The position of Fano-like and
Fano dips are shown by arrows

coupling between proximal Si nanodisks in the antisymmetric orientation. Due to the absence
of strong internal damping (absorption loss), a significant enhancement in the magnetic field
is expected, where this condition leads to the constructive coupling between excited dipoles
and multipoles without the destructive influence of dramatic ohmic losses. The result of this
occasion is the appearing of multiple deep and pronounced coil-type Fano resonances. In
addition, considering calculated extinction profile, the dominant behavior (energy) of the
electric response is obvious, while the energy of the magnetic modes (multipolar peaks) is
lower in comparison to dipolar ones. This condition is important in formation of deep and
high performance multiple Fano resonances. Moreover, it should be noted that the calcu-
lated near-field spectral response is entirely independent of far-field effect and have not been
affected by this spectral response. Figure 4a demonstrates the cross-sectional diagram of the
magnetic field over the wavelength variations for the antisymmetric regime (double Fano
coil-type regime), which includes two distinct extremes associated with the position of Fano
dips. This profile shows the threshold and starting points of Fano resonance formation graph-
ically, where the matching spectra between Fano dips and maximum efficiency of H field are
highlighted by a distinct color. Figure 4b exhibits numerically calculated normalized absorp-
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Fig. 3 a Charge distribution direction
∣∣∣
−→
J

∣∣∣ through the symmetric (i) and antisymmetric (ii) quadrumers,

b two dimensional snapshots of electric |E| (i) and magnetic |H| (ii) fields enhancement under transverse
electric polarization mode excitation, to generate multiple coil-type Fano resonances

tion diagram for both symmetric and antisymmetric Si-based quadrumers. Considering the
imaginary part of the refractive index (n) for Si material (inset diagram) with experimentally
obtained Palik constants. Noticing in Fig. 4a, we observed a pronounced peak for absorption
is obvious for approximately λ < 600 nm, and according to the inset figure, the absorption
coefficient must be negligible around λ > 800 nm for a Si-based nanocluster. However, due
to tremendous magnification in the energy of dark and bright modes and their strong interfer-
ence, a localization in the energy of excited EM fields is performed, and this resonant energy
is highly strong in the antisymmetric cluster. The result of this phenomenon is appearing of
absorption peaks for λ > 700 nm, which reflects the intensity of appeared coil-type reso-
nances. Technically, the position of absorption peaks follows the appeared peaks in magnetic
field efficiency profile. This understanding paves the method toward the use of Si nanodisks
cluster as a low-cost substance with a strong potential to employ in producing intense mag-
netic resonances based on pronounced multiple Fano minima. Using Si nanodisks provides
an opportunity to provide a significant magnification in the intensity of dark modes besides
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Fig. 4 aCalculatedmagnetic |H|field enhancement in an antisymmetric quadrumer composedofSi nanodisks.
The position of magnetic field peaks are in complete agreement with the appeared Fano zones in the extinction
profile of the structure,b numerically determined normalized absorption of excited EMfields by Si quadrumers
in symmetric and antisymmetric orientations. Inset is the diagram of the imaginary part of the refractive index
over the wavelength variations from visible to the infrared spectrum

bright modes without the expense of radiative and internal damping losses that are observable
regularly in metallic clusters and structures.

4 Conclusions

In this letter, we investigated the unique features of a quadrumer cluster composed of Si
nanodisks in symmetric and antisymmetric regimes, numerically. Illuminating both of the
presented structures, we observed weak and strong dipolar and multipolar modes along the
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extinction profile, where, the energy of multipolar extremes in the antisymmetric quadrumer
was significant. Adjusting the size of the Si nanodisks based on the energy of dark and bright
modes, two pronounced Fano deeps were reported in the optimal geometrical condition. The
coil-type Fano resonances were appeared without the negative influence of internal damping
and far-field losses and can be exploited in the generation of strong and intense magnetic hot-
spots. Comparing the studied structure and analogous configurations, the dominant behavior
of the proposed all-dielectric quadrumer is clear. Exploiting double Fano dips in, such as sim-
ple antisymmetric quadrumer, wewould be able to design several spectroscopic and refractive
index sensing devices with low-cost and ultra-accuracy. The major applications of coil-type
Fano resonances are non-linear spectroscopy, refractive index sensing, and superlensing.
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Vynck, K., Felbacq, D., Centeno, E., Căbuz, A.I., Cassagne, D., Guizal, B.: All-dielectric type metamaterials
at optical frequencies. Phys. Rev. Lett. 102, 133901 (2009)

Wang, H., Brandl, D.W., Nordlander, P., Halas, N.J.: Plasmonic nanostructures: artificial molecules. Acc.
Chem. Res. 40, 53–62 (2007)

Zeidler, E.: Quantum Field Theory, Basics in Mathematics and Physics. Springer, Berlin (2007)
Zhang, Q., Wen, X., Li, G., Ruan, Q., Wang, J., Xiong, Q.: Multiple magnetic mode-based Fano resonance in

split-ring resonator/disk nanocavities. ACS Nano 7, 11071–11078 (2013)

123


	Multiple coil-type Fano resonances in all-dielectric antisymmetric quadrumers
	Abstract
	1 Introduction
	2 Theory
	3 Results and discussion
	4 Conclusions
	Acknowledgments
	References




