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Abstract

®

CrossMark

Various noble metal nanostructures based on surface plasmon have been proposed in recent

years. Under the irradiation of incident light, if the oscillation frequency of the electrons on the
metal surface matches the frequency of the incident light wave, resonance will occur. In the
resonance state, a special electromagnetic mode is formed: the electromagnetic field is localized
and enhanced in a small area of the structure surface. In our artic, a fish-like dimer (F-LD)
nanostructure has been proposed. The dark second order magnetic mode is excited due to the
near-field coupling between two parts of the dimer. An asymmetry Fano linetype will be
generated when the dark magnetic mode is coupled with the bright electric mode. Rotating the
structure, the fourth and sixth order magnetic modes can be generated. When the radii of the
semi-rings in the gap are changed, the first and third order magnetic modes can be observed.
More interestingly, as the number of semi-ring in the gap increasing, the spectral line shape can
be controlled and higher-order magnetic modes can be generated regularly. At the same time,
multiple Fano resonances can be observed in the extinction spectrum and the spectrum can be
modulated simultaneously in multiple bands. By changing the structure parameters, the first,
second, third, fourth, sixth and eighth order magnetic modes can be obtained. In different cases,
the magnetic field can be enhanced greatly in different areas of the gap, and the maximum
magnetic field enhancement reaches 49 times of the incident field. For these characteristics, our

structure can be well used in multi-band sensing and surface enhanced spectroscopy.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Plasmonics is an interdisciplinary subject combining surface
plasmon and photonics, which is called the most potential
information carrier of nano-integrated photon devices. Com-
pared with the traditional optics, plasmonics is studied at the
nanoscale, which can manipulate light at the nanoscale
without the limitation of diffraction limit. Plasmonics has a
very important application prospect in many research fields,
such as surface enhanced fluorescence, surface plasmon
photon chips, couplers, biosensor, optical filtering and so on.

0031-8949,/20/055507-+08$33.00

Surface plasmon is an electromagnetic wave, which is
generated by collective oscillations of photons or electrons
[1, 2]. As a bridge between photons and electrons, it provides
an opportunity to construct subwavelength integrated photo-
nic devices for quantum communication and processing
[3-6]. When metal nanostructures are close to each other,
their respective plasmons will interact to form a hybridized
collective mode. The interferences between different plasmon
modes of coupled nanostructures can bring about some
interesting phenomena, such as Kerker effect [7], Hanle
effect [8], plasmonic Fano resonance [9-11], high-order
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Figure 1. (a) 2D graph of the F-LD nanostructure and the geometrical parameters. (b) 3D graph of the F-LD.

electromagnetic mode [12], and second harmonic generation
etc [13].

Fano resonance, as a fundamental resonance effect, has
been extensively studied in various nanostructures, such as
ring-disk [14, 15], nonspherical assemblies [16], ring-rod
nanostructures [17], plasmonic oligomer clusters etc [18]. In
the plasmonic system, Fano resonance arises from the
coherent interference between the broadband bright mode and
the narrowband dark mode [18, 19]. The bright mode can be
directly excited by incident light, and it has a large net dipole
moment. However, the dark mode can not be excited directly,
which can only be excited by near-field coupling or symmetry
breaking. The net dipole moment of dark mode is almost zero.
Usually, a series of excellent properties will be induced when
the plasmonic Fano resonance is generated such as large local
field enhancement, high sensitivity to surrounding environ-
ment or structural parameters, large absorption or transmis-
sion of light at resonance frequency, etc. Benefiting from
these characteristics, Fano resonance has been widely used in
various fields including surface enhanced spectroscopy
[20, 21], Fano switch [22], Fano interferometer [23], ultra-
sensitive biosensor [24, 25] and so on. A crisscross dimer
nanostructure has been proposed by Zhang et al, in which a
tunable Fano resonance can be generated. More interestingly,
large electric field enhancement can be excited at the same
position at each plasmon resonance, which have important
application value in the field of surface-enhanced spectrosc-
opy [18]. Another silver nanoring structure has been proposed
by Yi et al. The absorption intensity and the resonance peaks
can be changed by adjusting the radius (inner radius and outer
radius) and height of the structure. In addition, the dipole,
fourth-order and eighth-order plasmon resonance modes can
be observed in spectrum, which is an important step toward a
thorough understanding of plasmon resonance [26].

Up to now, most of the research on high-order plasmonic
resonance is about electric modes. However, high-order
magnetic modes are also important in plasmonic materials
and devices [27]. It has been testified that optical frequency
magnetic plasmonic resonance can improve the sensitivity of
circular dichroism spectrum as well as enable tunable per-
meabilities for novel metamaterials [27-29]. In addition,

Semi-disc dimer
[— Fish-like dimer

Extinction cross section(m’)

M‘

800

1000 1200 1400
Wavelength(nm)

600 1600 1800

Figure 2. The extinction cross sectiones of the F-LD and semi-diac
dimer nanostructure, where R1 = 145 nm, g = 10 nm and
R2 = R3 = 70 nm.

magnetic effects play an significant role in many related
microwave applications, such as sensing of biological appli-
cations [30], metamaterials [31], magnetic induction wave-
guides [32] and high resolution imaging [33]. Therefore, it is
very important to design a nanostructure with adjustable
multiple magnetic modes.

In this paper, a fish-like dimer (F-LD) nanostructure has
been proposed. When the light incident perpendicular to the
structure, the dark second-order magnetic mode can be
excited. An asymmetric Fano resonance can be generated due
to the coupling of the dark magnetic mode and the bright
electric mode. When the nanostructure is rotated, multiple
high-order magnetic plasmons can be excited. We can
enhance or suppress the magnetic modes by controlling the
rotation angle. In addition, when the gap shape of the dimer is
changed, low-order magnetic modes can also be excited.
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Figure 3. (a)-(c) The charge distributions of mode E, M’ and dip M,. (d)—(f) The current density and magnetic field enhancement
distributions of mode E, M’ and M,. Here H represents the local magnetic field and Hy represents the background magnetic field.

Large magnetic hot spots can be obtained with the emergence
of new magnetic modes. Double Fano resonances can be
generated by rotating the nanostructure or changing the gap
shape, which enable our structure have great application in
the field of multi-band sensing. More interestingly, when we
increase the number of semi-ring contained in the gap, high
even-order magnetic modes can be excited regularly and
multiple Fano resonances can be observed. The generation of
high even-order magnetic modes can be controled by select-
ing the number of semi-ring contained in the gap. This
characteristic makes the structure can be well used in con-
trollable spectral line shaping. Furthermore, the magnetic field
in the gap is greatly enhanced with the generation of higher-
order magnetic modes, and the maximum magnetic field
enhancement can reach 49 times of the incident field, which
has important application value in the field of surface
enhancement spectrum.

2. Structure and simulation method

The structure of F-LD is shown in figure 1, and it is actually a
disc with a s-shape gap. The materials of the nanostructure is
Ag, the radius of the large disk is R1, and the radiuses of the
two semi-circles are R2 and R3, respectively. In our calcu-
lations, we define m = R2 - R3 as asymmetry degree to
describe the asymmetric system. The width of s-shape gap g
is 10 nm and the thickness of the nanostructure T is 20 nm.
The incident electromagnetic wave is perpendicular to the
structure and the polarization direction is along the x-axis.

In this paper, all the calculations are completed by the
finite element method (FEM). The finite element method is a
numerical technique for finding approximate solutions to
boundary value problems for partial differential equations. It
subdivides a large problem into simple finite elements. Then,
the FEM uses variational methods from the calculus of var-
iations to approximate a solution by minimizing an associated
error function. According to the finite element method, some
related simulation software has been designed. In the artical,
COMSOL multiphysics software package are used to do all
the calculations [34]. A perfect matching layer is designed
outside the structure and the structure is surrounded by air.
The extinction characteristics are determined by the sum of
absorption cross section and scattering cross section. The total
absorption cross section is calculated by integrating the ohmic
heating within the F-LD nanostructure [35]. The total scat-
tering cross section is calculated by integrating the scattered
power flux over the F-LD [35].

3. Results and discussion

3.1. The spectral properties of the F-LD nanostructure

The extinction properties of semi-disc dimer and F-LD have
been shown in figure 2. The radii of semi-disc dimer and
F-LD, R and R1, are 145 nm, and the gap of the two dimers g
is 10nm. It is found that there is only one resonance near
900 nm in the spectrum of the semi-disc dimer (in figure 2,
red curve). The corresponding charge distribution is inserted
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Figure 4. (a) The extinction cross section of F-LD nanostructure when it is rotated. (b), (c) The charge distributions of modes My, Mg. (d),
(e) The current density and magnetic field enhancement distributions of modes M, and Mg,

in figure 2, which is a bright super-radiation mode. Compared
with the extinction spectrum of semi-disc dimer, an asym-
metric Fano linetype is formed between 600 and 1300 nm in
the spectrum of F-LD. This indicates that the dark mode is
stimulated in the F-LD due to the destruction of structural
symmetry.

In order to further prove our statement, the charge, cur-
rent density and magnetic field enhancement distributions at
peaks and dip of the F-LD are shown in figure 3. Observing
figures 3(a) and (d), it is found that the structure has a large
net dipole moment at the peak near 760 nm (yellow arrow in
figure 3(a)) and there is no current loop. Therefore, it is a
bright electric mode, which is called mode E. For figures (c)
and (f), we can see that the total electric dipole moment of the
structure near 1100 nm is almost zero and two obvious current
loops are formed. Therefore, it corresponds to a dark magn-
etic mode. We can see that the magnetic dipoles formed by
two current loops are in the opposite direction, which is
similar to a toroidal mode [36]. Since there are two magnetic
hot spots, we call it the second-order magnetic mode, which is
represented by M, The asymmetric Fano linetype is gener-
ated from the coupling of mode E and mode M,. Observing
the distribution of magnetic field and current density at the
dip, there are two obvious current loops and the magnetic hot
spots are mainly distributed in the dimer gap. Therefore, it is a
magnetic Fano resonance, which we call mode M’

3.2. Generating high-order magnetic modes and double Fano
resonances through rotating nanostructure

We also study the optical properties of the structure when it is
rotated. The extinction spectra are shown in figure 4(a) and
the corresponding structure diagram is inserted, where 6 is the
angle of rotation. With the increase of 0, the original peak
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Figure 5. The extinction cross section of F-LD nanostructure by
changing m.

near 600 nm becomes obvious and a new peak appears near
500 nm, we call them modes M, and Mg, respectively.

The charge and current density distributions of mode My
and Mg are shown in figures 4(b) and (d). There are four
magnetic hot spots in the gap, which are formed by four
current loops respectively, and we call it the fourth order
magnetic mode. Mode M, is a dark magnetic mode, which
couples with mode E to form a new asymmetric Fano
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Figure 6. (a)—(c) The charge distributions of modes M3, M, and M. (d)—(f) The current density and magnetic field enhancement distributions

of modes M3, M, and M;.

—two semi-rings \

(a)

four semi-rings

R BRI

Extinction cross section(mz)

L | L 1 1 1 L 1 L 1 1 1 1

800 1000 1200 1400 1600
Wavelength(nm)

1800

Figure 7. (a)—(c) The extinction cross section of the F-LD
nanostructure when the gap with two semi-rings, four semi-rings and
six semi-rings, respectively.

linetype. That is to say, with the increase of 6, double
magnetic Fano resonances can be generated. Observing the
distributions of charge and current density of mode Mg in
figures 4(c) and (e), it is found that six magnetic hot spots are
generated, which is called six-order magnetic mode. When 6
increases, the relative position between the structure gap and
the polarization direction of the incident light is changed,
which results in the generation of high-order modes. By
rotating the structure with different angles, the generation of
second, fourth and sixth order magnetic modes can be con-
trolled conveniently. For example, when 6 = 0°, the second-
order magnetic mode of the structure can be obtained. When
6 > 0°, the fourth-order magnetic mode become obvious with
the increasing of 6 and when 6 > 30° the sixth-order magn-
etic mode of the structure can be obtained in the spectrum.

3.3. Generating multi-order magnetic modes and double Fano
resonances by changing m

In the previous discussion, m is fixed to 0, and the sizes of R2
and R3 are both 70 nm. Now we fix the sum of R2 and R3 at
140 nm and change the value of parameter m to study the
optical properties of the structure. As shown in figure 5, a new
resonance appears near 1600 nm with the increase of m. In
addition, the original mode E splits into two modes. In order
to further study these new modes, we research the distribution
of charge and current density of the structure with m =
70 nm. Figure 6(c) shows the charge distribution of the mode
at 1600 nm. It is found that there is a charge node and a
magnetic hot spots has been generated in figure 6(f), so it is a
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Figure 8. (a)—(d) The charge distributions and (e)—(h) The magnetic field enhancement distributions of modes M,, M, , Mg and Ms.

first-order magnetic mode, which is called M;. Similarly, two
and three magnetic hot spots can be observed in figures (e)
and (d), respectively, so they are called modes M, and M.
The corresponding charge distributions are shown in figures
(b) and (a).

New modes M; and Mj; appear when m = 0. The
intensity of mode M, increases with the increasing of m,
which is caused by the increase of structural asymmetry.
However, the trend of mode M, is exactly the opposite of
mode M,;. This is because the size difference between two
fish-like structures increase with the increasing of m, which
directly weakens the coupling between two parts of the dimer.
The magnetic modes M, and M3 are coupled to the original
mode E respectively, double Fano resonances is formed in the
spectrum.

Generally speaking, the second, fourth and sixth order
magnetic modes can be generated by rotating the F-LD
nanostructure. When m = 0, the first, second and third order
magnetic modes also can be obtained. Interestingly, at dif-
ferent magnetic modes, the electromagnetic field enhance-
ment can be enhanced greatly at different areas of the gap.
The emergence of multiple magnetic modes makes our
structure have potential applications in high resolution ima-
ging and sensing of biological applications.

3.4. Generation high-order magnetic modes by increasing the
number of semi-rings in the gap

The gap of the dimer studied above is s shape with two semi-
rings. The optical properties of the nanostructure are studied
when the gap with four semi-rings and six semi-rings, and the
large disc radius R1 is constant. The corresponding extinction
spectra are shown in figures 7(a)—(c), in which the structure
diagrams are inserted.

The extinction spectrum of F-LD structure is shown in
figure 7(a), in which only mode M, and M, are excited. When

the gap of the structure contains four semi-rings, we find that
mode M, becomes more obvious and a new mode is excited
around 500 nm. Since there are six magnetic hotspots in the
new mode, we call it the sixth order magnetic mode, which is
represented by Mg. Subsequently, the structure that the gap
includes six semi-rings is also studied by us. It is found that
the intensity of modes My and Mg is increased. More inter-
estingly, another new mode is observed around 450 nm in
figure 7(c). There are eight obvious hot spots in the magnetic
field enhancement distribution, which is called mode Mg. This
can be attributed to the coupling of the disks and cavities on
both sides of the gap. When the number of semi-ring con-
tained in the gap is increased, the numbers of coupling
between disks and cavities will also increase, which leads to
the regular generation of high-order magnetic modes.
Therefore, we can infer that when the gap of structure
includes more semi-rings, new high even-order magnetic
modes will appear, then we can predict the new magnetic
modes and their approximate resonance positions by chan-
ging the numbers of semi-rings contained in the gap.

To make our argument more convincing, the charge and
magnetic field enhancement distribution of gap with six semi-
rings are shown in figure 8. In figure 8(a), there are two
charge nodes in mode M,. Correspondingly, there are two
magnetic hot spots in the magnetic field enhancement dia-
gram. Similarly, we can observe four, six and eight magnetic
hot spots in figures 8(f)—(h), which correspond well to the
four, six and eight nodes in figures 8(b)—(d). In summary,
high even-order magnetic modes can be excited regularly by
increasing the number of semi-ring contained in the gap.

At the same time, multiple Fano resonances can be gen-
erated. Based on this optical property, we can not only mod-
ulate the spectrum in multiple bands simultaneously, but also
achieve controllable spectral line shaping, which is of great
significance for the application of multi-band sensing. In
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addition, the magnetic field is enhanced greatly in most areas of
the gap, and the maximum magnetic enhancement is 49 times
that of the incident field, which makes our structure have
important application value in surface enhanced spectroscopy.

4. Conclusion

In summary, a F-LD nanostructure has been studied in this
paper. The dark second order magnetic mode is excited due to
the coupling between two parts of the dimer, which couples
with the bright electrical mode to produce an asymmetric Fano
linetype. When the structure is rotated or the value of parameter
m is changed, the first, second, third, fourth and sixth order
magnetic modes can be excited in the spectrum, and the plas-
monic double magnetic Fano resonances is generated. In
addition, when we increase the numbers of semi-rings contained
in the gap while maintaining other parameters unchanged, the
high even-order magnetic modes can be excited regularly. At
the same time, the magnetic field in the gap is greatly enhanced,
and the maximum magnetic field enhancement is 49 times that
of the incident field. The generation of multi-order magnetic
modes and their maximum field enhancement make it have
potential applications in improving the sensitivity of circular
dichroism spectroscopy and surface-enhanced spectroscopy.
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