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The Fano resonance demonstrates excellent performance due to its narrow asymmetrical

spectral line shape, and its sensitivity to structure and material parameter changes.

Compared to conventional Fano resonances, the Fano resonance generated by the

magnetic dipole is more advantageous because of its high absorption and low loss.

In this study, we propose an Au nanosphere dimer–dielectric–gold film sandwiched

structure that supports the magnetic Fano resonance mode. And the Fano resonance

can be efficiently tuned from visible to near-infrared wavelength by changing the size

of the gold nanospheres and the thickness of the dielectric layer. Different from the

single gold nanosphere–dielectric–film structure, the results suggest that the proposed

structure is sensitive to the polarization direction of the excitation light. Considering the

above characteristics, the proposed structure can be applied in multi-band sensing,

surface-enhanced Raman spectroscopy, and dynamically adjustable optical switches.

Keywords: Fano resonance, magnetic mode, surface plasmons, Au nanosphere dimer-dielectric-gold film,

radiation loss

INTRODUCTION

Surface plasmon is generated by collective oscillations of photons and electrons [1, 2]. Due to the
large radiation loss in the visible light band, surface plasmon resonance has a wide Lorentzian
profile resonance peak, which limits its performance [3]. In contrast, Fano resonance originated
from the constructive and destructive interference of light and dark modes can effectively suppress
the radiation loss and generate strong surface electromagnetic enhancement [4–8]. Furthermore,
Fano resonance is drawing intense interest due to its high sensitivity to geometric parameters and
the refractive index changes [7, 9–13]. Therefore, Fano resonance can be used inmany applications,
such as surface-enhanced Raman spectroscopy, surface-enhanced fluorescence, surface plasmon
photon chips, resonators, nano-antennas, couplers, biosensors, and optical filtering [14–23].

Most of the researchers who studied Fano resonance focused on the electric effect reflected in
the coupling between the electric dipole and the higher-order electric mode [8, 18, 24–26]. Only in
recent years, Fano resonance generated by the magnetic mode is being studied [27–29]. However,
the mechanisms of magnetic dipole mode have been discussed in previous studies [30, 31]. The
magnetic modes can be excited by the sandwiched structure connecting metal layers with a
dielectric layer, which is equivalent to a capacitor model. While the two layers of the metal function
as two electrodes, opposite charge distributions are generated on the two layers so that a circular
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displacement current is formed between the metal layers. In
such a case, the dipole moment is reduced, which effectively
inhibits the loss of the system. According to the present research,
organic molecules and two-dimensional materials such as PEG,
graphene, and MgF2, function as dielectric layers [14, 32, 33].
However, themechanism of effective tuning of themagnetic Fano
resonance mode is not studied in depth. In this study, we propose
a sandwiched structure composed of an Au dimer and an Au film
linked by a dielectric molecule layer, which supports magnetic
Fano resonance that can be tuned by the radius of the nanosphere
and the thickness of the dielectric layer. Moreover, the proposed
structure is sensitive to the polarization direction of the excitation
light. Owing to its huge field enhancement brought about by
the generation of magnetic mode, the proposed structure has
potential applications in improving the sensitivity of multi-band
sensing, surface-enhanced Raman spectroscopy, and dynamically
adjustable optical switches.

STRUCTURE AND SIMULATION METHOD

The structure was calculated by the finite elementmethod (FEM).
A three-dimensional model was developed for the calculation,
in which the top and bottom boundaries were set as input
port and output port, respectively. For the input port, a normal
incident excitation wave with electric field components along the
x and/or y direction was adopted during the study. A schematic
illustration of the structure is shown in Figure 1. As shown in

Figure 1A, R1 and R2 are the radii of two Au nanospheres,
respectively. The distance between the two Au nanospheres is
fixed at 5 nm. The Au film thickness (D) was fixed at 200 nm.
The refractive index of the dielectric layer is 1.469. The thickness
of the dielectric layer between the Au nanospheres (radii R1
and R2) and the gold film are t1 and t2, respectively. The
calculated absorption cross-section of the structure with R1

FIGURE 1 | (A) The schematic of Au nanosphere dimer–dielectric–Au film plasmonic nanostructures. The radii of two Au nanospheres are R1 and R2, respectively.

The thickness of the dielectric layer under two Au nanospheres is t1 and t2, respectively. The Au film has a thickness of D. (B) The calculated absorption cross-section

of the structure (R1 = R2 = 100 nm, t1 = t2 = 1 nm, D = 200 nm).

and R2 set at 100 nm and t1 and t2 set at 1 nm is shown in
Figure 1B, in which the Fano resonance can be observed with
two distinct peaks located at 700 nm (marked as “1”) and 900 nm
(marked as “2”).

RESULTS AND DISCUSSION

The Mechanism of Fano Resonance
To study the mechanism of Fano resonance for the structure,

the distribution of the electric field, the magnetic field, and the

surface charge corresponding to the structures with R1 varying

from 80 to 120 nm at the two absorption peaks marked as Peak 1

(near 700 nm) and Peak 2 (near 900 nm) are calculated, as shown
in Figures 2C–L, respectively. The displacement current vector

is indicated by the arrow with white color in the distribution
of the electric field. As R1 = R2 = 100 nm and t1 = t2 =

1 nm, the distribution of the electric field, the magnetic field,
and the surface charge at Peak 1 are shown in Figures 2E-
i, ii, iii, respectively. Two electric current loops formed by
the displacement current vector between Au nanospheres with
Au film can be observed in the electric field distribution
(Figure 2E-i). The current loops induce the magnetic mode,
which can be seen from the anti-symmetric charge distribution
(Figure 2E-iii) of the Au nanosphere and the Au film [31]. On
the other hand, the electric dipole mode is excited between two
spheres, as the magnetic field hotspot between the two spheres is
relatively weak (Figure 2E-ii). Therefore, the optical properties
at Peak 1 are dominated by the magnetic dipole mode. For
Peak 2, no current loop could be observed between the Au
nanospheres and the gold film (Figure 2J-i), while the near-field
electric intensity between the nanospheres is relatively strong.
Meanwhile, from its surface charge distribution (Figure 2J-iii),
it can be seen that the electric dipole is located between the
two nanospheres. Hence, the optical properties at Peak 2 are
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FIGURE 2 | (A) Absorption spectra of Au nanosphere dimer–dielectric–Au film nanostructures with R1 varied from 120 to 80 nm, while R2 is fixed at 100 nm. Peak 1

(black square) and Peak 2 (red circle) are marked in the absorption spectrum. (B) The resonance peaks as a function of the nanosphere dimer size. (C–G) Distribution

of the electric field (i), the magnetic field (ii), and the surface charge (iii) at Peak 1 corresponding to the nanosphere dimer with R1 from 120 to 80 nm. (H–L) Distribution

of the electric field (i), the magnetic field (ii), and the surface charge (iii) at Peak 2 corresponding to the nanosphere dimer with R1 from 120 to 80 nm.
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FIGURE 3 | (A) Absorption spectra of the Au nanosphere dimer–dielectric–Au film nanostructures with t1 varied from 1.8 to 0.8 nm, whereas t2 is fixed at 1 nm. (B)

The resonance peaks as a function of the thickness of the dielectric layer. (C–H) Distribution of the electric field (i), the magnetic field (ii), and the surface charge (iii) at

Peak 1 corresponding to nanosphere dimer with t1 from 1.8 to 0.8 nm. (I) Electric field enhancement of three hot spots at Peak 1 as a function of t1.

dominated by the electric dipole mode, and the hotspot between
Au nanospheres and Au film in the magnetic field distribution
(Figure 2J-ii) is not extremely localized compared with that of
Peak 1 (Figure 2E-ii). Therefore, the generation of the Fano
resonance is due to the coupling of the two modes: the magnetic
dipole mode as the dark mode with the smaller net dipole
moment and the electric dipole mode as the bright mode.

Effects of Nanosphere Radius
The effects of the R1 on Fano resonance are also studied.
Figure 2A shows the absorption spectrum of the structure with
R1 tuning from 80 to 120 nm. As R1 increases, in addition to a

redshift of both peaks 1 and 2, a slight broadening of the Fano
dip is also observed in the spectrum. As shown in Figure 2B, the
location of Peak 1 shifted from 690 to 730 nm, and Peak 2 shifted
from 830 to 960 nm. Despite the changes in R1, the magnetic
dipole mode between the Au nanosphere dimer and the Au film
dominates at Peak 1. There is an obvious current loop observed
in the electric field distribution (Figures 2C–G-i), and the surface
charge distribution is anti-phase symmetrical (Figures 2C–G-iii).
The electric dipole mode dominates at Peak 2, which can be
observed from Figures 2H–L. In the meantime, as the R1 radius
increases, the magnetic field intensity and electric dipole forces
also increase, resulting in the enhancement of the near-field
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interaction in the system. As a result, the mode shifts to lower
energies, and the Fano dip is broadened [34].

Effects of the Dielectric Layer Thickness
The influence of t1 on Fano resonance is also studied. Figure 3A
shows the absorption spectrum of the structure with t1 from
0.8 to 1.8 nm. With the decrease in the t1, the shifts of the
two resonance peak positions are shown in Figure 3B. There
was an insignificant shift in the position of Peak 2, which was
fixed around 920 nm. As Peak 2 originated from the mutual
coupling between the two Au nanospheres, the variation in the
dielectric layer thickness has little effect on the relative positions
of the two Au nanoparticles. The change in the coupling degree
and the electric dipole moment was insignificant; therefore, the
position of Peak 2 was almost unchanged. On the contrary, as t1
decreased from 1.8 to 0.8 nm, the position of Peak 1 (red) shifted
from 660 to 720 nm. Figures 3C–H shows the distribution of
electric field (i), magnetic field (ii), and surface charge (iii) when
the dielectric layer thickness t1 decreased from 1.8 to 0.8 nm.

The magnetic dipole force between the Au nanospheres R1 and
the Au film connected by the dielectric layer with a thickness
of t1 continuously decreased, and the magnetic field hotspots
became stronger. In addition, it was found that plasmon mode
and intensity excited between the Au nanosphere R2 and the Au
film connected by the dielectric layer with a thickness of t2 were
also affected. When the thickness t1 was 1.8 nm, the magnetic
quadrupole mode was excited between the Au nanosphere R2
and the Au film, as shown in Figure 3C-iii. The inset is the
detailed schematic diagram of the charge distribution at the
junction. However, due to the low displacement current density,
the localized near-field magnetic intensity becomes weak [29].
Apart from the case of 1.8 nm, as t1 decreases from 1.6 to 0.8 nm,
the magnetic dipole mode is stimulated at the junction of the
nanosphere with a radius of R2 and the film (with a thickness
of t1), as shown in Figures 3D–H-i. The electric and magnetic
intensities reached the highest when t1 was 1 nm and gradually
decreased with an increase in t1, as shown in Figure 3I. It was
also observed from the near-field electric intensity at the three

FIGURE 4 | (A) Absorption spectra of Au nanosphere dimer–dielectric–gold film structure with different polarization directions. (B–D) Distribution of the electric field

(left) and the magnetic field (right) located at 710 nm corresponding to Ex = 1, Ey = 1, and Ex = Ey = 1. (E) The absorption spectra of the structure with and without

the dielectric layer. (F) Distribution of the electric field (left) and the magnetic field (right) located at 710 nm corresponding to the structure without the dielectric layer.

Frontiers in Physics | www.frontiersin.org 5 May 2021 | Volume 9 | Article 691027

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


Gong et al. Tunable Magnetic-Based Fano Resonances

hotspots that are located between the nanosphere with radius R1
and the nanosphere with radius R2 (AuNP1-AuNP2), between
the nanosphere with radius R1 and the Au film (AuNP1-Film),
and between the nanosphere with radius R2 and the Au film
(AuNP2-Film). There was an insignificant change in the intensity
at the hotspot of AuNP1-AuNP2 with a decrease in t1, and the
hotspot of AuNP1-Film decreased, while the hotspot of AuNP2-
Film reached maximum when t1 was 1 nm.

Effects of the Polarization Direction
Considering the mutual coupling between the two nanospheres,
the optical properties and the near-field enhancement effect are
also studied when the polarization direction of the incident
light is changed. Figure 4A shows the absorption spectra of
the Au nanosphere dimer–dielectric–Au film structure under
the incident light with different polarization directions. It can
be seen that the polarization direction has little effect on
the peak around 700 nm, whereas the peak around 900 nm
strongly depends on the electric field polarization in the x
direction. In other words, as long as the electric field has
a component along the x direction where the two spheres
contact, the dipole mode between the two nanospheres can be
excited. It is also confirmed that the absorption peak around
900 nm originated from the electric dipole between the two
nanospheres. Figures 4B–D shows the distribution of the electric
field (left) and the magnetic field (right) corresponding to the
absorption peak near 700 nm for the incident light with different
polarization directions. A clear current loop and localized
magnetic hot spots are generated between the Au nanospheres
and the Au film around 700 nm, suggesting that the magnetic
mode is almost unaffected by the polarization direction of the
electric field.

To further investigate the effect of the dielectric layer in
exciting the magnetic mode, the absorption spectrum of the
structure without the dielectric layer was calculated, as shown in
Figure 4E. Compared to the structure with the dielectric layer,

the absorption peak of the one without dielectric layer at around

700 nm disappeared and its corresponding displacement current
loop is non-existent (Figure 4F), which further proved the vital
role of the dielectric layer to excite the magnetic mode of the
structure [24].

CONCLUSIONS

Our study proposes an Au nanosphere dimer–dielectric–gold
film sandwiched structure that generates magnetic field-based
Fano resonance from visible to near-infrared wavelength. By
changing the size of the gold nanosphere and the thickness
of the dielectric layer, the Fano resonance wavelength and
the resonance intensity can be easily tuned. The proposed
structure is also sensitive to the incident polarization direction.
Owing to its flexible tuning, high absorption, and low loss
characteristics, this structure has a great potential in applications
such as resonators, surface-enhanced Raman scattering,
and nano-antennas.
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