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A strong chiral optical response induced at a plasmonic Fano resonance in a planar Au 

heptamer nanostructure was experimentally and theoretically demonstrated. The 

scattering spectra show the characteristic narrow-band feature of Fano resonances for 

both left and right circular polarized lights, with a chiral response reaching 30% at the 

Fano resonance. Specifically, we systematically investigate the chiral response of 

planar heptamers with gradually changing the inter-particle rotation angles and 

separation distance. The chiral spectral characteristics clearly depend on the strength 

of Fano resonance and associated near-field optical distributions. Finite element 

method simulations together with a multipole expansion method demonstrate that the 

enhanced chirality is caused by the excitation of magnetic quadrupolar and electric 

toroidal dipolar modes. Our work provides an effective method for the design of 2D 

nanostructures with strong chiral response.  
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Metallic nanostructures as simple and versatile platforms for control and manipulation 

of electromagnetic fields at the nanoscale is currently an active research area. Their 

optical resonances are determined by collective electron oscillations known as surface 

plasmon resonance (SPR)1, 2, 3. The SPR resonances depend sensitively on the 

geometry, material and dielectric environment4, 5, making it possible to design 

nanoscale structures with high sensitivity to the chiral state of light6, 7, 8, 9 and possible 

uses in biosensing applications such as protein sensing10, 11. Three-dimensional (3D) 

metallic chiral structures, inherently have a large light-matter interaction volume 

allowing sufficiently strong interaction between electric and magnetic modes to result 

in large circular dichroism (CD)12, 13, 14, 15. However, the fabrication of nanostructured 

3D chiral materials is challenging using conventional top-down approaches which 

inherently are based on 2D patterning. DNA-based chiral assemblies from solution 

phase system maybe another solution for the fabricating complex 3D structures, but it 

is difficult to create large-area regular arrays16, 17. For this reason significant effort has 

been devoted to the development of two-dimensional (2D) chiral metamaterials, such 

as gammadions18, 19, G-shape20 and S-shape structures21. However, such 

nanostructures with their obvious geometric chirality usually exhibit only small CD22.  

Great efforts have been made to enhance and explain the optical chirality in 

periodic structure through symmetry analysis and design23, 24. However, this task 
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remains challenging for individual 2D plasmonic nanostructures with their reduced 

light-matter interaction volume. In several recent applications it has been shown that 

plasmonic Fano interference can strongly enhance the strength of light-matter 

interactions in individual metallic nanostructures25, 26. This enhancement is due to the 

indirect coupling between bright and dark collective modes that can provide large 

local electromagnetic field enhancements and strong near-field couplings. Successful 

applications of this approach include the development of substrates for enhanced 

LSPR sensing27, 28, 29, Raman Scattering30, 31, photodetection32, 33, and nonlinear optics 

effects34, 35.  

 In this work, we show that plasmonic Fano interference can dramatically enhance 

the light-matter interaction in individual metallic nanostructures and resulting in a 

strong narrow-band chiral optical response. The inter-particle rotation angle and 

separation distance of the planar heptamers are controlled in order to achieve a 

maximum optical chirality. To explain the experimental results, we use finite element 

method (FEM) simulations combined with a multipole expansion method, which 

provides insight into the underlying chirality mechanism and pave the way for the 

further optimization and tuning of the chiral response of 2D interacting plasmonic 

nanostructures.   

 

Results 

Design of planar plasmonic chiral heptamer. The schematic of the planar heptamer 

structure is shown in Fig. 1a., consisting of a central disk with radius r = 85 nm and 

Page 3 of 17 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



4 
 

six satellite ellipses with major axis a = 85 nm and minor axis b = 35 nm. This chiral 

nanostructure was fabricated on a SiO2/Si substrate using E-beam lithography 

following Au evaporation (30 nm thickness) and is shown in the SEM picture as Fig. 

1b. The orientations and positions of the surrounding ellipses have their centers 

located at the vertexes and the major axes parallel to the side directions of a regular 

hexagon with side length d = 180 nm. The structure was normal-illuminated with 

focused left-handed (LCP) or right-handed (RCP) circularly polarized light that 

generated by a quarter-wave plate and a linear polarizer. The scattering spectra were 

measured using dark-field optical microscopy (See Text S1 in the Supplementary 

Information) and is shown in Fig. 1c.  

 
Figure 1.  (a) Schematic of the chiral Fano oligomer under normal-incident circularly polarized 

light. (b) SEM image for the heptamer consisting of a central disk (r = 85 nm) and six satellite 

ellipses with major axis 85 nm and minor axis  35 nm. (c) Measured dark-field scattering spectra 

for LCP (red) and RCP (blue) excitation, and its corresponding optical chirality (green). (d) 
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Scattering cross section calculated for LCP and RCP incidence and the resulting chirality.  

A pronounced plasmonic Fano resonance appears at 800 nm for both LCP and RCP 

excitations. And a prominent scattering intensity difference at the Fano dip is apparent, 

indicating a strong optical chirality. To quantify the CD, we define an optical chirality 

(OC) as LCP RCP LCP RCP( ) ( ) 100%     sca sca sca sca , where LCP(RCP) sca  is the scattering 

cross section under LCP (RCP) excitation. Using this definition, the optical chirality 

is found to be strongly wavelength dependent and with its maximum as about 20% at 

the Fano resonance, which is much higher than what is typically observed for 

common planar nanostructures22, 36. Numerical simulations were also performed using 

the finite element method (FEM) to simulate the scattering cross section of the 

fabricated structure. The simulation domain includes the structure with perfect 

matched layers in all directions. The Au dielectric function was obtained from 

Johnson and Christy37, and the refractive index of SiO2 is n=1.45. The entire structure 

is illuminated by a normal-incident circularly polarized light with the electric field in 

the xy-plane. Fig. 1d shows the calculated scattering cross section of the chiral Fano 

oligomers under LCP (red line) and RCP (blue line) illumination, which has good 

agreement with the experimental measurements, where the Fano resonance emerge in 

the scattering spectra for both polarizations, but is much deeper for LCP illumination. 

The absorption cross section was also calculated and found to be larger for LCP than 

for RCP at the Fano resonance (See Fig. S1 in the Supplementary Information). These 

characteristics in both the scattering and absorption spectra indicate that Fano 

interference is strongest for LCP excitation. The sample without substrate was also 
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simulated, with the similar scattering spectra, the influence induced by the substrate 

can be ruled out. (See Fig. S2 in the Supplementary Information) 

 

Chiral response with ellipse rotation angle. In order to investigate the influence of 

the structure symmetry on the optical chirality, we fabricated a series of planar 

heptamers with various inter-particle rotation angle as shown in Fig. 2. The 

inter-particle rotation angles is defined as θ (See Fig. 3a), and changed from 30 to 180 

degree. The corresponding SEM images for each of the structure are displayed on the 

top of curve plots. The measured scattering spectra are displayed and compared in Fig. 

2 for both LCP (light gray) and RCP (gray) excitation.  

Under each of the rotation angle, the corresponding optical chirality was 

measured. The plasmonic Fano resonance was found first blue shift and then red shift 

with the increasing of the rotation angle θ under either LCP or RCP illumination. With 

the largest structure symmetry breaking, the maximum chirality was recorded when θ 

is 60° and 180°. The chirality decreases with the decreasing of the symmetry breaking, 

and finally disappear when the θ changed to 30° and 120°. Because of the weak 

coupling between the center disk dipolar mode and the satellite ellipses long-axis 

dipolar mode, the strength of the Fano resonance dramatically reduced when θ is 120°. 

These results show that the planar heptamers have a well-functioned spectral 

tunability and robust optical chirality. FEM simulations were performed and 

calculated the scattering cross section of these fabricated structures. All of the main 

spectral features are clearly confirmed, and the deviation between the experiment and 
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simulations possibly is induced by the sample nanofabrication. (See Fig. S3 in the 

Supplementary Information) 

 

Figure 2. The rotation angle θ is changed from 30 to 180 degree, and for each of the oligomer 

structure, the corresponding SEM images are on the top of the scattering spectra. With the largest 

structure symmetry breaking, the Chirality reaches ~20% when θ is 60 and 180 degree. The 

Chirality decreases to ~10% with the increasing of the structure symmetry, as θ = 90 and 150 

degree, and finally disappear when θ changes to 30 and 120 degree. The scale bar is 200 nm.   
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Chiral response with inter-particle distance. The heptamer nanostructures with 

various inter-particle distances were further fabricated and investigated for the 

plasmon coupling on the optical chirality. The gap distance d is changed from 160 to 

260 nm, as shown in the SEM images of Fig. 3a. From Fig. 3b, we can see that with a 

large inter-particle distance, such as d = 260 nm or even larger, the measured 

scattering spectra show the similar dipolar resonance around 800 nm because of the 

weak coupling between the center disk and the surrounding nano-ellipses. As d 

decreases to the 220 nm, plasmonic Fano resonance appears, and under the LCP and 

RCP illumination, an obvious chirality can be measured (Fig.3c).  

 

Figure 3. (a) Schematic of the chiral heptamer and SEM images for different inter-particle 

distance d that changed from 160 to 260 nm. (b-c) Experimental scattering intensity for each of 

the heptamer under LCP and RCP illumination, and corresponding chirality which reaches ~30% 

when d=160 nm. (d-e) Scattering cross section calculated using FEM simulations with different 

inter-particle distances for LCP and RCP excitation and the resulting chirality. The scale bar is 200 
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nm. 

The chirality increased with the increasing of the Fano resonance strength, which 

is sensitive to the inter-particle distance d. With the distance d decreases to 160 nm, 

the maximum chirality ~30% is measured. The FEM simulations (Fig.3d and 3e) have 

a good agreement with the experiment observation, and indicating that with an even 

smaller inter-particle distance, our chirality based on the planar plasmonic 

nanostructure can reach its theoretical up limit. In order to explore the mechanism of 

this Fano enhanced chirality, we use the coupled dipole approximation (CDA) model 

and multipole mode expansion method to analyze this observed chirality. 

 

Discussion 

Dipole moment of surrounding ellipses. The CDA4, 6, 38 model that we proposed 

provides a quantitative description of the dipole moments of the ellipses in the 

oligomer structure.(See Text S2 and S3 in the Supplementary Information) With this 

model, the magnitudes of the dipole moments along the major (or minor) axes of the 

six ellipses can be calculated and shown in Fig. 4a and 4b. We notice that for LCP 

excitation, the dipole moments along the minor axes are much smaller than along the 

major axis at the Fano resonance, while under RCP excitation, the dipole moments 

along the two axes become comparable. To further understand the dipole moment 

differences, we plot snapshots of the surface charge distributions (obtained by FEM) 

at the Fano resonance for LCP and RCP excitation in Figs. 4c and 4d.  
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Figure 4. The dipole moments along the major and minor axis of the ellipse as a function of 

wavelength under (a) LCP and (b) RCP, respectively. The blue dashed lines show the wavelength 

position of the Fano resonance. FEM simulated surface charge (c,d) and electric field (e,f) 

distributions at the Fano resonance under LCP and RCP illuminations. 

Plasmonic Fano interference is confirmed by the opposite alignment of the 

electric dipoles of the center disk and surrounding ellipses for both LCP and RCP. 

However, the nature of the polarization of the surrounding ellipses is different: for 

LCP, the polarization of the ellipses is predominantly along the major axis; while for 

RCP, the polarization is both along the major and minor axes. The calculated electric 

field distributions (Figs. 4e and 4f) give further explanations for this difference. For 

LCP, the strong coupling between adjacent ellipses leads to alignment of the dipoles 

along the major axis. For RCP, the strong couplings with the center disk induce a 

significant polarization also along the minor axes of the ellipses. 

 

The origin of Fano induced optical chirality. To clarify which plasmonic modes are 
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responsible for the optical chirality, we use the multipole expansion method39, 40 to 

analyze the plasmon modes. The total scattering power can be expanded as the sum of 

multipolar emitters: 

4 4 6 5
2 2 2 * *

3 5 7 5
0 0 0 0

6 5
2 2

5 7
0 0

( )
12 12 12 12
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  (1) 

where c is the speed of light,   is the frequency and α, β = x, y, z. The first two 

terms correspond to the bright electric and magnetic dipolar modes. The third term 

corresponds to scattering from a bright toroidal dipolar mode. The fourth term 

accounts for the interference between the electric and toroidal dipolar modes. The 

fifth and sixth terms are the contributions from dark electric and magnetic 

quadrupoles. The multipolar moments in Eq. (1) can be obtained from the calculated 

electric dipolar polarizations of each particle (See Text S4 in the Supplementary 

Information). The radiation powers from each term as a function of wavelength for 

LCP and RCP excitation are shown in Fig. 5. For both LCP and RCP incidence, the 

scattering powers from the magnetic dipole and the electric quadrupole are zero. The 

scattering powers from the electric dipole are similar for both polarizations in the 

entire range of wavelengths. The major differences between LCP and RCP are in the 

contributions from the dark magnetic quadrupole and the electrical toroidal dipole 

modes which peak at the Fano resonance for LCP. The electric-toroidal interference 

term is also different with a negligible contribution at the Fano resonance for RCP. 

From this decomposition, we can clearly see that the chirality in the scattering spectra 

arises from the excitation of magnetic quadrupolar and toroidal dipolar modes.  
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Figure 5. Multipolar contributions to the scattering for LCP and  RCP incidence. The magnetic 

dipole and the electric quadrupole are not shown because they are zero. The electric dipole 

possesses the same scattering power in the entire range of wavelength, while  the magnetic 

quadrupole, the toroidal dipole, and the electric-toroidal coupling show significant differences 

between LCP and RCP illumination. 

 

In conclusion, we have demonstrated that plasmonic Fano resonances can be 

utilized to strongly enhance the chiral response of planar plasmonic oligomer 

nanostructure. The measured chiral response of the heptamer can reach the maximum 
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around 30% when the inter-disk distance is 160 nm and with the largest structure 

symmetry breaking. A near-field analysis reveals that the chirality enhancement is 

induced by the different excitation efficiency of dipole modes along the major and 

minor axis of the six satellite ellipses. Using a multipolar mode expansion, we further 

show that the origin of the enhanced chirality is a plasmonic Fano resonance caused 

by the excitation of magnetic quadrupolar and electric toroidal dipolar modes. Our 

designed Fano oligomer configuration and analysis method provide a convenient 

platform for the further optimization of Fano resonant oligomers for strong chiral 

optical response with potential applications in biosensing, metasurface, and other 

nanophotonics applications. 

 

Methods 

Sample preparation. 

The planar nanostructures with different gaps and rotation angles were fabricated 

using electron-beam lithography (EBL) with a positive resist (PMMA) on a Si/SiO2 

substrate. The Au structures were deposited by electron beam evaporation and 

followed by a standard lift-off procedure. 

Numerical simulations. 

The finite element solver (COMSOL) was used to simulate the scattering cross 

section of the fabricated nanostructures. The simulation domain includes the structure 

with perfect matched layers in all directions. The Au dielectric function was obtained 

from the experimental data of Johnson and Christy, 37
 and the refractive index of SiO2 
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is n=1.45. For the calculation, the electromagnetic fields of the Au nanostructures 

with the substrate were simulated.  
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