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Abstract: Bianisotropic metamolecules provide a novel opportunity to realize optical 

magnetism through localized electromagnetic coupling (EM coupling). Previous 

investigations of the EM coupling, however, are mostly limited to linear regime. In this work, 

we theoretically study active manipulation of light in nonlinear regime with EM coupling. To 

this end, we design a bianisotropic metamolecule composed of four uniform gold nanodisks. 

Simulation results show that a Fano-like resonance induced by EM coupling is sufficient to 

control second harmonic generation (SHG) signal. By rotating polarization angle of optical 

excitation source, we switch on-off of the emitted SHG signal with the EM coupling. 

Furthermore, we demonstrate modulation of the SHG signal through the EM coupling by 

tuning the gap size and filling material.  

1. Introduction

When light propagates in medium or structures, its properties, including phase, polarization 

and frequency, could be controlled due to the light-matter interaction in different types of 

material such as anisotropy, birefringence, and nonlinearity. [1, 2] However, the ability of light-

controlling in natural materials is restricted by the limited categories. Metamolecules or 

metamaterials stand out for their optical properties could be configurable by artificially 
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engineering the size, shape, materials and also the arrangement of the constituent.[3, 4] Over 

the past decades, a lot of fascinating optical properties have been achieved by using 

metamolecules or metamaterials, including unnatural refraction index,[5-11] hyperbolic 

anisotropy, [12-14] optical magnetism,[15-20] and nonlinearity. [21-27] 

Among these novel phenomena, optical magnetism is of particular interest due to the 

weakness of magnetic response in optical materials. It has been recently both experimentally 

and theoretically demonstrated by tailoring metamolecule structures, such as metallic split-

ring,[28-30] plasmonic nanoparticle clusters,[31-35] metal-insulator-metal oligomers,[36, 37] and 

plasmonic gratings.[38, 39] These artificial phenomena come from local electric-bright mode 

and magnetic-dark mode coupling (EM coupling) in nanostructures, which can be explained 

by using analytical theory approaches, [35, 40-44] and utilized to switch the electromagnetic 

responses.[45] In essence, most of these EM coupling effects come from bianisotropy, which 

has been of interest due to optical magnetism and its non-reciprocity. [38, 46, 47] Usually, EM 

coupling is accompanied by Fano-like features with near-field enhancement and far-field 

scattering suppression.[48] These capabilities are beneficial to both linear[49] and nonlinear[50-52] 

process down to a nanoscale volume.  

In contrast to an extensive study on linear effect, EM coupling in bianisotropic nanostructure 

has been preliminarily investigated in nonlinear optical regime. Wen et al. proposed a 

pioneering mechanism for generating optical nonlinearity based on purely electromagnetic 

theory,[53] arising from magnetic-Lorentz-force (MLF),[54] which has been considered as a 

negligible component owing to low mobility of free electron and weak magnetic response of 

most natural material to electromagnetic wave. Yang et al. has exploited a plasmonic trimer to 

demonstrate that EM coupling resonance could have a chance to boost SHG effect in 

comparison with electric-multipolar resonances.[55] Nevertheless, we still suffer from poor 

knowledge of tuning/modulating interaction between optical nonlinearity and EM coupling at 

the nanoscale, which could introduce numerous new applications.  
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In this work, we numerically investigate the manipulation of SHG with EM coupling 

resonance in a bianisotropic metamolecule composed of four uniform gold nanodisks, 

focusing on both intensity and frequency of emitted SHG signal. First, in linear regime we 

reveal that a Fano-like resonance, coming from EM coupling, could be switched on and off by 

using orthogonal polarizations of incident light. An enhanced SHG signal could be expected 

at half of the wavelength where EM coupling happens. By extending simulation to SH regime, 

we show that the intensity of SHG signal could be continuously controlled by rotating the 

polarization of light source. In addition, we adopt an equivalent circuit model of the designed 

metamolecule to interpret light manipulation in SH regime with EM coupling by tuning (i) 

gap size and (ii) refractive index of filling material. 

 

2. Optical Switching On-Off of EM Coupling 

Let us begin by briefly explaining the concept of EM coupling in bianisotropic metamolecule. 

In Maxwell’s theory of electromagnetism, the electric field E  and magnetic field H  are 

equivalent when light propagates in free space. However, in natural optical materials this 

equivalence no longer holds due to weakness of magnetic effect compared with electric 

component. Surprisingly, optical magnetism has been realized recently through EM coupling, 

namely bianisotropy, by properly tailoring nanostructures. The underlying mechanism comes 

from the concept of metamolecule, whereby the optical response can be arbitrarily shaped by 

engineering the material and morphology of nanostructures. 

Herein, let us consider the local electric field loc
E  and magnetic field loc

H  rather than the 

nonlocal case, concerning that the electromagnetic wave is highly localized down to 

nanoscale in metamolecules. Besides, we only care about the electric and magnetic dipole 

moments since higher order multipoles contribute little to the radiation pattern of a 

bianisotropic metamolecule. With these assumptions, induced electric dipole moment p , 
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magnetic dipole moment m , and the local field ( )inc inc,E H  are related by following Tellegen 

formulas:[37] 

ee loc em loc

mm loc me loc

ˆ ˆ

ˆ ˆ

 

 

= +

= +

p E H

m H E

，

，
                                                                                                            (1)  

where  
loc inc ee̂= +E E p and 

loc inc mm̂= +H H m . 
ee mmˆ ˆ,   and 

em meˆ ˆ,   are the electric, 

magnetic and electromagnetic, magnetoelectric polarizability dyadic of metamolecule, 

respectively. The parameters 
ee̂  and 

mm̂  relates the electric dipole moment p  and magnetic 

dipole moment m  with the local electric and magnetic field, respectively.  

After explaining the basic concept of bianisotropy, we move to unveiling EM coupling 

localized in bianisotropic metamolecules and its potential in SHG manipulation. To this end, 

we design a metamolecule which consists of four uniform gold nanodisks with radius of 50 

nm and thickness of 30 nm, as schematically illustrated in Figure 1a. There are two reasons 

to choose this morphology. First, EM coupling resonance can be more effectively enhanced in 

a cluster composed of even-numbered particles than in that of odd-numbered particles.[56] 

Second, nanodisk saves computation memories in comparison with nanosphere. In order to 

achieve bianisotropy, we firstly put metamolecule into a 2D square pattern with 2nm 

separation between isolate nanodisks. According to the group theory, EM coupling is not 

supported in this symmetry metamolecules, where the electric dipole and magnetic dipole 

modes belong to different symmetry group. [35, 40] Therefore, in our theoretical investigation 

symmetric-breaking is introduced by shifting the position of two mirrored nanodisks to 

opposite orientation along x-axis. We did not consider size deviation of nanodisks to 

introduce symmetry-breaking since it often gives rise to asymmetry in x and y directions 

simultaneously.  

Figure 1b plots the linear scattering cross section (SCS) of the designed asymmetric 

metamolecule under normal illumination with two orthogonal polarizations. For y-
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polarization, only a broad and strong resonance near 745 nm exists, corresponding to electric 

dipole resonance. In contrast, for x-polarization, a Fano-like dip is obtained near 840 nm, 

which can be taken as a result of EM coupling in the metamolecule and low radiation losses.  

Figure 1c plots the electric and magnetic near-field distributions under both x- and y-

polarization at 840 nm (marked by a red arrow in Figure 1b). For x-polarization, the energy is 

highly localized at the surface of nanodisks, whereas for y-polarization, the energy is much 

more radiative to far field. That is to say in EM coupling case, a significant part of energy is 

transferred from electric dipole to magnetic dipole, leading to a large enhancement of 

electromagnetic field in near-field and suppression of far-field radiation. This feature provides 

a chance to enhance the SHG signal in comparison with electric resonances.[55]  

Overall, Figures 1b and 1c imply the great potential to utilize the designed bianisotropic 

metamolecule for manipulation of emitted SH signal owing to two key features of EM 

coupling: (i) highly sensitive to the variation of plasmonic condition and (ii) relatively low 

radiation. In the following, we will prove this potential. 

3. EM coupling and SHG emission 

Before describing our study on SHG, we would like to briefly recall SH effect driven by local 

optical field in metamolecule. As is known, second-order nonlinear processes, such as SHG 

arising from the nonlinear polarization ( ) ( ) ( )(2)2 :   =P E E , are forbidden in 

centrosymmetric materials with the electric dipole approximation of light-matter interaction 

(
( )2

bulk 0 = ). In consequence, a lack of centrosymmetry is necessary for allowing the emission 

of second-order light. The requirement of centrosymmetry breaking can be locally satisfied at 

the metal surface because of the finite dimension of the atomic lattice, giving rise to surface 

SHG.[54, 57-60] When the surface anisotropy is neglected, only the 
( )2

⊥⊥⊥ , 
( )2

⊥
, 

( )2
 ⊥

, and 
( )2

 ⊥
 

components of the nonlinear susceptibility (2)  do not vanish. Here, ⊥  and  denotes the 
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normal and tangential component, respectively. Therefore, the relationship between SHG 

intensity 
SHGI  and the fundamental local electric field ( )loc E  can be approximately given as 

( ) ( ) ( )(2) loc loc

SHG 2 :I    ⊥⊥⊥ =P E E                                                                                    (2) 

which indicates that efficient SHG signal can be well controlled through the fundamental 

electric field. It should be noted that the actual SHG to the far field can be different from the 

SHG generated locally. The actual radiation depends on the plasmonic resonance features in a 

complex way.[57] 

Hereafter, we show that EM coupling in bianisotropic metamolecule could be utilized to 

manipulate plasmonic SHG signal, including the emitted intensity and frequency. A two-steps 

full-wave simulation has been performed to calculate the linear and SH scattering progresses, 

which is described in more detailed in the simulation method part. 

As a starting analysis, we compute the dependence of emitted SHG signal from a 

bianisotropic metamolecule on the polarization angle. As an example, we build a simulation 

model of metamolecule with 1 2g =  nm and 2 10g =  nm while keep symmetry along y-axis, 

as illustrated in inset of Figure 2b. We continuously rotate the polarization of normal 

illumination clockwise from y- to x-polarization. Figure 2a plots the simulated SHG as a 

function of polarization angle and fundamental wavelength. The spectral features of SHG are 

in good agreement with the analytical prediction above. At fundamental EM coupling 

wavelength =856 nm, SHG efficiency reaches the maximum value and exhibits a narrow 

peak for x-polarization, then falls continuously to a minimum value (~50 times smaller) for y-

polarization. Besides the EM coupling, a relatively weak enhancement is observed at 

fundamental wavelength =588 nm, which can be attributed to low radiative electric 

quadrupole mode. Figure 2b plots the SHG efficiency which is extracted along the white 

dashed line in Figure 2a, denoting the switching on-off of SHG with EM coupling. Note that, 
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due to the intrinsic property of near-field enhancement at plasmonic nanostructure surfaces, 

the SH emission will not be zero even through the EM coupling shuts down. 

With the discussion above in mind, we decide to extend the manipulation of SHG signal. As 

is known, in addition to optical switching, tailoring frequency is another ancient issue of 

nonlinear optics.[2] To pursue this goal, metamolecules offer a new avenue due to the intense 

relation between its optical characteristic and morphology, which can be described by a 

simplified inductor-capacitor (LC) circuit model.[61] In this model, plasmonic unit cell and the 

surrounding medium can be effectively treated as nanoinductor and nanocapacitor, 

respectively. The inductance and capacitance are determined by the geometry parameters and 

the materials.[62, 63]  

As presented in Figure 3a, EM coupling results in a circulation of induced current within the 

designed metamolecule. Thus, in Figure 3b we provide an equivalent circuit model of our 

designed metamolecule at EM coupling resonance. According to the nanocircuit paradigm, 

the resonance frequency of EM coupling can be approximately estimated by the 

relation 0 disk gap1 L C = . Because we break metamolecule symmetry through tuning the gap 

rather than particle, it means inductance of nanodisk diskL  is constant and capacitance of gap 

gap 0 dC S g  varies with permittivity of filling material and the gap size g , where S  is the 

effective area of capacitive gap. Hence in the following parts we will investigate the 

manipulation of emitted SHG frequency with the EM coupling from two aspects: (i) gap size 

2g  and (ii) filling material index. 

First, in order to explore the effect of the gap size on emitted SHG signal, we compare both 

linear and SH optical responses of five structures with 1 2g =  nm, 2 2g =  nm, 6 nm, 10 nm, 14 

nm and 18 nm.  
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Figure 4a and 4b shows the simulated linear SCS and SHG efficiency, respectively, of these 

metamolecules under normal incidence with x- and y-polarization. When 2 2g = nm, the 

linear SCSs of metamolecule exhibit totally same feature and only the electric dipole 

resonance is excited by the incident plane wave, since the structure is symmetric and 

equivalent along x- and y-axis. In these symmetric cases, EM coupling cannot be opened up 

under the normal incidence and electric dipole resonance dominates in scattering, thereby 

leading to high radiation to far field rather than localization at the surface of metamolecule. In 

consequence, their SHG signals are only slightly enhanced at electric quadrupole resonance. 

In contrast, when =g  6 nm, 10 nm, 14 nm and 18 nm, the metamolecules are asymmetric and 

symmetric along x- and y-axis, respectively. For y-polarization, both the linear SCS and SHG 

efficiency show little variation in comparison with that of symmetric metamolecule, 

indicating that no EM coupling happens. For x-polarization, a Fano-like dip, induced by EM 

coupling, appears around wavelength of 850 nm in the linear SCS spectra. Correspondingly, 

the emitted SHG signal from metamolecule is enhanced at half of the EM coupling 

wavelength attributing to low radiation loss.  

These simulation results are in qualitatively agreement with the LC circuit model predictions 

that the enhanced SHG efficiency gradually shifts to the high energies when the gap size 2g  

increases, as indicated by a black dotted line in Figure 4b. By increasing 2g , the capacitance 

of the gap gap 0 dC S g   reduces, resulting in weak capacitive coupling and light-matter 

interaction within metamolecule. Hence the eigen-frequency 0 disk gap1 L C = of EM 

coupling resonance and corresponding enhanced SHG signal will blue shifts. Besides, Figure 

4a also shows mode splitting of electric dipole resonance under x-polarization due to the gap 

size 1 2g g .  
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In order to understand the underlying physical mechanism, we additionally calculated near-

field distributions and far-field patterns, as shown in Figure 5. As an example, we choose 

points A, B, and C as marked in Figure 4a. For x-polarization, the near-field intensity will be 

enhanced at all points A, B, and C as shown in Figure 5a. At points A and B, electric field 

prefers to concentrate in gap 
1g  and 

2g , respectively, revealing the splitting of electric dipole 

resonances. At point C, electric field forms a close loop within metamolecule, thereby leading 

to strong EM coupling and low radiation. Figure 4b shows corresponding magnetic field 

distributions. In contrast to points A and B, at point C magnetic field is enhanced significantly 

at centre of metamolecule, demonstrating the clear characteristic of EM coupling. For 

comparison, we also calculated the y-polarization cases, as plotted in Figures 4e and 4f. These 

results show that the electromagnetic fields are localized within the gaps along y-axis, 

consistent with the highly radiation of electric dipole resonance. Unsurprisingly, both the 

near-field and far-field intensities of emitted SH signal for the EM coupling resonance is 

much stronger than that for the electric dipole resonances, as can be seen in Figures 4c, 4g and 

4d, 4h.  

Second, we concentrate on the active manipulation of emitted SH signal with EM coupling by 

changing the filling material between the isolate nanodisks. To this end, we use normal 

illumination with x-polarization. The gap sizes are 1 2g =  nm and 2 10g =  nm. As examples, 

we perform simulations for cases of filling dielectric material 1.0n = , 1.1, 1.2, 1.3.  

Figure 6 plots the SHG efficiency normalized to the maximum of 1.0n =  case as a function 

of filling dielectric material at fundamental wavelength. As expected, higher refractive index 

of dielectric possesses more free electrons within the gaps of metamolecule, thus the 

capacitive coupling between each isolate nanodisk becomes stronger. Correspondingly, the 

electromagnetic coupling mode progressively stores more energy at the surface of 

nanostructure, accompanied with red-shift of EM coupling resonance. In other words, the high 
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density of the surrounding medium allows a strong nonlinear interaction with incoming 

electromagnetic field that occupies the nanoscale volume. In consequently, the emitted SH 

efficiency will be enhanced and SH can generate light source with longer wavelength, which 

is in agreement with the LC circuit model.  

The dependence of emitted SH signal on filling material is a manifestation of that we could 

active manipulate SH signal, thereby paving the way for a deeper understanding of the 

nonlinear action of light with plasmonic nanostructure and, eventually, for the design of future 

practical applications. For examples, there are two increasing popular techniques which could 

be applied in active controlling of emitted SH signal: (i) applying voltage to modify the 

carrier concentration[64] and (ii) temperature-dependent change of filling dielectric.[65-67] 

 

4. Conclusion 

In summary, electromagnetic coupling in a bianisotropic metamoleclue has been utilized to 

control light in SH regime, including switching on-off and generating different frequency. 

The electromagnetic coupling results in high near-field intensity and low radiation, which 

could be beneficial to SHG. Thus, the switching of electromagnetic coupling with polarization 

angle allows us to continuously tune the SHG efficiency. Furthermore, according to an 

equivalent LC circuit model, the frequency of generating SH source has been well 

manipulated by adjusting the geometry and materials of the gaps. Our results show the 

potential of bianisotropic metamolecules for controlling light in both linear and nonlinear 

regimes, paving the way to application in optoelectronic devices. 

 

5. Simulation Methods of Linear and SH Cases 

FEM simulations were performed to calculate the linear and nonlinear optical response of the 

proposed nanostructure by using the commercial software COMSOL Multiphysics. The 

optical constant of gold was taken from Johnson and Christy’s work.[68] For simplicity, the 

refractive index of surrounding dielectric material is set to be non-dispersive. Mesh size of 
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1~3 nm and 5~10 nm were utilized in the gap of gold nanodisks and the rest of calculation 

space, respectively, to ensure accuracy and save computation time simultaneously. 

A two-steps simulation has been adopted. First, a total-field-scattering background source was 

employed to remove the incident light from scattering signals. We could obtain the near-field 

distribution for the linear case. Second, an effective nonlinear current sheet at the surface of 

nanostructure has been applied as the source of second harmonic scattering process with the 

use of weak form. Then, both the near-field and far-field distributions can be computed with 

scattering model at SH frequency. In our case, only the dominant component ⊥⊥⊥  of the 

second order surface susceptibility tensor was considered, where ⊥  represents the orientation 

perpendicular to the surface of the structure. Note that, there are some other theoretically 

allowed but negligible contributions to SH signal. 
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((Insert Figure here. Note: Please do not combine figure and caption in a textbox or frame.)) 

 

 

Figure 1. (a) Schematic of bianisotropic metamolecule in which the electromagnetic coupling 

could happen. The four gold nanodisks with radius of 50r = nm and thickness of 30t = nm, 

are symmetric and asymmetric along y-axis and x-axis, repectively. Light is incident from the 

top of metamolecule with electric field polarizing along x- or y-axis. (b) Linear scattering 

cross section (SCS) of the metamolecule at fundamental frequency under normal incident 

light with x- (black line) and y- (red line) polarization. The red arrow denotes the wavelength 

of the electromagnetic coupling under x-polarization. (c) Normalized electric and magnetic 

near-field distributions at the fundamental wavelength denoted by red arrow in (b). Top 

panels: x-polarization. Bottom panels: y-polarization. 
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Figure 2. (a) Polarization dependent SHG efficiency spectra of the designed bianisotropic 

metamolecule. The white and red dashed line marks the wavelength of electromagnetic 

coupling and electric quadrupole at the fundamental frequency wavelength, respectively. (b) 

The dependence of SHG efficiency on polarization of the incident light at the fundamental 

magnetic resonance (EM coupling). Inset: illustration of the polarization rotation.  
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Figure. 3 (a) Near-field profiles of magnetic field and induced current at the EM coupling 

wavelength. (b) Corresponding equivalent circuit evolution, showing that the designed 

metamolecule can be interpreted as a close-loop of LC circuit. 
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Figure 4. Active controlling of the electromagnetic coupling and emitted SHG efficiency with 

the gap size 
2g  between the bottom two particles under x- (solid line) and y-polarized 

(dashed line) light. (a) The scattering cross section and (b) the SHG efficiency of the 

metamaterial with radius of 50 nm, thickness of 30 nm, and gap size between the bottom two 

particles of 2 nm, 6 nm, 10 nm, 14 nm and 18 nm. 
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Figure 5. Comparison of the linear and SH responses between the electromagnetic coupling 

‘on’ and ‘off’. The simulated near- and far-field distribution of metamaterial under x- (left 

column) and y-polarized (right column) light at wavelength of 638 nm, 695 nm and 860 nm, 

which were marked by A, B, C in Fig. 3. The near field distributions of normalized (a, e) 

electric and (b, f) magnetic field at fundamental frequency, and of (c, g) electric field at SH 

frequency. The far field distribution of electric field (in -E k  plane) at SH frequency under (d) 

x- and (h) y-polarized light. 
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Figure 6. The SHG efficiency as a function of the refractive index of the filling materials 

within the gaps of bianisotropic metamolecle under x-polarization incidence. 
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Bianisotropic metamolecules provide a novel opportunity to realize optical magnetism 

through localized electromagnetic coupling. Here, we investigate the manipulation of second-

harmonic generation from a bianisotropic metamolecule, which is composed of four uniform 

gold nanodisks. Simulation results show that a Fano-like resonance induced by 

electromagnetic coupling is sufficient to control second harmonic generation signal. 
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