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1. Introduction

Chiral nanostructures cannot be made to coincide with their 
mirror images In 1969, Sherman demonstrated the optical 
property of chiral chlorophyll-a, which presents different 
optical responses to right circularly polarized (RCP, +) and left 
circularly polarized (LCP, −) light [1], i.e. circular dichroism 
(CD) [2–4]. Considering the strong interaction between light 
with noble metals, artificial chiral plasmonic nanostructures 
(ACPNs) show stronger CD than chiral biomolecules [5, 6]. 
The mechanism of generating CD is due to the coupling of 
electric and magnetic dipole moments [7]. ACPNs are widely 
applied in biological monitoring [8–10], analytical chemistry 
[11–13], broadband circular polarization [3, 14], and negative 
refractive-index media [15–17].

Recently, researchers have proposed different ACPNs to 
explore the mechanism of chirality and produce strong chiral 
signal. Two-dimensional (2D) achiral plasmonic nanopar-
ticles under obliquely excitation and 2D chiral plasmonic 

nanoparticles under normally excitation can all achieve CD 
signal. Three-dimensional (3D) ACPNs show stronger chi-
rality than 2D ACPNs, such as helices [18–20] or L-shaped 
ACPNs in our previous work [21]. Given the simple fabrica-
tion of layer-by-layer 3D ACPNs [22, 23], they are attracting 
increased research interest. Layer-by-layer ACPNs also 
achieve a stronger CD signal than single-layer ones [24–26] 
because of direct electromagnetic coupling between two 
layers [23]. In the above-mentioned ACPNs, direct coupling 
between electron oscillations results in CD effect. When a 
metal film is used to separate two electric dipole moments, 
interesting optical properties and novel coupling arise.

In this paper, we proposed twist nanorods separated by 
metal film (TNMF), and its CD effect was investigated by 
finite-element method. Except for direct coupling mech-
anism between electric dipole moments on two nanorods, 
a new indirect coupling mechanism is found and also leads 
to CD effects. The mechanism of direct coupling is sim-
ilar to that of twist nanorods [27]. For indirect coupling 
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mech anism, nanorods at the incident side of the film and 
nanorods at the outgoing side of the film can be regarded 
as absorber and emitter, respectively [28, 29]. Only when 
impedances of absorbers and emitter match does the max-
imum CD appears in indirect coupling, which is very spe-
cial property relative to direct coupling. The effects of other 
geometric dimensions on CD effect were also studied and 
proved the different properties between direct and indirect 
coupling mechanisms.

2. Structure and computational method

Figure 1(a) shows the proposed TNMF arrays, where a pair 
of periodic and twist gold nanorods (yellow) are separated 
by a continuous gold film (yellow). SiO2 layers (blue) are 
placed between nanorods and gold film. The periods in x 
and y direction are fixed with px  =  200 nm and py  =  200 nm, 
respectively. The lengths of top and bottom nanorods are 
labeled as l1 and l2, respectively. Figure  1(b) shows the 
cell of TNMF in x-y plane. The bottom nanorod is pre-
sented in magenta dash line. θ is the twist angle between 
two nanorods in x-y plane. w1 and w2 are widths of top and 
bottom nanorods, respectively. Figure  1(c) shows the cell 
of TNMF in x-z plane. h1 and h2 are the heights of top and 
bottom nanorods, respectively. d1 and d2 are the thicknesses 
of top and bottom SiO2 layers, respectively. t is the thick-
ness of gold film. In this study, we select a control group 
for TNMF arrays with l1  =  l2  =  80 nm, w1  =  w2  =  20 nm, 
h1  =  h2  =  20 nm, d1  =  d2  =  30 nm, θ  =  45°, and t  =  30 nm.

The 3D finite-element method software COMSOL Mul-
tiphysics is used to calculate the transmittance of TNMF 
arrays. The refractive index of gold is taken from [30], and 
the refractive index of SiO2 is 1.45. The excitation sources are 
RCP light and LCP light along the  −z-direction and the mag-
nitude of the incident electric field is set at 1 V m−1. The infi-
nite array is simulated using unit cell with periodic boundary 
conditions along the x and y directions. The transmittance is 
defined as T  =  Pout/Pin, which is the ratio of output power 
to incident power. The transmittance spectrum of RCP light 
and LCP light are represented by T++ and T−−, respectively. 
Therefore, the chirality of TNMF arrays is represented by 
CD  =  T++  −  T−−.

3. Result and discussion

Figure 2(a) shows T++ and T−− of TNMF arrays with the 
parameters of the control group. The wavelength ranges from 
0.6 µm to 1.0 µm. The transmittance valleys and peaks of T++ 
and T−− occur around 0.80 and 0.84 µm, respectively. The 
transmittance differences at valleys and peaks lead to strong 
CD around 0.80 and 0.84 µm. For comparison, we calculate 
the transmittance spectra of twist nanorods arrays separated 
by glass layers (TNGF). The thickness of SiO2 layers is the 
sum of d1, d2, and t in figure  1(c). Figure  2(b) shows that 
transmittance valleys occur at 0.760 and 0.780 µm for T++ 

Figure 1. Schematic of (a) TNMF arrays and parameters definition, where the unit cell with the associated geometric features is designated 
in (b) x-y plane and (c) x-z plane.

Figure 2. Simulated T++, T−−, and CD spectra of (a) TNMF arrays 
and (b) TNGF arrays. Insets are the schematic of TNMF arrays and 
TNGF arrays in the view of x-z plane.
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and T−−, respectively. The transmittance difference at valleys 
leads to a strong CD effect.

To illustrate the mechanisms of CD effect, the normalized 
charge distributions at these resonant wavelengths in figure 2 
are calculated. Figures  3(a) and (b) show twist nanorod 
arrays separated by SiO2 layers, and figures  3(c)–(f) are 
for TNMF arrays. Red indicates positive a charge, and blue 
indicates a negative charge. The main charges are distributed 
on the two ends of every nanorod. The magenta and viridity 
arrows represent the equivalent electric dipole moments of 
top and bottom nanorods, respectively. The characteristic of 
charge distributions can show the coupling mode between 
nanorods. According to Born–Kuhn oscillator, the mech-
anism of generating CD is explained by the bonding and 
antibonding modes in two identical nanorods displaced ver-
tically [27]. For right-handed ACPNs, bonding mode is more 
easily excited by LCP than by RCP light, which leads to a 
negative CD signal [27].

For twist nanorod arrays separated by SiO2 layers, at 
λ µ=′−  0.760 md L  the magenta arrow and viridity arrow are 
translated into the x-y plane and form an antibonding mode 
in the the Born–Kuhn oscillator model [27], as shown in 
figure 3(a). Similarly, the magenta arrow and viridity arrow 
show a bonding mode at λ µ=′−  0.780 md R  in figure 3(b). These 

two modes are similar to those of two twist nanorods in litera-
ture [27], and we call them direct coupling modes.

When SiO2 layers are replaced by gold film in the middle 
layer (i.e. for TNMF arrays), new electric field coupling occurs. 
At λ µ=−  0.792 md L , as shown in figure 3(c), the charge dis-
tribution at two nanorods is similar to that in figure 3(a). The 
electron oscillation on two nanorods also forms an antibo-
nding mode. At λ µ=−    0.798 md R , the magenta and viridity 
arrows form a bonding mode, as shown in figure 3(d), similar 
to that in figure 3(b) and belonging to direct coupling mode. 
As shown in figures 3(e) and (f), the charge distributions differ 

Figure 3. The charge distributions (color distributions) and Born–Kuhn modes (magenta and viridity arrows) at resonant wavelength for (a) 
and (b) TNGF arrays and (c)–(f) TNMF arrays. The resonances are labeled mode I and II.

Figure 4. Schematic of TNMF arrays in x-z plane and schematic of 
equivalent transmission line.
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from those in figures 3(a) and (b). The electron oscillations 
show antibonding modes at λ µ=−    0.852 mLind  in figure 3(e) 
and λ µ=−  0.842 mRind  in figure 3(f). Given that the gold film 
changes in the coupling between nanorods, we call them indi-
rect coupling modes.

Figure 4 shows that TNMF arrays can be decomposed 
as input and output parts, similar to a circuit system [31]. 
According to the equivalent LC resonant circuits, the resonant 
wavelength can be expressed as

λ π= c LC   2 ,LC

where c is the speed of light in a vacuum, and L and C are the 
inductance and the capacitance of plasmonic nanostructures, 
respectively [28]. Figure 4 shows that TNMF arrays are sepa-
rated into the input part circled by orange dash lines and the 
output part circled by blue dash lines in the x-y plane view. 
The former has an equivalent impedance Zin (inductance Lin 
and capacitance Cin); the latter has an equivalent impedance 
Zout (inductance Lout and capacitance Cout). Maximum trans-
mission occurs when two resonance wavelengths equals each 
other, i.e. =Z Z   in out.

For approximation, the inductance of straight metal wire 
with circular section is represented as

π
∝L

ul l

r2
ln

2
,

where m, l, and r are the permeability of metal, the wire length, 
and the wire radius, respectively [32]. The equivalent radius 
for straight metal wire with rectangular section is obtained as

π
=r

wh
,

when ≈w h. The approximate inductance for the nanorod of 
input part can then be written as circular section is represented 
as

∝L
l

w h
.in

1

11
 (1)

The capacitance between nanorod and metal surface is 
approximated as

∝C
d

1
,in

1
 (2)

The resonance wavelengths of the input and output parts are 
then represented respectively as

λ π= ∝− c L C
l

w h d
 2 ,LC in in in

1

1 1 1
 (3)

and

   λ π= ∝− c L C
l

w h d
2 .LC out out out

2

2 2 2
 (4)

To analyze the effects of geometry parameters on direct and 
indirect coupling modes, we sequentially vary l, w, h, and d 
of TNMF arrays. Figures 5(a)–(d), l1  =  l2, w1  =  w2, h1  =  h2, 
and d1  =  d2 are sequentially varied with fixed other param-
eters as in the control group. However, figures 5(e)–(h) show 
that the parameters of input part are varied and the parameters 
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Figure 5. CD spectra of TNMF arrays with (a) different l1  =  l2 values, (b) different w1  =  w2 values, (c) different h1  =  h2 values, (d) 
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of output part are fixed as in the control group. As shown in 
 figures 5(a) and (e), direct and indirect coupling modes red 
shift with increased nanorod length because of increased 
λ −LC in or λ −LC out with increased nanorod length, as shown 
in equations  (3) and (4). Similarly, figures  5(b)–(d) and 
(f)–(h) show direct and indirect coupling mode blue shift 
with because of λ −LC in or λ −LC out with increased w, h, or d 
of nanorods in equations (3) and (4). Figures 5(a)–(d) show 
that the impedances of input and output parts always match 
because of the identical parameters in the input and output 
parts, which induces monotonic variations in the CD magni-
tudes of indirect coupling modes. However, only when l1  =  l2, 
w1  =  w2, h1  =  h2, and d1  =  d2 does =Z Z   in out, as shown in 
figures  5(e)–(h). Consequently, the magnitudes of indirect 
coupling mode reach their maximum. In figures 5(a)–(h), the 
magnitudes of direct coupling mode always monotonically 
vary with the monotonical variation in geometric parameters. 
This result is due to the fact that the gold layer does hardly 
change in the coupling between the two nanrods. Then, the 
direct coupling mode cannot be explained by impedance 
matching.

In addition, we investigate the effects of rotary angle θ 
between two nanorods and the thickness of middle gold 
layer on the CD spectra of TNMF arrays. Figure 6(a) shows 
the CD spectra of TNMF arrays with increased θ from 0° 
to 90°. Given that TNMF arrays are achiral when θ  =  0° or 
θ  =  90°, the value of black and violet lines is zero, as shown 
in figure  6(a). Figure  6(b) shows the CD spectra of TNMF 

arrays with increased t from 20 nm to 30 nm. Considering that 
the values of λ −LC in and λ −LC out do not change with changes in 
θ and t according to equations (3) and (4), direct and indirect 
coupling modes do not shift obviously. This property can aid 
in overcoming the deviation of θ and t in the experimental 
preparation. As shown in figure 6(a), when θ  =  45°, the mag-
nitudes of CD signal for direct and indirect coupling modes 
reach their maximum because of the maximum asymmetry of 
the structure. Figure 6(b) shows that the magnitudes of CD 
signal for direct and indirect coupling modes dramatically 
increase with decreased t.

4. Conclusion

The CD properties of TNMF arrays are studied using the 
finite-element method. The transmission spectra, CD spectra, 
and charge distributions of TNMF arrays are investigated to 
understand the coupling mechanism. Results show that direct 
and indirect coupling modes occur in the CD spectra. The 
CD properties of TNMF arrays strongly depend on the struc-
tural parameters. For indirect coupling mode, top and bottom 
nanorods form resonators and can be regarded as receivers 
and emitters, respectively. When impedances of receivers 
and emitters match, the CD signal of the indirect coupling 
mode reaches the maximum. These results can help eluci-
date the chiral plasmonic mechanism and design new optical 
mat erials. When the gold film is powered on, the combined 
application between photons and electrons can be promoted.
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