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Abstract. Recently it has been demonstrated that chiral metamaterials show giant optical
activity and circular dichroism. However, it has been rarely known about rotational force
generated by incident wave in chiral metamaterials. We calculate the rotational force in the bi-
layered gammadion chiral metamaterial. In addition, we show that a bi-layered structure, which
has greater optical activity than a single-layered structure, changes the rotational force
tendency greatly. This result can be used as a possible optical manipulation in biological
sciences.

1. Introduction

Chiral metamaterials have attracted much attention due to their interesting properties, such as negative
refraction, giant optical activity, and circular dichroism. These properties have been used in many
applications such as optical particle manipulation [1, 2], optical modulation [3, 4], display devices [5,
6], etc. Especially, the rotational force generated by incident light on the chiral metamaterials may
have potential applications of optical micromanipulation which has a major impact on the biological
and colloidal sciences [7-9]. A gammadion structure, one of the representative structures in chiral
metamaterial, has been studied numerously due to its high potential for applications such as optically-
driven motor and biological sensors [9, 10]. Moreover, it has been shown that a bi-layered
metamaterial can be used for observing another kind of resonance which is different from the
resonance observed in single-layered structure. Therefore, in this paper, we apply a bi-layered
structure into gammadion-shaped chiral metamaterial and calculate absorption spectrum and rotational
force. By observing the electric field and surface charge distribution near the gammadion structure, we
classify the characteristics of resonance into electric and magnetic dipole types, and compare the
aspect of rotational force on those resonance conditions.

2. Simulation conditions

Schematic diagram of proposed bi-layered chiral metamaterial is shown in figure 1(a). Planar metal
structures of two identical gammadion-shaped gold resonators are separated by a SiO, spacer of which
thickness is 10 pm. The thickness, width, and diameter of gold resonators are 200 nm, 8§ um, and 60
um respectively. For reference structure, single-layered chiral metamaterial is also designed with the
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same dimension as proposed bi-layered chiral metamaterial as shown in figure 1(b). Finite difference
time domain (FDTD) method is used to calculate the electromagnetic properties of these structures.
We calculate the torque generated by electromagnetic (EM) wave on single- and bi-layered structure
by using Lorentz equation in harmonic incident wave. The time-averaged force per unit volume is

<f(r,0)>,,= %Re[p*(r)E(r) + p(r)E (r)]+ % Re[J (r)xB(r)+J(r)xB'(r)] . (H

We substitute electric and magnetic field distributions obtained by FDTD method into equation (1).

Then, we also calculate surface charge density ( p ) and current density (J ) from the Maxwell
equation reversely,

pr)=V:D , @)

J(r)=VxH- joD . 3)

Finally, the torque per unit volume is calculated by cross product force with directional unit vector
N = [[[rav=[[[ xt)av. @)
v v

(b)

Figure 1. Schematic diagram of the unit cell of the chiral metamaterials: (a) Bi-layered gammadion-
shaped gold resonators (yellow) separated by SiO, spacer (white blue) and (b) single-layered
gammadion gold resonator laid on SiO, spacer.

3. Results and Discussions

We investigate absorption spectrum along frequency range from 0.4 THz to 1.3 THz. In the case of
single-layered structure, the spectral response of resonance is almost independent of incident
polarization. It is also shown that only a broad resonance exists on 1.05 THz for single-layered
structure while there are two resonance peaks on 0.75 THz and 1.2 THz for bi-layered structure as
shown in figure 2(b). The resonance peak on 0.75 THz in bi-layered structure is remarkably high and
sharp compared with other resonances.
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Figure 2. Absorption spectrum in (a) single-layered and (b) bi-layered gammadion chiral
metamaterial.

In order to explain this tendency, distribution of E, field, simplified surface charge, and surface current
near the metal planes of bi-layered structure at two resonance conditions are shown in figure 3. As
shown in figure 3(a), charge distribution of each resonator has opposite pattern at sharp resonance
frequency (0.75 THz). In this condition, the electric field of the incident wave induces opposite
direction of currents within each resonator and results in current loop in the central region between top
and bottom resonators. Hence, a magnetic moments m is induced by this current loop. On the other
hand, in figure 3(b), the directions of current on the two resonators are same at broad resonance
condition (1.2 THz). In this case, charges oscillate and generate an electric moment p. Since the charge
distribution on the resonance condition of single layered structure cannot be separated into opposite
directions like figure 3(a), only the broad resonance modelled by electric dipole moment can appear
for single-layered structure, whereas sharp resonance caused by magnetic dipole resonance cannot be
shown.

Surface current Surface charge density

Figure 3. E, field, surface charge and surface current at the resonance frequency of (a) 0.75 THz and
(b) 1.2 THz in a unit-cell of bi-layered structure. The distance from each resonator to field plane is 500
nm. The phase is fixed at 0 degree.

According to this analysis, strong absorption peak shown in figure 2(b) comes from magnetic dipole
moment and other peaks are based on electric dipole moment. Magnetic moment is formed by
opposing electric dipoles. It is known that magnetic moment resonance generally has higher Q-factor
as shown in figure 2(b) [11, 12].

Figure 4 shows the torque generated on the single- and bi-layered structure. Since intensity
enhancement is the strongest at the resonance frequency, torque spectrum from numerical calculation
shows similar tendency with absorption spectrum. Each peak value of torque by LCP or RCP in
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single- layered structure is almost same. On the other hand, the torque responses between LCP and
RCP incidence are quite different. The black dotted line shown in figure 4(b) is the difference of
torque between LCP and RCP incidences. It is shown that torque difference is remarkably increased
for both resonances. Moreover, the sharpness of torque difference is also well-matched to that of
resonance spectrum shown in figure 2. Since this kind of sharp torque differences are only achievable
in bi-layered structure, we expect our structure can be applied to chiral metamaterial which has both
highly frequency-selective and polarization sensitive characteristics.
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Figure 4. Torque plots along frequencies in (a) single-layered and (b) bi-layered structure.

4. Conclusion

We proposed a bi-layered gammadion chiral metamaterial which has sharp torque difference
characteristics at around 0.7 THz. Our chiral metamaterial has strong rotational force on circular
polarized EM wave incidence which is based on the magnetic moment resonance between bi-layered
gammadion structures. In perspective of sharp peak, we can design microrotator which has the wave-
length-sensitive property. Furthermore, this study on optical force can offer help in the field of optical
micromanipulation , colloidal and biological sciences.
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