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1. Introduction

Artificially chiral planar nanostructures, often referred to as planar chiral metamaterials
(PCMs), have invoked much interest due to their intriguing optical activity [1]-[4]. An array of
gammadion-shaped nanoparticles is one of the promising candidates. Although the optical activity
of PCMs composed of metallic structures is enhanced by surface plasmon resonances, such
resonances are accompanied with loss. To resolve this problem, recent attention is also directed
towards PCMs composed of dielectric materials [3],[4]. In this article, we numerically investigate
the optical activity of all-dielectric PCMs using the finite-difference time-domain (FDTD) method
[5]. Our numerical results are in good agreement with the data obtained using the reformulated
Fourier modal method [4]. We next study a windmill-type PCM, which shows a bandwidth larger
than the gammadion-type. In addition to the PCMs with C, (fourfold rotational) symmetry, other
types of planar nanostructures with C, and C; symmetries are also studied for comparison.

2. Gammadion-type PCM

We first study the characteristics of the gammadion-type PCM shown in Fig. 1. The
configuration, classified as C, symmetry with respect to the z axis, is exactly the same as that treated
in Ref. [4], in which the configuration parameters are taken to be N, = n, = 3.0, Ny, = 1.5, and t, = t,
= 0.2 gm. The arm width and the spacing between the arms are chosen to be the same, i.e., W =5 =
0.08 um. The periodicity of the particles is set to be A = 0.5 um. Note that the reformulated Fourier
modal method was employed in Ref. [4]. In this article, we adopt the FDTD method together with
the periodic boundary condition, and confirm its effectiveness. The numerical parameters are
chosen to be AX = Ay = Az = 0.01 um. A linearly polarized (E,) plane wave is normally incident
towards the +z-axis direction.

Figs. 2(a), (b) and (c), respectively, show the transmittance, polarization rotation angle 6,
and the ellipticity as a function of wavelength. The transmittance is expressed using a linearly
polarized wave. The ellipticity angle y is defined as tany = (Er — E) / (Egr + EL), where Eg and EL
are the components of the right- and left-hand circularly polarized waves, respectively. For a
completely circularly polarized wave, tany = 1. As a reference, the data for a patch structure, in
which all the gaps of the gammadion-type PCM are filled in, are also plotted by broken lines. In this
case, #and tany are zero as expected.

Our results obtained with the FDTD method are in good agreement with the published data,
confirming the validity of our computer code. It has been suggested in Ref. [4] that the spectra in
Fig. 2 are clearly divided into two regions (I and II) with respect to wavelength A. In region I, both
the polarization rotation and elliptization take place, whereas, in region 11, the ellipticity tany is zero
regardless of the polarization rotation. The division point between the two regions corresponds to A
= NgwA = 0.75 um, beyond which no high-order diffraction would occur in the transmission region.
We should also note that there is no polarization rotation in the reflected field.
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3. Windmill-type PCM

Since the validity of our computer code has been confirmed, we next consider the modified
(windmill-type) PCM shown in Fig. 3. The difference between the two PCMs lies in a 2D
geometrical pattern. The basic configuration parameters are the same as those in the gammadion-
type treated in the previous section, except for t, = 0.16 pm. Other geometrical parameters are W =

0.06+4/2 zm, l; = 0.094/2 zm, and |, = 0.14+/2 um. The analysis is carried out under the same
condition as that in the gammadion-type PCM.

Fig. 4 shows the data corresponding to Fig. 2. As in Fig. 2, there are two distinct regions in
the spectra. In region II, we only have pure linear polarization rotation with the ellipticity being
almost zero. At A=0.79 um, 0.83 um, and 0.88 um the incident y-polarized field is converted into
the X-polarized field, as a half-wave plate does. It is interesting to note that this polarization rotation
is not sensitive to wavelength, in comparison with that observed in Fig. 2. This leads to the
alleviation of the fabrication accuracy. It should be noted at 4 = 0.83 um that the maximum
transmittance is more than 0.85, which is higher than that obtained in Fig. 2(a). Fig. 4 also shows
that 45-degree polarization rotation is obtained at 4 = 0.85 um. In region I, the conversion to a
nearly circularly polarized wave is observed at several wavelengths, as a quarter-wave plate does.
For example, at 4 = 0.54 um, 0.56 um, 0.63 pm, and 0.67 wpm, the ellipticity exhibits a value of
more than 0.7, although the transmittance remains relatively low.

4. PCMs with C, and C; Symmetries

So far we have treated the PCMs with C, symmetry. We finally study the characteristics of
nanostructures with C, and C; symmetries. The configurations are illustrated in Figs. 5 and 7. For
the C, symmetry case, a pair of gaps between the arms in the gammadion-type PCM is filled in,
while for the C; symmetry case, three gaps are filled in. The periodicity of the particles A is fixed to
be the same as those for the PCMs with C; symmetry, and the same dielectric materials are used.
Other geometrical parameters are chosen to be w=5=0.08 gm, d = 0.16 zm, and t, = 0.2 zm.

The transmittance and polarization spectra are shown in Fig. 6 and Fig. 8. It is found that
the structures with C, and C, symmetries have only one polarization type, i.e., the region II
disappears, which is observed at longer wavelengths in Fig. 2 and Fig. 4. Although 90-degree
polarization rotation is obtained at some specific wavelengths, the rotation is not purely linearly
polarized. The polarization rotation due to the elliptization is observed at not only shorter
wavelengths but also longer wavelengths. Further calculation shows that polarization rotation
occurs even in the reflected field, contrary to that for the PCMs with C4 symmetry. As expected, as
the gaps are filled in, the transmittance behavior approaches that observed for the patch structure
plotted by broken lines.

5. Conclusions

The FDTD method has been employed to assess the wavelength response of transmission
through all-dielectric planar nanostructures with C, symmetry. After confirming the validity of our
FDTD results in a gammadion-type PCM, we investigate a windmill-type PCM, which shows that
the polarization rotation observed at longer wavelengths becomes somewhat insensitive to
wavelength change. Further consideration is directed towards nanostructures with C, and C,
symmetries. The arrays of particles, in which a pair of gaps between the arms in the gammadion-
type PCM or three gaps is filled in, show that there is no pure linear polarization rotation region (the
type-II rotation), in contrast to the PCMs with C, symmetry.
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Fig. 1: Gammadion-type PCM

Fig. 3: Windmill-type PCM

Fig. 5: PCM with C, symmetry
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Fig. 2: Spectra of a gammadion-type PCM
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Fig. 4: Spectra of a windmill-type PCM
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Fig. 6: Spectra of a PCM with C, symmetry
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Fig. 7: PCM with C, symmetry Fig. 8: Spectra of a PCM with C; symmetry
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