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Optical properties of a three-dimensional chiral metamaterial”
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A three-dimensional chiral metamaterial with four-fold rotational symmetry is designed, and its optical properties are
investigated by numerical simulations. The results show that this chiral metamaterial has the following features: high po-
larization conversion, perfect circular dichroism, and asymmetric transmission of circularly polarized light. A comparison
of the results of chiral metamaterials without and with weak coupling between the constituent nanostructures enables us
to confirm that the optical properties of our proposed nanostructure are closely related to the coupling between the sin-
gle nanoparticles. This means that the coupling between nanoparticles can enhance the polarization conversion, circular
dichroism, and asymmetric transmission. Due to the excellent optical properties, our metamaterial might have potential
applications in the development of future multi-functional optical devices.
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1. Introduction

The term chiral describes an object, especially a
molecule, which lacks any plane of mirror symmetry. That
is to say, a chiral material will never coincide exactly with the
mirror image of itself in any orientation. Optical activities oc-
cur only in chiral materials, but they are not significant in nat-
ural chiral materials. Metamaterials are artificially designed
and can exhibit electromagnetic responses that are not ob-
served in naturally occurring materials. In recent years, a new
class of metamaterial, known as chiral metamaterial (CM),
has attracted much attention due to its optical properties. For
example, polarization conversion (PC),['"! circular dichro-
ism (CD),["*1 and asymmetric transmission (AT) [10-141 in CM
have been studied intensively. Because of their these fascinat-
ing properties, CMs are widely used in many areas such as
in circular polarizers,[!3! ultrasensitive detection, characteri-

s,[16:171 nanomotors, 811 and optoflu-

zation of biomolecule
idic sorters.?”) Negative refraction of chiral metamaterials,
which was first identified by Pendry, has also been exten-
sively investigated.!?'~23] Moreover, the polarization proper-
ties of light propagated through metamaterial slabs were sys-
tematically analyzed by the method of advanced Jones calcu-
lus by Menzelet in 2010.1?*] The PC and CD have also been
investigated in the metamaterials with the chiral symmetry
breaking.!?>?61 A complementary helical metamaterial with
strong circular conversion dichroism was reported in Ref. [27],
and it will be a good candidate for controlling wavefront with
high efficiency. Although many studies have focused on chi-
ral metamaterials, the chiral metamaterials with multiple func-
tions have been rarely investigated.
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In this study, a three-dimensional (3D) chiral metama-
terial composed of four identical z-like-shaped nanoparticles
(ZLSNs) is designed. The unit cell of this chiral metamate-
rial has a four-fold rotation symmetry. We demonstrate nu-
merically the optical properties of this 3D chiral metamaterial.
The simulated results show that the PC, circular-difference re-
sponse (CDR) for linear polarized light, and AT for circularly
polarized light are generated at 1515.8 nm. Due to the twists
between the ZLSNs, the couplings between ZLSNs are rela-
tively strong. To reveal the effects of coupling on the chiral
metamaterial’s optical properties, we study the optical prop-
erties of two types of chiral metamaterials, i.e., those without
or with weak coupling between the nanostructures. A com-
parison of their properties indicates that the PC, CDR, and AT
of the proposed chiral metamaterial originate mainly from the
coupling of nanoparticles in the unit cell. The proposed chiral
metamaterial has a simple geometry and it can be potentially
employed to fabricate devices such as a polarization controller,
optical diode, and multifunction devices.

2. Structures and method

Figures 1(a) and 1(b) schematically show the unit cell
and its array for a chiral material, respectively. Four identical
ZLSNs are arranged on the substrate and act as the building
blocks of the array. Here, the unit cell possesses the fourfold
rotational symmetry. Each ZLSN in the unit cell is composed
of two Ag arms and one Ag base that are orthogonal to each
other. The long side’s length a (b or ¢) of the bottom (middle
or top) bar is set to be 200 nm. The short side lengths w and ¢
of the bars are both fixed at 60 nm. The spacing S between
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nearest-neighbor Ag bases is 300 nm. The periods are the
same in both x and y directions: both are P, and P is 600 nm,
unless otherwise specified. The linearly polarized plane wave
normally illuminates the structure from the positive or negative
direction on the z-axis side. In order to obtain a comprehen-
sive understanding of the electromagnetic (EM) response of
the ZLSN array, numerical simulation is performed by the fi-
nite difference time domain (FDTD) method. In the numerical
modeling, the permittivity of silver is described by the Drude
model with the plasma frequency w, = 1.374 x 10' rad/s and
the collision frequency y = 1.224 x 10'# rad/s, and the dielec-
tric constant of the glass substrate (SiO;) is set to be 2.25.

Fig. 1. (color online) Schematic diagrams for (a) unit cell and (b) its
array of the 3D chiral metamaterial.

3. Results and discussion

To quantitatively analyze the transmission and reflection
of an EM wave normally incident on the C4-CM along both the
positive and negative z directions, firstly, we briefly introduce
some fundamentals. It is assumed that the polarized incident
wave propagates along the z direction. In the matrix form, the
transmission coefficient can be presented as follows:

2

ILR+ ILL+

(tRRj: IRL+ > 1 ( (et +tyys] 4] [t — tyat]
TCirex =

where frRr, frL, LR, and 11, are the transmission coefficients,
and R and L denote RCP wave and LCP waves, respectively.
For the proposed chiral structure with a fourfold rota-
tional symmetry, the amplitude and phase of zero-order trans-
mission spectrum, i.e., the matrix elements of 7j;,+ versus fre-
quency, are simulated and depicted in Fig. 2. As illustrated
in Fig. 2, the co-polarized transmission coefficients are equal
for the incident wave that is x (or y)-polarized along the pos-
itive (or negative) z axis. The amplitudes of cross-polarized
transmission coefficients are equal, but their phases meet the
conditions: Qyy+ = £T + Qpy+ and @y = £+ @y+. These

results show that

Iov— =Ly = by = by, Ty = —hy— = —hx = Iy &)

[txxj: — l‘yyj:] +] [lxy:t +tyx:i:]

X X X

()= () (&) =me (). 0
where Tj;,. is the Jones matrix.[?*] The subscript ‘+* or ‘~’
indicates the propagation EM wave along the positive or neg-
ative direction of the z axis, respectively. The element £y,
indicates the ability of a structure to transform a y-polarized
incident wave, which is along the positive direction of the z
axis, into an x-polarized transmitted wave. Other elements in
the Jones matrix are similar to #,,. Then, the circularly polar-

ized transmitted waves for linear polarized incident wave can
be presented as follows:
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where RCP and LCP represent right circularly polarized and

TeL+

3

left circularly polarized waves, respectively. The T+ is the
linear polarized wave—circularly polarized wave transmission
matrix. The constant 1/1/2 is the normalization coefficient,
and the element frcpy+ indicates the ability of a structure to
transform an x-polarized incident wave, which is along the
positive direction of the z axis, into an RCP transmitted wave.
Other elements in matrix 7¢cp+ are similar to frepys. Further-
more, the transmission matrix for circularly polarized wave to
circularly polarized wave is given by

“

[txxj: - tyyi] =] [txyi +tYXi]
[txx:t +tyy:i:] _j [fxyi - t)’x:t}

The transmission amplitude |f+| (or |fyy+|) dip appears
at 1515.8 nm and its value is about 0.37. The polarization
conversion spectra |tyxi| (or |txyi |) shows a peak at the same
wavelength and the value is about 0.58. In fact, the transmis-
sion characteristics are related to the current oscillation con-
figurations excited in the metamaterial structure. For example,
the current vector distribution at 1515.8 nm for the y-polarized
incident wave along the negative z axis is depicted in Fig. 3.
Due to the coupling between the top (i.e., positive z direction)
and bottom (i.e., negative z direction) bars which are parallel
to the y axis, their currents are anti-parallel, the total transmis-
sion fields with the y polarization show destructive interfer-
ence, and a dip in the transmission amplitude |tyy,‘ appears.

Under the excitation due to the current of the bars parallel to
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the y axis, the electrons move along the ZLSNs to the bars
parallel to the x axis and result in currents parallel with the x
axis. Finally, the total transmission fields with the x polariza-
tion show constructive interference, and then, the peak in the

transmission amplitude ‘txy_| appears.
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Fig. 2. (color online) Simulated zero-order transmission amplitude spectra
for ((a) and (b)) x-polarization and ((c) and (d)) y-polarization incident waves
along different propagation directions.

Combining Egs. (3) and (5), we can obtain

(©)

ILCPy— = —JILCPx— = —JIRCPx+ = IRCPy+-

According to Eq. (3), the elements of lineat/circularly polar-
ized conversion matrix can be calculated. Here, the simulated
IRCPx—» IRCPy—» tL.CPx—, and f cpy— are depicted in Fig. 4. One
can observe that the amplitudes of the transmission coeffi-
cients have the following relationships:

|tRCPx—| = |tRCP}'*| y  PRCPy— — PRCPx—= 900’

N

ltLepe| = |tLepy- |, Preps — Prepy—=90°.

Fig. 3. (color online) Current distribution for y-polarized incident wave

IRCPy— = JIRCPx— = JILCPy+ = ILCPx+, at 1515.8 nm.

—200
Egi 1.0 F (@) |trepz—| |tropy—| (b) | orCP2—| .
g [trepe—| |tuopy-| lorcpe—| §
2 o8k lerepy-| 4100 £
g loLcpy—| g
] n
2 o6l ~0 g
° -
] o
204 7 +—100 2
E &

0.2 -

- —200

< 1 1 1 1 1 1 1 1
1200 1600 2000 2400 1200 1600 2000 2400
Wavelength/nm Wavelength/nm

Fig. 4.

(color online) Plots of (a) amplitude of transmittance and (b) phase of transmittance versus wavelength for linear-

polarization/circular-polarization transmission coefficients frcpx—, fRcpy—» fLcpx—» and fLcpy—.

Equations (7) and (6) are in agreement with each other. At
1515.8 nm, |trcpy— | (Or }tRpr, ‘) has a resonance dip of about
0.663, and | cpy—| (or |tLpr, |) has a resonance dip of about
0.149. This means that the RCP/LCP responses of the chiral
metamaterial from the x-polarized wave propagating along the
z axis are different. To investigate the influences of the nanos-
tructure on RCP and LCP, CDR, which is an important index

to measure the chirality of material, is introduced 28]
I — 1
CDR = _fLcr—Irer ®)
(ILcp + Ircp) /2

where I cp and Ircp are the transmission intensities associated

with LCP and RCP excitation, respectively. The CDR can take
values between —2 (I.cp = 0) and 2 (Ilrcp = 0). The CDR is
associated with CD, which is the difference in absorbance be-
tween the LCP and RCP light. In the case of x (or y)-polarized
incident wave, CDRs for the negative z axis (red curve) and
positive z axis (blue curve) are displayed in Fig. 5. The CDR+
(or CDR-) has a maximum 1.81 (or minimum —1.81) value
at a resonant wavelength of 1515.8 nm. The results show that
when the x (or y)-polarized incident wave propagates through
the chiral metamaterial, RCP and LCP are both induced. At
the resonant wavelength, the RCP light is dominant for the
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positive z axis incident x (or y)-polarized wave, and vice versa.

2
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Fig. 5. (color online) CDRs for negative z axis (red curve) and positive
z axis (blue curve) to x (or y)-polarized incident wave.

When our proposed chiral metamaterial is normally illu-
minated by an RCP or LCP wave, the matrix connecting the
incident and transmitted circularly polarized components can
be derived by combining Eqs. (4) and (5). Further, this matrix

can be described as follows: [7:18:29]
T _ [ IRR+ IRL+
Circ+ =
ILR+ ILL+
Lot — ]t 0
_ xx+ OJ yx+ . ) ) (9)
ok + Jlyx+

The squares of these elements correspond to transmission and
circularly polarized conversion in terms of power. Thus, the
circularly polarized conversion of our proposed chiral meta-
material is |tRLi|2 = |fLR+ |2 = 0. For normally incident RCP
(or LCP) wave, there will be no LCP (or RCP) light in the
transmission wave. Furthermore, the numerical results of
Rr_ = |tRR_|2 and IRg = |tRR+|2 are shown in Fig. 6. It is
obvious that Irg+ # Irr—, Which indicates the AT effect of cir-
cular polarization of our proposed chiral metamaterial. Here,
the AT effect, similar to the nature of the diode, for circularly
polarized wave is characterized by A, which could be defined
as the difference between the transmittances in the two oppo-
site propagation directions (positive/negative z axis). Thus, the
degree of AT can be expressed as follows:

A = IRy —Irr - (10)

Figure 6 shows that for the normal incident RCP
wave, the transmittance indicates a resonant wavelength of
1515.8 nm; Irr+ has a very small dip, while Irg— has a sub-
stantial dip. The difference between Irg; and Irg_ reaches
0.832 at the resonant wavelength, which indicates a big AT
effect for RCP. It is evident that the corresponding results of
LCP are very similar to those of RCP, and will not be described

here.
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Fig. 6. (color online) Variations of transmittances with wavelength for
Irr— (blue curve) and Irr4+ (red curve) of circularly/circularly polar-
ized light in two opposite propagation directions (positive/negative z
axis) and for the degree of AT A (green curve) for circularly/circularly

polarized light.
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Fig. 7. (color online) ((a) and (c))Simulated zero-order transmission
amplitudes || and |tyx| for two kinds of chiral metamaterials. The in-
sets in panels (a) and (c) show the sketch maps of the corresponding unit
cell. The corresponding linear/circularly polarized conversions |frcpy|
and |f_cpy| are displayed in panels (b) and (d), respectively. The insets
in panels (b) and (d) show the corresponding CDR.

In order to reveal the influence of the coupling between
the ZLSNs on the PC, we simulate the optical properties of
two other kinds of chiral metamaterials, whose unit cells are
shown in the insets in Figs. 7(a) and 7(c). Without loss of gen-
erality, the incident light propagates along the positive z axis
and the subscript “+” is omitted. Figure 7(a) presents the sim-
ulated zero-order transmission amplitudes |z,,| and |tyx| for the
chiral metamaterial whose unit cell contains a single ZLSN. In
addition, the corresponding simulated results frcpy and 1 cpx
are depicted in Fig. 7(b). Here, the period P is 300 nm and
the other parameters are the same as those mentioned above.
Compared with the PC and CDR of the coupled ZLSNs, those
tyx| in Fig. 7(a) and CDR in the inset of Fig. 7(b)) of
a single ZLSN are evidently weak for incident light at the

(.e.,

corresponding wavelength (around 1515.8 nm). Figure 7(c)
presents the simulated zero-order transmission amplitudes |, |

and ‘tyx| for the chiral metamaterial whose unit cell contains
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four U-like-shaped nanoparticles with four-fold rotation sym-
metry. The parameters are the same as those mentioned above
with P = 600 nm. Moreover, the corresponding simulated re-
sults frcpx and tcpy are depicted in Fig. 7(d). One can see
that its PC and CDR (inset in Fig. 7(d)) are also significantly
smaller than those of the coupled ZLSNs. Therefore, the cou-
pling between ZLSNs can enhance the PC and CDR.

4. Conclusions

In this work, we study the optical properties of four-fold
rotation symmetry metamaterials, whose unit cell consists of
four ZLSNs. A substantial PC, near-perfect CDR, and AT of
linear/circularly polarized incident light are observed. In order
to study the coupling effect, we study the optical properties
of two kinds of chiral metamaterials, i.e., those without and
with weak coupling between the nanostructures. The results
show that the coupling between nanostructures can enhance
the values of PC, CDR, and AT of chiral metamaterials. The
results of our study will open the way for novel plasmonic
material design for a wide range of applications, e.g., in life
science microscopy and in polarization controllers and optical
diodes. Moreover, our metamaterials can be employed to fab-
ricate multifunctional optical devices and can reduce the space
and cost of optical devices.
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