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We report here the design of an optically nonactive metamaterial by assembling metallic helices
with different chiralities. With linearly polarized incident light, pure electric or magnetic resonance
can be selectively realized, which accordingly leads to negative permittivity or negative
permeability. Further, we show that pure electric or magnetic resonance can be interchanged at the
same frequency band by merely changing the polarization of incident light for 90°. This design
demonstrates a unique approach in constructing metamaterials. © 2011 American Institute of
Physics. �doi:10.1063/1.3554704�

The interest in constructing a metamaterial has been pro-
moted by its attractive optical properties, such as negative
refractive index,1–4 ultrahigh spatial resolution,5,6 invisibility
cloaking,7,8 and optical magnetics.9,10 These fantastic proper-
ties facilitate potential applications in extraordinary optical
transmission,11–15 microscopy,16 and antennas,17 etc. Among
the massive research in this rapidly developing area, one of
the intensively studied subjects is chiral metamaterial, which
offers a unique approach to realize negative refractive
index.18–23

In a chiral metamaterial the strongly coupled electric and
magnetic dipoles are simultaneously excited. In previous de-
signs, there usually exists an angle between the electric and
the magnetic dipoles, which makes it difficult to fully use the
induced dipoles.19 We once proposed an assembly of double-
layered metallic U-shaped resonators with two resonant fre-
quencies �H and �L.22,24 The effective induced electric and
magnetic dipoles, which originate from the specific distribu-
tion of surface electric current upon illumination, are collin-
ear at the same frequency. Despite the efficient use of the
electric and magnetic dipoles in that approach, however, the
coupling of the building blocks between different layers is
very strong, which is not favorable in constructing a three-
dimensional bulk metamaterial. One possible solution to deal
with this problem is to introduce helix structure.25 By com-
bining helices with different chiralities, an optically nonac-
tive metamaterial can be constructed.

Here we show that with linearly polarized incident light,
pure electric or magnetic resonance can be selectively real-
ized by specific combination of helices of different chirali-
ties. Accordingly, negative permittivity or negative perme-
ability can be achieved.

The elementary building block is a uniaxial gold helix
H1 with three turns, as illustrated in Fig. 1�a�. The axis of the
helix is along the x-direction and the two end points locate in
the x-y plane. The wave vector of incident light is along the
z-direction and the polarization can be switched in either x-
or y-direction. The commercial software based on the finite

difference time domain method �CST MICROWAVE STUDIO� is
applied in the simulations. The permittivity of gold in the
infrared regime is based on the Drude model, ����=1
−�p

2 / ��+ i����, where �p is the plasma frequency and �� is
the damping constant. For gold, these parameters are taken
as �p=1.37�104 THz and ��=40.84 THz.26 Figure 1�b�
shows the transmission coefficients of the array of helix units
shown in Fig. 1�a�. The distance between the neighboring

a�Author to whom correspondence should be addressed. Electronic mail:
muwang@nju.edu.cn.

FIG. 1. �Color online� �a� The geometrical parameters of the building block
H1: L=1.0 �m, R=0.25 �m, and r=0.15 �m. �b� Transmission coeffi-
cients of an array of H1 for x- and y-polarized incidence. �c� and �e� illus-
trate the calculated induced surface electric current density on H1 /H2. �d�
and �f� schematically show the equivalent electric and magnetic dipoles
induced on H1 /H2.
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helices in both x- and y-directions is 0.25 �m. The resonant
dips in transmission t�, where the polarization of input and
output waves is parallel, can be detected at 1200 cm−1 for
both x-polarized �tx�� and y-polarized �ty�� incidences. The
helix possesses intrinsic chirality and the helix array shows
optical activity. Consequently resonance peaks of perpen-
dicular polarization of input and output light �t�� can be
detected in the transmission around 1200 cm−1 for both x
polarization �tx�� and y polarization �ty��. Calculations
show that tx� and ty� are almost identical �Fig. 1�b��. It is
noteworthy that there exists higher order of resonances in the
helix structure, where the induced surface electric current
forms a complicated pattern �i.e., the current flows in differ-
ent directions on different sections of the helix�. Here we
focus, however, on the lowest frequency resonance of the
structure �1200 cm−1�, where the induced surface electric
current flows in the same direction, as shown in Figs. 1�c�
and 1�e�. The resonance mode of the surface electric current
in the helix does not depend on polarization. The surface
current shown in Fig. 1�c� essentially flows along −x, which
corresponds to an effective electric field E� in −x, as indi-
cated by red �light gray� arrow in Fig. 1�d�. This means that
an effective electric dipole along −x is induced. On the other
hand, the surface electric current along helix H1 forms a loop
structure. The curl integration along the projection in the y-z
plane is nonzero, which leads to an induced magnetic field
H� in −x. This indicates that an effective magnetic dipole
along −x is induced at the same time, as indicated by the blue
�dark gray� arrow in Fig. 1�d�.

For a helix with opposite chiralities, H2 �see Fig. 1�e��,
electric and magnetic dipoles can also be excited with both
x- and y-polarized incidences, yet the induced electric and
magnetic dipoles point to opposite directions roughly, as
shown in Fig. 1�f�.

The induced surface electric current on the helix contrib-
utes not only to the electric/magnetic field along the helix
axis �x-direction�, but also to very small components in y-
and z-directions. Yet those undesired small components of
electric/magnetic field can be canceled out by superposing
helices with different handedness.27 The most favorable con-
figuration of the induced electric/magnetic dipoles for optical
activity is collinear. To realize such a scenario, we design a
structure shown in Fig. 2. The helix H1 locates in the second
quadrant �−x ,+y�, with helix axis along the x-direction and
the two end points locating in the x-y plane. By taking the
y-z plane as the mirror plane, a mirror image of H1, which
possesses the different chirality as H1, is generated and de-
noted as H2. Thereafter, by taking the x-z plane as the mirror
plane, two other mirror images, H2� and H1�, which are the
mirror images of H1 and H2, respectively, are generated.
These four helices are so arranged that x- and y-directions
are the symmetry axes of the unit cell. The unit cell is peri-
odically reproduced, and the lattice parameter in the
x-direction is 2.5 �m and that in the y-direction is 1.5 �m.
When the incident light propagates along the z-direction, the
induced resonant surface electric current at 1200 cm−1 is
illustrated in Fig. 2�a� �x-polarization� and in Fig. 2�b�
�y-polarization�. For x-polarized incidence, the induced sur-
face electric current in both H1 �H1�� and H2 �H2�� moves
along the x-direction in general �Fig. 2�a��, and the induced
electric dipoles in H1 �H1�� and H2 �H2�� are both along x
�Fig. 2�c��. The induced magnetic dipoles of H1 �H1�� are

along x and those of H2 �H2�� are along −x. In other words,
the electric dipoles of H1 �H1�� and H2 �H2�� are parallel,
whereas the magnetic dipoles are antiparallel. Therefore,
with such a combination of helices, a pure electric resonance
is achieved for x-polarized incidence �Fig. 2�c��.

For y-polarized incidence, as illustrated in Fig. 2�d�, the
induced surface electric currents in H1 �H1�� and H2 �H2��
move antiparallel along x. So the induced electric dipoles
point to the opposite directions, whereas the induced mag-
netic dipoles are both along x. Therefore, for y-polarized
incidence, a pure magnetic resonance is established.

Transmission and reflection coefficients for both x- and
y-polarized incidences have been calculated with CST soft-
ware and are shown in Figs. 3�a� and 3�b�, respectively.

FIG. 3. �Color online� ��a� and �b�� The calculated transmission �T� and
reflection �R� coefficients for x /y-polarized incidence. ��c� and �d�� The
retrieved effective permittivity ��� and permeability ��� for x /y-polarized
incidence, respectively. The shaded region corresponds to �c� negative � and
�d� negative �, respectively.

FIG. 2. �Color online� ��a� and �b�� The calculated induced surface electric
current density on gold helices when the incident light is polarized in �a� x-
and �b� y-directions, respectively. ��c� and �d�� The schematics to show the
equivalent electric and magnetic dipoles induced on each building blocks
when the incident light is polarized along �c� x- and �d� y-directions,
respectively.
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Resonant dips in transmissions and peaks in reflections ap-
pear between 1100 and 1300 cm−1. Simulation confirms that
when the incident light is x- or y-polarized, no energy can be
detected in the perpendicular polarization direction. Our cal-
culation also reveals that the transmission and reflection
along z- and −z-directions are identical. The retrieval method
based on S-parameters28 has been applied to achieve effec-
tive permittivity and permeability. Figures 3�c� and 3�d� il-
lustrate the retrieved effective permittivity ��eff� and perme-
ability ��eff� of the structure. Pure electric resonance
�characterized by an evident jump in �eff� occurs in
1100–1300 cm−1 for x-polarized incidence, and pure mag-
netic resonance �characterized by an evident jump in �eff�
occurs for y-polarized incidence in the same frequency
range. This means that by changing the polarization of inci-
dent light, the electric and magnetic resonances of the system
can be interchanged.

In order to confirm that pure electric and magnetic reso-
nances really occur as we suggested above, we plot the dis-
tribution of x-components of the electric and magnetic fields
at the resonant frequencies with x- and y-polarization of in-
cidence, as shown in Fig. 4. The strength of the fields is
collected at each point of the x-y plane at z=0. The dashed
lines divide the unit cell into four regions; in each region a
helix with different chirality is placed �the configuration is
the same as that in Fig. 2�a��. For x-polarized incidence �the
scenario of Fig. 2�a��, the x-components of the electric field
in all the four parts of the unit cell are in phase �Fig. 4�a��,
whereas those of the magnetic field are in antiphase and con-
sequently canceled out �Fig. 4�b��. For y-polarized incidence
�the scenario of Fig. 2�b��, the electric field in the four parts
of the unit cell is canceled out �Fig. 4�c��, whereas the mag-
netic field in these parts is in phase and is hence summed up
�Fig. 4�d��. Therefore, Fig. 4 confirms that pure electric reso-
nance indeed occurs when the incident light is x-polarized,
while pure magnetic resonance occurs to the same structure
when the incident light is switched to y-polarization.

The frequency at which the electric or magnetic reso-
nance occurs depends on the spatial periodicity of the array
and the geometrical parameters of the helix itself. Once pure
electric or magnetic resonance takes place in the helix array,

the resonant frequency decreases as the spatial periodicity is
decreased. One may also find that by fixing the other param-
eters, the resonant frequency shifts to a higher frequency
when the length of each helix is shortened. Our unique struc-
tural symmetry determines that the pure electric and mag-
netic resonances can be interchanged at the same frequency
by changing the polarization of incident light. This design
provides an interesting approach to realize simultaneous
magnetic and electric resonances and to construct optically
nonactive metamaterials with chiral building blocks.
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FIG. 4. �Color online� ��a� and �b�� The calculated distribution of
x-component of �a� electric and �b� magnetic fields at cross section z=0 for
x-polarized incidence. ��c� and �d�� The calculated distribution of
x-component of �c� electric and �d� magnetic fields at cross section z=0 for
y-polarized incidence.
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