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Negative refractive index in non-resonance spectrum area
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A new concept to realize negative refractive index in non-resonance spectrum using chiral metamaterial is
proposed. A low-index metamaterial is added to diminish the effective refractive index of the combined
structure. Simulation and material parameter retrieval procedures are carried out to determine material
performances. Results show evidence of negative refractive index and strong optical activity in the new
chiral metamaterial.
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Metamaterials with negative refraction index (NRI) have
attracted significant attention since their first experi-
mental verification. This type of artificially constructed
material has unique and interesting characteristics, and
can provide electromagnetic properties that are diffi-
cult or impossible to be found in conventional natural
materials[1−3]. Recently, theoretical and experimental
studies have shown that chiral metamaterials can achieve
NRI due to their chirality[4−14]. NRI chiral metamate-
rials can also be used as a “perfect lens” for circularly
polarized waves[4,7]. Chiral medium has optical activity
and shows different electromagnetic responses toward
right- and left-circularly polarized (RCP and LCP) inci-
dent waves. Refractive indices for each wave are given
by n± =

√

µcεc/µoεo ± κ, where n+ and n− refer to
RCP and LCP, µc and εc are the permeability and per-
mittivity of the chiral medium, and µo and εo are the
vacuum permeability and permittivity, respectively. The
chirality parameter “κ” has to be as large as possible to
make NRI occur in one of the incident waves. However,
optical activity or chirality parameter in natural chiral
material is very small. Therefore, previous work has
focused on fabricating artificial materials with larger chi-
rality parameters. One way to gain a larger κ is through
electromagnetic resonance[9−14], because at resonance
frequencies, planar or nonplanar chiral structures ex-
hibit either electric-dipole or magnetic-dipole resonance
or both. The asymmetrical nature of a chiral structure
ensures that coupling between these resonances is not
prohibited and is strong enough to convert polarization
states. Changing polarization leads to stronger optical
activity and larger chirality parameters, thus achieving
negative indices in the spectrum areas.

In this letter, we propose a different concept to achieve
NRI in chiral media without structure resonance. In this
method, we focus on reducing the effective refractive in-
dex (neff) of chiral media, which is equal to

√

µcεc/µoεo,
making the LCP incident wave negative in non-resonance
frequencies. The basic element in this study is the three-
dimensional (3D) single helix, which provides the chiral-
ity parameter. Spiral structures such as DNA molecules
are known to have optical activities. Previous studies
have shown polarization stop bands and strong circular
dichroism in such structures[15−18]. Recently, NRI has

also been achieved using spiral structures[14]. We choose
spiral as the basic element because of its relatively sta-
ble electromagnetic response and moderate chirality in a
considerably wide range of spectrum areas. An excessive
multi-layer metal gridding is added as the second effec-
tive element to reduce neff of the structure. The array of
metal wire is widely known to generate electric resonance
and provide negative permittivity in certain frequency
ranges. Through parameter adjustment, it could also be
used as a low-index metamaterial.

Our chiral metamaterial is composed of single metal
helix structures and multi-layer metal gridding. The
metallic material we used in this study is gold. Fig-
ure 1 shows the structure to be simulated and ana-
lyzed. These material geometric parameters are gained
through optimization. Therefore, we simulated a series of

Fig. 1. Geometry of 3D chiral structure: periodic constant
p=700 nm, lateral height and width of spiral w1 = t2=100 nm,
total spiral height h2=1200 nm, spiral diameter r=250 nm,
lattice period along k-direction N=4. Height and width of
metal gridding t1 = w2=100 nm, distance between each layer
h1= 200 nm along k-direction.
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structures with different total spiral heights h2 ranging
from 800 to 2000 nm, and with different lattice periods
both in-plane and longitudinal.

Numerical simulations are performed using a frequency
domain finite element method. The dielectric properties
of the metal gold are handled with a frequency-dependent
Drude model (plasma angular frequency ωp = 2π × 2081
THz, collision frequency ωc = 2π × 35 THz). A plane
wave occurs along the k-direction, normally incidents
onto the surface plane of the structure. The periodic
boundary condition is used in the direction perpendicular
to the propagation direction. Detailed calculations are
used to determine the reflection and transmission coeffi-
cients from a single unit cell. The complex effective pa-
rameters n, ε, and µ, and the chirality parameter κ from
the simulated transmission and reflection are obtained
using the retrieval procedure for chiral metamaterial[9].

To fully demonstrate our concept, we simulate the sin-
gle helix structure, multi-layer metal gridding structure,
and combined structure, and obtain their reflection and
transmission coefficients. Figure 2(a) shows the calcu-
lated transmittance spectra of LCP and RCP for normal
incidence along the k direction. Comparing the trans-
mission curves of the combined structure to the former
work, no obvious resonance characteristics are identified.
Therefore, transmittance spectra for both polarizations
are smooth. The simulated transmission phases for RCP
and LCP of the combined structure are shown in Fig.
2(b). For RCP and LCP, the transmittance phases ex-
hibit moderate phase modulations at 125- and 95-THz
frequencies, respectively, in accordance with the trans-
mittance lines in Fig. 2(a). This result again proves the
non-resonance nature of the designed combined struc-
ture.

Using the retrieval procedure mentioned above, we

Fig. 2. (a) Simulation transmittance spectra. For the metal
gridding structure, the transmission coefficients show no
differences for RCP and LCP. (b) Simulation transmission
phases for RCP and LCP of the combined structure.

calculate the refractive indices and chirality parameters
of the combined structure and two separate components,
respectively. The first column of Fig. 3 gives the numer-
ical result of the single helix structure. The refractive
indices for LCP and RCP are obviously different due to
chirality. However, for the single helix structure, none
of the two incident polarizations is negative because its
effective refractive index neff is significantly larger than
the real part of its chirality parameter. The second col-
umn of Fig. 3 shows the refractive indices and chirality
parameter of the multi-layer metal gridding structure.
The value of κ is constantly zero throughout the whole
spectra because of the symmetric nature of the gridding
structure (Fig. 3(d)). No differences are seen between
LCP and RCP propagation in the metal gridding; thus,
their refractive indic both equal neff . Moreover, neff in
the spectrum area below 120 THz (Fig. 3(d)) is signif-
icantly flattened and has an approximate value of 0.2,
which nearly approaches zero compared with the neff

curve of the spiral structure (Fig. 3(a)). Therefore, we
can refer it as a low-index metamaterial.

However, the multi-layer gridding structure used
here is different from the fishnet structure studied as
an alternative method to achieve NRI via a different
mechanism[19,20]. The fishnet structure is often regarded
as a holey plasmonic metamaterial[21] because the ratio
between hole size and lateral feature size is well below
3. In comparison, in this study, the ratio between hole-
width and line-width of the metal gridding is 6 in both
the x and y directions, making the structure more mesh-
like. Functional wavelength is also much larger compared
with the in-plane and longitudinal lattice periods p and
h1. Thus, the holey and Fabry-Perot resonances be-
come very weak along the longitudinal direction. This
is proven in Fig. 2(a), where no resonance peaks appear
in the transmittance spectra of the multi-layer gridding
structure.

Based on the previous discussion, none of the two com-
ponents is negative index metamaterial. However, when
we combine the two structures by filling the hole of the
metal gridding with a single helix, the electromagnetic
response of the combined structure becomes completely
different (Fig. 2(a)). There are strong electromagnetic
couplings between spirals and their adjacent metal grid-
dings. Moreover, the area of metal becomes significantly
larger in the direction perpendicular to the k direction.
These two reasons lead to the fact that neff of the com-
bined structure is quite small (even below zero around
95 THz) compared with the single helix structure. How-
ever, the absolute value of κ of the combined structure is
almost the same as the single helix. Consequently, LCP
becomes negative in a considerable wide band range,
whereas RCP remains positive (Figs. 3(h) and (i)).

Finally, we calculate the material and optical param-
eters to demonstrate that the negative index in this
medium is due to chirality (Fig. 4). In Fig. 4(b), perme-
ability µ is constantly positive throughout the spectra,
while in Fig. 4(a), permittivity ε is negative below
108 THz. Thus, no frequency band exists when µ and
ε become simultaneously minus, showing evidence that
NRI in this material is due to chirality. Moreover, no
electric or magnetic resonances occur around the spec-
trum area where the refractive index becomes negative.
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Fig. 3. Refractive indices and chirality parameters. (a)–(c) Single helix structure; (d)–(f) multi-layer metal gridding; (g)–(i)
Combined structure.

Fig. 4. Material and optical parameters of the combined chiral
structure. (a) Permittivity ε; (b) permeability µ; (c) Polar-
ization azimuth rotation θ; (d) ellipticity angle η.

This property of material parameter curves is in accor-
dance with the property of transmission curves we have
previously discussed, and again proves that the NRI out-
come is attributed to the diminishing effective index of
the structure.

Optical activity is well known to be a major charac-
teristic of chiral metamaterials. In Figs. 4(c) and (d),
we present the optical performance of our structure by
demonstrating its polarization azimuth rotation angle θ
and ellipticity angle η. The new combined chiral medium
shows clear and strong optical activities, and its polariza-
tion azimuth rotation angle is comparably stable in most
spectra, up to 70◦ at its maximum. This figure is sig-
nificantly larger than the value gained using gammadion

structures[22,23]. At the frequency range between 100 and
110 THz, we also gain a polarization rotation exceeding
40◦ with η=0, which is about four times larger than the
value reported in bilayer chiral metamaterials[10,24].

In conclusion, the double-element chiral metamaterial
we proposed shows strong optical activity in the simu-
lated frequency range. Calculation of material parame-
ters and comparison of refractive indices of two separate
element structures reveal the chiral nature of the com-
bined structure. Together with the retrieved refractive
parameters of the combination, a new metamaterial with
NRI due to chirality is shown. In addition, achieving NRI
in a non-resonance spectrum area via adding a low-index
metamaterial in a conventional chiral structure provides
an alternative concept in metamaterial design.
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