Metamaterial with Negative Index due to Chirality
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Recently it has been predicted that materials with exceptionally strong optical activity may
also possess a negative refractive index, allowing the realization of superlenses for super-resolution
imaging and data storage applications. Here we demonstrate experimentally and numerically that
chirality-induced negative refraction is possible. Negative refraction due to 3D chirality is demon-
strated for a bilayered metamaterial based on pairs of mutually twisted planar metal patterns in
parallel planes, which also shows negative electric and magnetic responses and exceptionally strong
optical activity and circular dichroism. Multi-layered forms of the metamaterial are found to be
suitable for use as ultra-thin polarization rotators and circular polarizers for practical applications.

I. INTRODUCTION

Optical activity, which is the ability to rotate the plane
of polarization of electromagnetic waves, has always been
a phenomenon of great importance to many areas of sci-
ence, including molecular biology, analytical chemistry,
detection of life forms, optoelectronics and display appli-
cations. Optical activity exhibited by natural materials
like quartz, however, is quite weak and limited to the
optical spectral range. Consequently artificial gyrotropic
structures are of interest for polarization control applica-
tions in microwave and opto-electronic devices' 4. Since
Pendry and Tretyakov recently predicted that strong op-
tical activity may also result in negative refraction®5,
artificial gyrotropic materials have started to attracted
a lot of attention as potential candidates for achieving
negative refraction” . With respect to the realization
of negative refraction due to optical activity, however,
little progress was made until very strong microwave gy-
rotropy was reported for a single pair of mutually twisted
metal patterns in parallel planes'?. Importantly a signa-
ture of circularly polarized backward waves was observed
for this structure, indicating that metamaterials based
on such mutually twisted metal patterns might have a
negative index of refraction. Recently a scaled down
metamaterial-version of this structure was shown to also
possess exceptionally strong polarization rotary power in
the optical part of the spectrum®3.

In this paper we demonstrate experimentally and nu-
merically that metamaterials based on multiple layers of
mutually twisted planar metal patterns in parallel planes
(Fig. 1) support a wealth of useful electromagnetic prop-
erties including giant optical activity and circular dichro-
ism, strong negative electric and magnetic responses and
negative refraction. Due to their 4-fold rotational sym-
metry, circular polarization conversion in our 3D-chiral
metamaterials is negligible and they have circularly po-
larized eigenstates. These facts are confirmed experimen-
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FIG. 1: Structure of the metamaterial. (a) Schematics of the
4-layered metamaterial’s unit cell. The gammadions in neigh-
boring layers have a relative twist of 15°. The structure of
metamaterials with a different number of layers is analogous.
(b) Photograph of part of a bilayered metamaterial sheet. The
twisted gammadions of the 2" layer can be seen as a shaded
area thanks to partial transparency to the substrate. A unit
cell has been marked.

tally. Importantly we show for a bilayered metamaterial
consisting of pairs of mutually twisted rosettes, that its
negative refractive index arises from the structure’s 3D-
chiral symmetry. In contrast to conventional negative
index materials, like split ring wire media, fishnet struc-
tures and double crosses'* 16, the negative index is not
caused by simultaneous negative electric and magnetic
responses. We also found that two layers of mutually
twisted metal rosettes show strong polarization rotary
power and circular dichroism and we study these effects
by modeling how the polarization state changes as the
wave travels through the metamaterial. Finally we find
that multi-layered versions of the metamaterial, consist-



ing of four or more layers of rosettes, lead to exception-
ally strong optical activity and circular dichroism com-
bined with reduced insertion losses, making such struc-
tures practical ultra-thin polarization rotators or circular
polarizers.

II. GIANT OPTICAL ACTIVITY AND
CIRCULAR DICHROISM

Fig. 2a shows transmission properties of the bilay-
ered form of the metamaterial for left-handed (LCP) and
right-handed (RCP) circular polarizations. The struc-
ture shows exceptionally strong circular dichroism of up
to 20 dB. For linear polarization, azimuth rotation of up
to 25° is achieved, however, in this case the transmitted
polarization state becomes elliptical. Pure optical activ-
ity, i.e. polarization azimuth rotation without any change
of ellipticity, is achieved between resonances A and B,
where the absolute rotation is about 7°. These values are
substantial considering the material’s thickness of only
1/30 wavelength A at 6 GHz where the strongest effects
occur. In terms of rotation per material thickness of one
wavelength the structure’s peak rotary power and pure
optical activity are 780° /X and 250° /) respectively. This
is gigantic compared to naturally optically active crys-
tals like quartz (0.02°/\ at 400nm) in the visible part
of the spectrum. The metamaterial also rotates several
times stronger than helix-based artificial structures for
microwaves (156°/A'7). The metamaterial’s exception-
ally strong gyrotropic response is confirmed by numerical
results (faint lines, Fig. 2), which are in excellent agree-
ment with the experiments (dark lines). Our simulations
allow us to determine the nature of the resonances A-D.
The highly gyrotropic resonances A and B, which will be
discussed in detail in the following section, correspond
to A\/2 current modes, while the weaker high frequency
resonances C and D have 3)\/2 current modes.

III. NEGATIVE REFRACTION DUE TO 3D
CHIRALITY

So far, negative refraction has been achieved in a va-
riety of structures, from split ring wire media to fish-
net designs and double crosses'* 16, All of these struc-
tures were designed to superimpose electric and mag-
netic resonances, which separately drove the permittiv-
ity € and permeability pu negative in the same frequency
region. While these achiral negative index materials
have attracted a lot of attention, chiral negative index
media have not been studied experimentally. This is
surprising, since Pendry and Tretyakov predicted that
negative refraction could be easier to achieve in chiral
media®®. Importantly for chiral media the refractive in-
dex is ny = ,/ep £k, where '+’ and *-* refer to the right-
handed (RCP) and left-handed (LCP) circularly polar-
ized eigenstates and k is the chirality parameter. This
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FIG. 2: Circular dichroism and optical activity of the bilay-

ered metamaterial. Measurements (dark lines) and numerical

simulations (faint lines) are shown. (a) Transmission levels

for left-handed (blue, LCP, -) and right-handed (red, RCP,

+) circularly polarized waves. (b) Azimuth rotation for lin-
early polarized waves.

implies that in principle strong enough chirality is suffi-
cient to achieve negative refraction for one circular po-
larization. The difficulty here is, that if \/ep is not very
close to zero, then very strong chirality is required in-
deed. Our bilayered metamaterial shows exceptionally
strong gyrotropic behavior and thus it is an ideal candi-
date for negative refraction due to chirality.

Based on transmission and reflection we calculated the
refractive index n, chirality parameter x, permeability p
and permittivity ¢ (see appendix C) for the bilayered 3D-
chiral metamaterial and a reference structure in which
3D chirality has been removed by reducing the relative
twist between paired rosettes to zero. The results, which
are shown in Fig. 3, show that both chiral and achiral
forms of the metamaterial have remarkably similar elec-
tric and magnetic responses. Particularly in both cases
resonance A leads to negative permeability while reso-
nance B corresponds to negative permittivity. The nega-
tive magnetic behavior for A results from anti-symmetric
current oscillations in top and bottom rosettes, each pair
of rosettes effectively forms a current loop, and thus a
magnetic dipole (see Fig. 4 A). On the contrary the
electric response for B results from in-phase current os-
cillations in pairs of rosettes, i.e. here pairs of rosettes
act like a single electric dipole (see Fig. 4 B). The origin
of the negative electric and magnetic responses of the
bilayered structure is of the same nature as for fishnet
structures and double crosses!®16.

In contrast to conventional negative index media, how-
ever, permeability and permittivity become negative in
separate bands and /g is always positive for both struc-
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FIG. 3: (a) Effective medium parameters of the 3D-chiral bilayered metamaterial. Numerical results for refractive index n (top),
chirality parameter x (middle) and permeability  and permittivity e (bottom) are shown. The insets show the corresponding
experimental results with identical axis divisions. (b) Effective parameters derived from numerical simulations for a bilayered
metamaterial with no relative twist between layers of rosettes. Note that € and i are almost identical for both cases. Negative
n in the 3D-chiral case arises from the contribution of the large chirality parameter k.

FIG. 4: Current modes leading to a negative refractive index.
The anti-symmetric current mode (A) is excited by RCP at
4.7 GHz and the symmetric currentmode (B) is excited by
LCP at 6.2 GHz. The horizontal component of the excited
currents is shown, where blue and red correspond to currents
in opposite directions.

tures. Nevertheless the 3D-chiral metamaterial has a neg-
ative refractive index just above resonances A (for RCP)
and B (for LCP). Remarkably it is the large contribution
from the chirality factor that drives the refractive index
ny = /e £ K negative. This is further illustrated by
the fact, that the negative index disappears if 3D chi-
rality is removed from the structure. Above resonance
A a negative index of -0.4 is achieved due to the ma-
terial’s exceptionally strong gyrotropic response, while

above resonance B a wide band of negative refraction
can be achieved by moderate chirality as \/gp is close to
Z€ro.

Also multi-layered forms of the metamaterial show
signs of negative refraction. However, as these thicker
structures cannot be assumed to be thin compared to
the effective wavelength within the medium, effective pa-
rameter retrieval for multiple layers proves more difficult
and lies beyond the scope of this paper.

IV. POLARIZATION STATE EVOLUTION
WITHIN AN OPTICALLY ACTIVE
METAMATERIAL

We found that the bilayered 3D-chiral metamaterial
shows exceptionally large circular dichroism and polar-
ization rotary power sufficient to lead to a negative refrac-
tive index. The structure’s highly gyrotropic response is
a consequence of strong electromagnetic interaction be-
tween the mutually twisted wire patterns through the
local field. The color-coded field maps shown in Fig. 5
present the evolution of the local field in terms of elliptic-
ity (top) and azimuth (bottom) for the case of a linearly
polarized wave propagating through the structure. The
data corresponds to the frequency of 4.6 GHz, where the
metamaterial rotates by 11° and the transmitted wave
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FIG. 5: Polarization state evolution for the total field as a linearly polarized wave propagates through the bilayered metamaterial
at 4.6 GHz. The top sequence shows the ellipticity angle of the total field, while the bottom sequence shows the polarization

azimuth.

has an ellipticity angle of 13° (circular dichroism 4 dB),
while transmission is still reasonably large. Our simula-
tions show that the incident linearly polarized plane wave
is significantly perturbed by the metamaterial’s struc-
ture within about 4 mm (\/16) of the material’s surface.
However, changes of the field’s effective polarization state
occur only within the rosette structure!®. Close to and
within the metamaterial the local field is weak at the
center of the rosette pattern, most of the field’s energy
is found in the vicinity of the outer parts of the rosette
arms and in the unstructured dielectric areas at the edge
of the unit cell. The field itself develops a complex struc-
ture, which can be understood in terms of two regimes.
In the ultimate vicinity of each rosette the local field
is dominated by the presence of the nearby metal struc-
ture, which leads to a local electric field linearly polarized
perpendicular to the metal wire. Due to each rosette’s
four-fold rotational symmetry, however, this alone can-
not affect the far-field polarization state. It is the cou-
pling between both mutually twisted metal patterns, that
makes the metamaterial polarization sensitive and allows
it to rotate the far-field polarization state. Locally this
can be seen from the complex field structure in regions
that experience substantial field contributions from both
rosettes. Here, depending on the phase delays and magni-
tudes of excited currents, left-handed and right-handed
local fields with rotated azimuth are excited. Notably,
despite the complex structure of the local fields, azimuth

and ellipticity of the effective field typically change con-
tinuously along the propagation direction. For the trans-
mitted wave, the complicated substructure of the local
field interferes away within about the first 4 mm of the
metamaterial’s surface, leaving a rotated elliptical plane
wave which propagates to the far-field.

V. MULTI-LAYERED METAMATERIALS:
ULTRA-THIN ROTATORS AND CIRCULAR
POLARIZERS.

Exceptionally large rotary power and circular dichro-
ism for the bilayered structure suggest that multi-layered
forms of the metamaterial may have very promising gy-
rotropic properties. Fig. 6 shows the evolution of trans-
mission properties with increasing number of layers of
mutually twisted planar metal rosettes. Transmission
levels are presented for both circular polarizations and
polarization azimuth rotation is shown for linear polar-
ization.

It is evident that a single layer of metal rosettes on a
dielectric substrate (top graphs) does not lead to any sig-
nificant gyrotropy, even though the metamaterial is topo-
logically 3D-chiral, as the rosettes are placed on only one
side of the substrate. A minimum of 2 layers of rosettes is
required to achieve strong gyrotropy (see detailed discus-
sion above). In the mono-layered case we observe two iso-
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FIG. 6: Development of the metamaterials’ transmission characteristics when increasing the number of layers from 1 to 4.
(a) Transmission spectra measured for the metamaterials’ circular eigenpolarizations LCP (blue, -) and RCP (red, +). (b)

Polarization azimuth rotation measured for linear polarization.

lated resonances corresponding to A/2 and 3A/2 electric
dipole excitations. No significant magnetic mode can be
excited and therefore gyrotropy is negligible. The intro-
duction of a second layer changes this situation dramati-
cally, by allowing the resonances to split into symmetric
(electric) and anti-symmetric (magnetic) current modes
excited in pairs of rosettes. The structure’s strong gy-
rotropic response results from the simultaneous scatter-
ing contributions of electric and magnetic modes excited
in the 3D-chiral structure.

The response of a 3-layered version of the metamaterial
is quite similar to the bilayered case, especially in terms
of the magnitude of the gyrotropic behavior. However,
the resonances split 3-fold compared to 2-fold for the bi-
layered metamaterial.

For 1 to 3 layers, RCP and LCP resonances al-
ways occur at the same frequency. Importantly this is
not true for 4 or more layers, where we find that the
higher-frequency RCP and LCP resonances are spectrally
shifted. This allows the 4-layered metamaterial to be al-
most transparent for one circular polarization while being
opaque for the other, making it an efficient circular polar-
izer. For example at 12 GHz transmission losses are only
3 dB for RCP but substantial 23 dB for LCP, leading to a
contrast of 20 dB. Between resonances, where transmis-
sion levels are equal for both circular polarizations, losses
are relatively low while the material’s rotary power can
be very large. Here the metamaterial shows true optical
activity, as it will only rotate the azimuth of the polariza-

tion state, without changing its ellipticity. Particularly at
12.5 GHz large absolute rotation of 45° is achieved with
relatively low losses of less than 6 dB and without chang-
ing the polarization state’s ellipticity. It must be noted
that these functionalities are achieved by a metamate-
rial that is only A/5 (at 12 GHz) in thickness, whereas
conventionally rotators and circular polarizers are large
components many wavelengths in size. The combina-
tion of small size, large gyrotropic effects and relatively
low losses makes multi-layered forms of the metamate-
rial suitable for practical use as ultra-thin rotator and
circular polarizer.

VI. SUMMARY

In summary we have realized a class of 3D-chiral meta-
materials with very versatile properties including nega-
tive index of refraction due to chirality, negative perme-
ability, negative permittivity, giant optical activity and
very large circular dichroism. We have given evidence
that for our bilayered metamaterial, which is based on
mutually twisted planar metal rosettes in parallel planes,
the negative refractive index does indeed result from the
3D-chiral nature of the metamaterial and not from driv-
ing permeability and permittivity negative in the same
frequency range as for conventional negative index me-
dia. We have illustrated in terms of local fields how our
highly gyrotropic structure interacts with electromag-



netic waves. And finally we found that multi-layered ver-
sions of the metamaterial show enhanced performance,
not only in terms of larger circular dichroism and polar-
ization rotation, but also in terms of reduced losses, mak-
ing them suitable for use as ultra-thin circular polarizers
and polarization rotators in practical applications.
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VII. APPENDIX
A. Sample description and manufacturing.

The metamaterial is double-periodic with a square unit
cell of 15 x 15 mm? (see Fig. 1), which ensures that the
structure does not diffract electromagnetic radiation for
frequencies lower than 20 GHz. The overall size of the
samples was approximately 220x 220 mm?. The metama-
terial’s unit cell contains coaxial planar copper rosettes of
4-fold symmetry in parallel planes, which are separated
by very thin (1.6 mm) dielectric layers. Here we present
results for four different forms of the metamaterial, cor-
responding to unit cells containing 1, 2, 3 and 4 coaxial
rosettes. A mutual anti-clockwise twist of 15° introduced
between adjacent rosettes makes the unit cells contain-
ing more than one rosette 3D-chiral. The metamaterial
has been manufactured by lithography using standard
FRA circuit board substrates with a dielectric constant

of e ~ 4.5+ 0.151.

B. Measurement technique.

All transmission and reflection measurements were
performed in an anechoic chamber in the 3 — 17 GHz
range of frequencies using broadband horn antennas
(Schwarzbeck BBHA 9120D) equipped with lens concen-
trators and a vector network analyzer (Agilent E8364B).

C. Effective parameter retrieval.

For normal incidence, the rosette structure can be
modeled as a reciprocal bi-isotropic medium and the con-
stitutive equation is given by

B)- ()@ o
B) \-ik/co  pop H

where €g, po and ¢y are the permittivity, permeability
and the speed of light in vacuum, respectively. The eigen
solutions in bi-isotropic media are right-handed (RCP)
and left-handed (LCP) circularly polarized plane elec-
tromagnetic waves. The refractive index for RCP and
LCP is given by ny = /e + k, where (+) and (—) de-
note RCP and LCP. From the complex transmission and
reflection coefficients, T" and R, the refractive index, n,
and the impendence, z, can be obtained!®,

Ja+rr-TT
T NVNa-RE-TLT

—j 1 z—1

ny = kodln[Ti (1 z—l—lR)] (2)
where kg is the wave vector in vacuum and d is the
thickness of the rosette structure. The branches of the
square root and the logarithm function in the formula
above have to be chosen carefully according to the en-
ergy conservation, i.e. the real part of the impendence
is positive, Re(z) > 0, and the continuity of ny versus
the frequency. Finally, for other material parameters,
we derive Kk = (ny —n_)/2, p = z(ny +n_)/2 and
e=(ngy+n_)/2z.
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