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Asymmetric Propagation of Electromagnetic Waves through a Planar Chiral Structure
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We report that normal incidence transmission of circularly polarized waves through the lossy
anisotropic planar chiral structure is asymmetric in the opposite direction. The new effect is fundamentally
distinct from conventional gyrotropy of bulk chiral media and the Faraday effect, where the eigenstates are
a pair of counterrotating elliptical states, while the eigenstates of the lossy anisotropic planar chiral

structure are two corotating elliptical polarizations.
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Planar chiral structures possess a sense of twist that is
reversed when they are observed from opposite sides (for
example, Archimedes spiral), while for 3D-chiral struc-
tures (think of a helix) the sense of perceived rotation
remains unchanged for opposing directions of observation.
Consequently, if a planar chiral structure were to exhibit a
transmission polarization effect at normal incidence, the
sense of the effect would be reversed for an electromag-
netic wave propagating in opposite directions. Such a
transmission effect has never been observed before, but if
proven would be of profound benefit for the development
of a new class of microwave and optical devices.

In this Letter we report the first experimental observa-
tion of such a previously unknown fundamental phenome-
non of electromagnetism. It is a polarization sensitive
transmission effect asymmetric with respect to the direc-
tion of wave propagation. The new effect in some ways
resembles the famous nonreciprocity of the Faraday effect
in magnetized media but requires no magnetic field for its
observation. It results from the interaction of an electro-
magnetic wave with a planar chiral structure patterned on a
subwavelength scale. Both in the Faraday effect and in that
produced by planar chirality, the transmission and retarda-
tion of a circularly polarized wave are different in opposite
directions. In both cases the polarization eigenstates, i.e.,
polarization states conserved on propagation, are elliptical
(circular).

There are also essential differences between the two
phenomena. The asymmetry of the Faraday effect applies
to the transmission and retardation of the incident circu-
larly polarized wave itself, and the eigenstates of an aniso-
tropic Faraday medium are two elliptically polarized
waves of opposite handedness. The planar chirality effect
leads to partial conversion of the incident wave into one of
opposite handedness, and it is the efficiency of this con-
version that is asymmetric for the opposite directions of
propagation (see Fig. 1). The eigenstates in this case are
two elliptical polarizations of the same handedness. The
newly observed effect is also radically different from con-
ventional gyrotropy in 3D-chiral media (such as sugar
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solution or quartz), which is known to be completely
symmetric for the wave propagating in opposite directions.

The reported asymmetric phenomenon requires simulta-
neous presence of planar chirality and anisotropy in the
structure and involves no change in the direction of trans-
mitted waves. It is therefore fundamentally different from
recently studied polarization phenomena in scattered and
diffracted fields, implying a change in the wave propaga-
tion direction [1-8]. The new effect is forbidden in iso-
tropic planar chiral arrays of high symmetry such as array
of 4-fold gammadions. Moreover, it is different from the
symmetric effect analogous to conventional optical activ-
ity, which is observed in L-shaped gold nanoparticles
[9,10] and gammadion arrays on dielectric substrate mak-
ing 3D-chiral objects [11] or achieved through 3D-chiral
arrangement in bilayered structures [12].
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FIG. 1 (color online). Propagation of circularly polarized
waves through 3D-chiral, Faraday, and anisotropic planar chiral
media, and polarization eigenstates corresponding to propaga-
tion in forward and backward direction in each media. Circular
arrows denote polarization states: blue for RCP, red for LCP.
Vector H denotes the external magnetic field, while W indicates
the 2D-chiral twist.
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If a medium is described by a complex transmission
matrix y for the field amplitudes of the incident E° and
transmitted ET circularly polarized waves, then E! =
Xi jE?, where indices i and j correspond to polarization
states of the transmitted and incident wave, which could be
either right (RCP, +) or left (LCP, —) circular polariza-
tions. The matrix y! for an isotropic magnetized Faraday
medium and matrix 3P for the isotropic 3D-chiral me-
dium are diagonal matrices. In the Faraday medium the
transmission matrices for opp_C)_sing diE:_ctions of propaga-
tion (denoted by arrows), i.e., ' and x, are related by the
permutation of their diagonal elements, while in the 3D-

. . T ATy . .
chiral medium 3P and y°P are identical. In these terms the
transmission matrix for a planar chiral anisotropic medium
is a non-Hermitian matrix with equal diagonal elements,

e 2}

The transmission matrices for opposing directions of

propagation will be mutually transposed: x?° X jD For a
given direction of propagation the equality of the diagonal
elements y,. = y__ = « implies that losses and retar-
dation are identical for RCP and LCP waves passing
through the structure. However, since xi- # x—i,
switching between RCP to LCP incident waves leads to a
change in the intensity and phase of the corresponding LCP
and RCP converted components.

The new propagation phenomenon described by the
matrix y?P has been observed in a chiral “fish-scale”
planar structure. This is a chiral version of a novel type
of electromagnetic metamaterial, the nonchiral form of
which was recently investigated for its frequency selective
properties and ‘“‘magnetic wall” behavior [13,14]. The
chiral fish scale is a continuous 2D pattern of tilted mean-
ders existing in two enantiomeric (mirror) forms intercon-
nected by reflection across a mirror line in the plane of the
structure (see Fig. 2). For any planar chiral pattern a unit
vector of “twist” W can be introduced. It is directed
normal to the plane of the pattern and points according to
the cork-screw law: if the cork screw rotates in the same
direction as the chiral pattern then it moves along W.
Vector W is invariant to which side of the pattern the
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FIG. 2 (color online). Fragments of two enantiomeric forms A
and B of the chiral fish-scale pattern made of copper strips on a
dielectric substrate. The dashed line box indicates the elemen-
tary translational cell of the structure. Part C shows a fragment of
the nonchiral fish-scale structure.

definition is applied to. The twist vectors of the enantio-
meric patterns are antiparallel. Now, if vector W points
along the direction of observation, the structure is per-
ceived to be clockwise. Similarly, it is perceived to be
anticlockwise if W points towards the observer.

In the experiments reported here we used chiral metallic
fish-scale structures with overall size of approximately
220 X 220 mm etched from a 35 pwm copper film on a
1.5 mm thick dielectric substrate (see Fig. 2). The width
of the strips was 0.8 mm. The size of the square translation
cell was 15 X 15 mm, which ensured that the periodic
structure did not diffract radiation at frequencies lower
than 20 GHz. We studied transmission of the samples at
normal incidence in the 4-18 GHz spectral range using
vector network analyzer (Agilent ES8364B).

Measuring the circular polarization transmission matrix
x°P directly requires a circularly polarized emitter and
receiver. The existing circular polarization antennas, how-
ever, are only capable of producing high purity circular
polarization in a narrow spectral range and are therefore
not suitable for broadband measurements. Instead, we used
broadband linearly polarized log-periodic antennas
(Schwarzbeck M. E. STLP 9148) and measured the com-
plex transmission matrix ¢ for linearly polarized fields. All
parameters for the incident and transmitted waves were
defined in the right-handed Cartesian coordinate frame
with the Z axis directed perpendicular to the plane of the
structure, while the X and Y axes were directed along and
perpendicular to the meandering strips, respectively. The
complex circular polarization transmission matrix y*° and
the intensity transmission and conversion matrix = =
| x?P|?, were then calculated using this data. Matrix = for
fish-scale structures A and B will be denoted, respectively,

and = = for waves entering the structure from the
=B

as E
side of the metal pattern, while matrices ~A and 2
correspond to waves entering the structures from the op-
posite side, i.e., through the dielectric layer first.

The transmission properties of the chiral fish-scale struc-
ture were also rigorously modeled using the well-
established method of moments [15], assuming the pres-
ence of losses in the dielectric substrate, € = 4.5 + i0.2.

The data presented in Fig. 3 together with corresponding
phase information (not shown) indicate that within expe-
riential accuracy, the diagonal elements of matrix y?P
equal across the whole spectral range of interest. This fact
is fully consistent with the outcome of the calculations
based on the method of moments. Moreover, the diagonal
elements are the same for the two enantiomeric fish-scale
structures A and B, and for propagation in both directions.

In particular 2. = y22 and x22. = x22., which means

that the structure does not manifest polarization effects of
the same symmetry as conventional optical activity or the
optical Faraday effect in bulk media. However, it shows an
intriguing new asymmetric polarization conversion effect.

The data presented in Fig. 4 illustrate asymmetry of
polarization conversion observed in the chiral fish-scale
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FIG. 3 (color online). Mean value of Z;; (black circles) calcu-
lated as an average over eight different sets of data, which were
obtained for both enantiomeric forms of the structure (A and B)
for RCP and LCP incident waves in both forward and backward
directions of propagation. The solid red and blue lines show the
limits of the observed transmission variation. The solid black
line shows the theoretical value of Z;.

structure. Figure 4(a) shows the phase difference between
converted polarization components resulting from excita-
tion with circularly polarized waves of opposite handed-
ness measured as A¢ = arg{y_ .} — arg{y. _}. It appears
to have opposite signs for different enantomeric forms of
the structure, i.e., A¢p* = —ApB. On the other hand, for a
given structure the differential phase delay observed in the
forward direction is the same as the delay for its enantio-

o ened
mer observed in the opposite direction, i.e., A4 = AgpB.
Similar symmetries are observed for the normalized dif-
ference in the intensities of the converted waves, measured
as AE=2E_,-E,)/(E_.. +E,_). Here again

AEA = —AE? and AE4 = AE? [see Fig. 4(b)]. This is
in sharp contrast to conventional gyrotropy in three-
dimensional chiral media where the observable effect
does not depend on the direction of propagation.
Furthermore, this indicates that the sign of the effect is
controlled only by the perceived sense of rotation associ-
ated with the metallic pattern itself and does not depend on
whether the pattern is placed on top or behind the dielectric
layer.

Our raw experiential data and the results of computa-
tional analysis show that in all cases Ey) = T

— —_ = = = ..

fyeand 1 = 1, I, = t,.. The last two equalities con-
stitute the requirement imposed on transmission by the
Lorentz lemma [16]. In terms of circular polarizations

—_—
2D _

the lemma may be rewritten as an equality ;P = x7,
which also holds within experimental and computational
tolerance. Thus, the effect presented here does not mount
any challenge to the validity of the reciprocity lemma. The
somewhat surprising compatibility of the asymmetric ef-
fect with the Lorentz lemma is easily explained by the fact

that the lemma only requires that y?°, =

—_
tyx ’ th

AT . .
x22, while in

e
our case x*°, # x?°.. In comparison, for the Faraday
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FIG. 4 (color online). Polarization conversion of circularly
polarized waves by two enantiomeric forms of chiral fish-scale
structure in forward and backward directions of propagation.
Part (a) shows phase difference A¢ between converted polar-
ization components corresponding to incident waves of opposite
handedness. Part (b) shows normalized differential intensity of
conversion, AE. Blue and red solid circles correspond, respec-
tively, to A and B enantiomers in the forward direction, while
blue and red open circles correspond to B and A forms in the
backward direction. Solid curves are obtained theoretically.

—_—
effect . # x% . and the reciprocity does not hold, nor
indeed is it supposed to in the presence of magnetic field.

The origin of the asymmetric interaction may be traced
to the structure of the transmission matrix y?P. It can be
presented as a sum x?° = x3P + iz, sgn(k - W)g, where
k is the wave vector of the incident wave,

2D — l{txx Ty L~ tyy}

X
0 2|t — by ta Ty,

and antisymmetric matrix
~_ [0 —1
E711 o
The antisymmetric part is proportional to the pseudoscalar

combination (k - W), which changes sign on reversal of
the propagation direction. It gives rise to the difference

—_— —
between x?P and x°P and is therefore responsible for the
direction-dependent transmission. The antisymmetric part
is also proportional to z,,; i.e., it may only exist in aniso-
tropic patterns of low symmetry (if the structure possesses
a fourfold symmetry axis, t,, = 0). Moreover, only in
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dissipative systems 7., cannot be eliminated by the choice
of an appropriate coordinate system. In other words, trans-
mission asymmetry is only possible in anisotropic dissipa-
tive planar chiral structures.

The origins of A ¢ and AE are completely different. A ¢
results from the anisotropy of the structure and depends on
the orientation of the meander strips with respect to the line
of mirror symmetry interconnecting enantiomeric struc-
tures. A¢ does not lead to any asymmetrical effects that
can be detected in the intensity of propagating waves. In
contrast, AE results in an observable intensity effect. The
effect is astonishing: the planar chiral structure is more
transparent to a circularly polarized wave from one side
than from another. For instance for an incident RCP wave
the total transmitted intensity in the forward direction is

given by 24, + B4, while in the opposite direction it is

. I=yunlii=yun . =i
given by 24, + E4 . In spite of the fact that B4 =
b

=A

o L =y
E4 ,, polarization conversion is asymmetric, i.e. 54, #

—*
=24 ., leading to a difference in the total transmitted in-
tensities of about 40% at 11 GHz. No such dependence on
the direction of propagation would be seen in an aniso-
tropic nonchiral planar or bulk material of any description
(indeed, AE =0 for anisotropic nonchiral fish-scale
structure C). Therefore this phenomenon is somewhat
analogous to the magnetic circular dichroism and may be
called planar chiral circular conversion dichroism. Our
calculations show that it is inherently linked to losses and
increases in proportion to the imaginary part of the relative
permittivity of the substrate material. In lossy anisotropic
planar chiral structures the asymmetry of total transmission
is accompanied by similar asymmetries in reflection and
absorption. Lossless planar chiral structure shall not dis-
play asymmetric intensity effect in transmission.

The fundamental novelty of this effect may be explained
by comparing polarization eigenstates (i.e., the polariza-
tion states that are not affected upon transmission) of
anisotropic planar chiral structure with that of the
Faraday medium and conventional bulk optical activity.
In contrast to the Faraday effect, or conventional 3D opti-
cal activity in bulk media for that matter, where the eigen-
states are a pair of counterrotating elliptical states, the
eigenstates of a lossy anisotropic planar chiral structure
are two corotating elliptical polarizations, as illustrated in
Fig. 1. These eigenstates only differ in the azimuths of their
main axes (they are orthogonal). The corresponding ellip-
ticity angle reaches a maximum of about 20° at 17 GHz.
As in the case of the Faraday effect (but in contrast to
gyrotropy in conventional 3D-chiral media), the sense of
rotation of the elliptically polarized eigenstates is reversed
for the opposite direction of propagation.

In conclusion, we reported the first experiential obser-
vation and theoretical analysis of circular conversion di-
chroism in a planar chiral structure, which is a unique,
previously unknown effect. It results from 2D chirality and

anisotropy and is inherently linked to dissipation in the
structure. The effect may be put on the same raw with
optical activity and Faraday effect. The discovery may
result in the development of new spectroscopic techniques
for solid state physics, chemistry, and biosciences. We
expect the effect to be seen in the optical part of the
spectrum in appropriately scaled anisotropic planar chiral
nanostructure. Numerous optoelectronic applications of
such a kind of structure could be envisaged. For instance,
when placed into a ring resonator, it will enforce genera-
tion of left and right elliptically polarized waves in oppo-
site directions of circulation.
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