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Resonant microwave transmission from a double layer of subwavelength
metal square arrays: Evanescent handedness
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A double layer of identical subwavelength metal patch arrays is experimentally shown to be electromagnetically
chiral due to the evanescent coupling of the near fields between nonchiral layers—it exhibits “evanescent
handedness.” Despite each layer being intrinsically isotropic in the plane with four mirror planes orthogonal to
the plane of the structure, circular dichroism, leading to significant polarization rotation, is found in the resonant
microwave transmission for any incident linear polarization.
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Chirality is determined by the symmetry of a structure.
The most obvious example of chirality is the symmetry of
our hands. The left and right may be identical to their mirror
image, however, one cannot be translated to become the
other. Structures that are electromagnetically chiral give rise
to selective reflection or transmission of one specific circular
polarization state of electromagnetic (EM) radiation, and may
induce rotation of the plane of linearly polarized radiation on
transmission or reflection. Such responses arise in a variety
of ways. Sugar solution, for example, gives rise to rather
weak rotations of polarization due to the intrinsic chirality
of the sugar molecules.! Anisotropic (uniaxial) liquid crystals,
when arranged so that the “director” of their molecules twists
slowly (compared to the wavelength of incident radiation) with
distance perpendicularly away from the surface, may cause
very strong polarization rotation. This phenomenon is used
extensively in flat screen liquid crystal displays (LCDs).?

Recently, the concept of chirality in subwavelength-
structured materials (“metamaterials” see Refs. 3 and 4)
has created much interest in the EM research community.
Investigations into the induced optical activity have explored
arrays of both chiral and nonchiral elements confined to a
plane. These have included studies of optical activity in intrin-
sically nonchiral but anisotropic metamaterials,” asymmetric
transmission of EM radiation through anisotropic planar chiral
structures,® and both planar and nonplanar chiral metamate-
rials for creating a negative refractive index.”® Researchers
have also considered other structures with relatively complex
chiral elements including multiple layers of rosettes’ and
gammadions,'®!" as well as much simpler geometries such
as wire pairs'>!'3 and rotated crosses.'*!> In addition, a new
aspect of chirality has recently been presented by Plum
et al.,'® showing that asymmetric transmission of circularly
polarized waves can be achieved through any lossy periodically
structured system for oblique incidence.

The work presented in this rapid communication provides
a fresh development in this field. We demonstrate chirality at
normal incidence arising from two closely spaced isotropic
layers with four mirror planes formed of nonchiral elements.
Each layer is composed of identical square arrays of subwave-
length square metallic patches. Each array is nondiffracting,
and arranged with its sides parallel to the axes of the square
lattice. The two layers are parallel spaced such that, at
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frequencies below the onset of diffraction, they are situated
within a decay length of each other’s evanescent fields, with
the axes of one array rotated relative to the other. Note that
such samples should be carefully differentiated from arrays of
split rings, cut wire pairs, or rotated crosses, etc., in which each
element is rotated so that its mirror plane does not coincide
with a mirror plane of the array, and in each layer elements are
rotated differently.

Metal patch arrays are well documented as finding ap-
plications as low pass filters, frequency selective surfaces,
and antenna arrays.'” There also exists an extensive body of
work exploring double layer patch arrays.'”!® For two aligned
and unrotated patch arrays waveguidelike resonant modes in
the cavity formed between the patch layers are excited.!” In
isolation, or when the separation between the patch arrays is
large compared with the wavelength, these arrays exhibit an
isotropic EM response, and can be satisfactorily represented
using a simple effective medium approach. This is evidenced
by the fact that the normal incidence EM response of a
single array is not dependent on the angle between the
plane of incidence and the axes of the lattice (azimuth ¢).
Furthermore, as reported by some of the present authors,? the
EM response of a dual layer system, spaced by approximately
a wavelength, is independent of translational displacement in
the plane of one array with respect to the other. However
Ref. 20 also demonstrates that when the layer spacing between
the two patch arrays is smaller, the EM fields associated
with evanescent diffracted orders overlap and translational
misalignment of the structure changes the response. Now
consider a closely spaced, double layer of metal patches, in
which the arrays are rotated by an angle (other than 45°
or 90°) with respect to each other; this is the geometry of
interest in the present work (Fig. 1). Provided the two layers
are not in intimate electrical contact, which would form
a nonchiral structure, then the system is locally “handed”
and polarization rotation may occur. Since each patch array
has a subwavelength periodicity, it effectively behaves as an
isotropic in-plane layer whose EM response (and polarization
rotation) is independent of the azimuth angle of incidence (¢)
and therefore the incident linear polarization.

By measuring both the phase and amplitude of the trans-
mitted signal using a linearly polarized detector at appropriate
output polarization angles, the ellipticity induced by the
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FIG. 1. (Color online) Exploded view of the modeled
commensurate unit cell for the rotated patch array structure, where
w =03 mm, a = 3.5 mm, and d = 3.8 mm, ¢, = 17.5 um,
t; = 0.508 mm, ¥ = 36.88°, and 6 = 26.56°. Azimuthal angle ¢ for
the detected electric-field vector polarization (parallel to the 4-x axis
¢ =0°).

structure is deduced, and the circular dichroism quantified.
The key observation from these findings is that while
neither the array as a whole, nor its constituent elements are
handed, the evanescently coupled combination gives a strong
chiral response.

The experimental sample (Fig. 1) consists of two arrays
of copper patches 17.5 um thick separated by 0.508 mm of
dielectric (Rogers RO 4003 C). The patch arrays are rotated
by ¥ = 36.88° with respect to each other and 6§ = £26.56°
to the x or y axis. The angle 0 is equivalent to a (2,1) rotation
of each array in opposite directions. It is chosen to give
a commensurate geometry defined by the smallest possible
double-layer unit cell. This unit cell is +/5 larger than that
of an unrotated double layer system, and therefore leads to
a reduction of the frequency at which diffraction first occurs
by~/5. This commensurate geometry is chosen to allow the
EM response of this computationally expensive structure to be
modeled?! using a unit cell and periodic boundary conditions
in the xy plane.

Linearly polarized microwave radiation (electric vector
parallel to the x direction, ¢ = 0° shown in Fig. 1) is emitted
from a rectangular waveguide horn antenna. This is placed
at the focus of a collimating mirror to give plane waves
incident normally on the sample. The transmitted beam is
collected in a similar manner via a second mirror having
a rectangular waveguide horn detector antenna at its focus.
This detecting antenna can be azimuthally rotated to allow
quantification of any linear polarized output component. In
what follows the polarization state of each horn is defined by
the angle (¢) the electric-field vector makes with the x axis
(shown in Fig. 1).

A set of modified patch resonances are evident as two
peaks in the polarization conserving transmission response
(Fig. 2 inset, 21.8 and 23.4 GHz). These modes are not the
simple patch array modes that occur if the arrays are aligned
(not rotated)'” but are combination resonances. Within the
data are extra features that are apparent as two transmission
peaks in the polarization conversion signal (Fig. 2). There
are two strong peaks at 18.21 and 25.08 GHz, with a third
much weaker feature at 23.88 GHz. The continuous line on
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FIG. 2. (Color online) Experimentally observed (circles) and nu-
merically modeled (line) EM response recorded at normal incidence
for polarization conversion (Tyy.p01)- Inset: Experimentally observed
signal (circles) for polarization conserving transmission (7 pol)-
Subscripts refer to the orientation of the electric field vector in the
incident and detected beams, respectively.

the figure is the best-fit using FEM modeling.?! Parameters
fitted were the frequency dependent permittivity (3.55 £ 0.05
over the experimental frequency range), dielectric loss tangent
(tan § = 0.008), and the xy offset of the layers (x = 0.08
mm, y = 0.06 mm). Note that such further modeling (not
shown) demonstrates that this offset is responsible for the
weak feature arising at 23.88 GHz (i.e., the center of rotation
of one array is not exactly in the center of the unit cell of the
other).

The two dominant peaks (at 18.21 and 25.08 GHz) arise
from coupling of the evanescent diffracted fields within the
dielectric between the layers to establish resonant modes.
The polarization converting modes rely upon the structure of
each subwavelength array decomposing the incident radiation
into the two orthogonal components associated with the
square geometry. The subwavelength nature dictates that
the transmitted radiation is evanescent, crucially containing
near field non-diffraction-limited information regarding the
subwavelength sample geometry and orientation. The coupling
of the evanescent diffracted field from each array forms
the chiral resonant mode that gives the rotation of linear
polarization. Of course, a polarization converting response
implies that the structure could be considered simply as
a birefringent material. However, symmetry dictates, and
experiment confirms, that the sample may be rotated by any
azimuth angle, or equally illuminated by any azimuth angle of
linear polarization, yielding the same polarization conversion
response.

The resonant modes that induce strong polarization rotation
(with respect to the distance between metal patches) have chiral
EM field profiles within the dielectric region. This chirality is
illustrated in Fig. 3, where the electric field vectors within the
commensurate unit cell are shown for 18.21 GHz at three
planes at different heights in the z direction (propagation
direction). These vectors clearly show the azimuthal rotation of
the fields within the layer. Simultaneously, a small proportion
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FIG. 3. Vector electric field profiles for 18.21 GHz, shown for a unit cell in the xy plane for (a) z = 0.254 mm, on the upper patch
dielectric boundary; (b) z = 0 mm, at the center of the dielectric, and (c) z = —0.254 mm, at the lower patch dielectric boundary. Electric field

enhancement varies from 0 to 2000.

(evident as the nonzero polarization conserving transmission
in Fig. 2 inset) is transmitted unrotated at this frequency.
So, the resultant EM wave is elliptically polarized. This
ellipticity is readily quantified by rotating the detector (which
is polarization selective) and measuring the transmitted signal
as a function of that rotation (¢). These results are illustrated
in Fig. 4(a) for modes at 18.21 and 25.08 GHz. The degree
of ellipticity is shown by the extent to which these “figure-of-
eights” do not quite close to a zero crossing. Figure 4(b) shows
how the output polarization rotates through 180° as one passes
through the resonance.

From the linear polarization conserved and converted
data (amplitude and phase measurements), the circularly
polarized response of the double layer can be deduced. If
the linearly polarized input wave comprises of equal amounts
of right and left circular polarized components (RHCP and
LHCP, respectively), then the circular dichroism is given
by Ref. 4:

_ A%e — A2L _ —2E,E, singy,
A% + A7 E2+E2
Here Ap and A; are the RHCP and LHCP complex

amplitudes of the transmitted signal, respectively, E, and
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amplitude, and ¢,, is the difference in phase between the
co-polarized and cross-polarized transmission. Results shown
in Fig. 5 illustrate the left handed circularly polarized nature
of the resonances occurring at 18.21 and 25.08 GHz, implying
that the structure has a strong chiral response at these
resonant frequencies. To give further confirmation of this,
using the idealized perfect conductor model as shown in
Fig. 1, the chirality parameter (k) has been evaluated* and,
as shown in Fig. 5 inset, has two strong resonant peaks as
expected.

This simple structure provides a fresh paradigm for chi-
ral electromagnetic metamaterials—where evanescent fields
couple rotated isotropic layers of high symmetry to give
handedness. When the two square-symmetric subwavelength
patch arrays are several wavelengths apart, there is no
polarization rotation as both arrays, for normal incidence
radiation, have electromagnetic rotational invariance due to
their square symmetry. However, as they are moved closer
together, to within less than a wavelength of the radiation,
strong optical activity (polarization rotation) occurs. This
ability to rotate the plane of polarization is independent of
azimuth angle but is frequency selective, depending on the
form of the patches one chooses and the array symmetry.
Hexagonal arrays with triangular patches, which individually
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FIG. 4. (Color online) (a) Polar plot presenting the experimental transmission as a function of detector azimuth angle ¢ for combination
resonant modes at 18.21 and 25.08 GHz. (b) Experimental detector azimuth angle ¢ at which maximum transmission occurs as a function of

frequency.
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FIG. 5. Circular dichroism as a function of frequency calculated
using the experimentally recorded complex linearly co-polarized
and cross-polarized transmission results from Fig. 2. Inset: Chirality
parameter (k) for the idealized structure as shown in Fig. 1.
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are nonchiral, will show similar behavior but at different
frequencies. This structure has been explored here in the
microwave regime, however, it could be scaled down in
physical size to operate in the THz, and even the optical regime.
Care would need to be taken to ensure an array of near PEC
metal patches, possibly leading to thicker metallic layers to
avoid losses. Furthermore, although presently not amenable to
modeling, a sequence of the arrays with each rotated by a small
amount relative to the other will act as an adiabatic polarization
rotator although how much radiation would transmit through
such a structure is presently unknown.
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