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Chiral mirrors
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Mirrors are used in telescopes, microscopes, photo cameras, lasers, satellite dishes, and everywhere
else, where redirection of electromagnetic radiation is required making them arguably the most
important optical component. While conventional isotropic mirrors will reflect linear polarizations
without change, the handedness of circularly polarized waves is reversed upon reflection. Here, we
demonstrate a type of mirror reflecting one circular polarization without changing its handedness,
while absorbing the other. The polarization-preserving mirror consists of a planar metasurface with
a subwavelength pattern that cannot be superimposed with its mirror image without being lifted out
of its plane, and a conventional mirror spaced by a fraction of the wavelength from the metasurface.
Such mirrors enable circularly polarized lasers and Fabry-Pérot cavities with enhanced tunability,
gyroscopic applications, polarization-sensitive detectors of electromagnetic waves, and can be used

to enhance spectroscopies of chiral media. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4921969]

Conventional mirrors, from polished obsidian surfaces
used in Anatolia 8000 years ago' to metallic mirrors,
interference-based dielectric multilayers, Bragg reflectors and
Faraday rotator mirrors® used today are isotropic and share
the property that they will reverse the handedness of circu-
larly polarized electromagnetic waves upon reflection, see
Fig. 1(a). Metallic surfaces are also known as “electric
mirrors” as they reverse the direction of the reflected electro-
magnetic wave’s electric field, while metamaterial-based
isotropic “magnetic mirrors,” which reverse the wave’s mag-
netic field upon reflection, have also been reported.®”’
Combining both concepts, anisotropic handedness-preserving
mirrors have been introduced,® see Fig. 1(b). Such structures
avoid the handedness reversal by reflecting their perpendicu-
lar linear eigenpolarizations with a phase difference of =, i.e.,
they are an electric mirror for one eigenpolarization and a
magnetic mirror for the other. Furthermore, polarization
insensitive and linear polarization perfect absorbers consist-
ing of a metasurface with a backing conventional mirror,*'3
or a pair of metasurfaces,'* separated by a lossy dielectric
spacer have been demonstrated, see Fig. 1(c), and some ani-
sotropic realizations have been shown to act as magnetic
mirror for one linear polarization.®’

Here, we demonstrate a type of mirror, which reflects
one circular polarization without polarization change, while
absorbing the other, e.g., a handedness-preserving mirror for
right-handed circularly polarized waves (RCP, +) that is a
perfect absorber for left-handed circular polarization
(LCP, —), or vice versa, see Figs. 1(d) and 1(e).

Key for the realization of such polarization selective
RCP (or LCP) mirrors is a chiral structure to enable different
responses to electromagnetic waves of opposite handedness.
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In principle, conventional 3D-chiral'> media and the associ-
ated effect of circular dichroism (optical activity)'® lead to
different losses for waves of opposite handedness. However,
for a reflecting device, the handedness reversal of the wave
upon reflection would undo any discrimination between RCP
and LCP during the second pass through the 3D-chiral
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FIG. 1. Mirrors. (a) A conventional mirror reverses the handedness of circu-
larly polarized waves. (b) Structures designed to reflect x and y polarizations
with a phase difference of 7 act as handedness-preserving mirrors.® (c)
Perfect absorbers do not reflect. Here, we demonstrate (d) RCP and (e) LCP
mirrors, which reflect circularly polarized waves of one handedness without
handedness reversal, while absorbing the other.
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medium. In fact, what is needed is a medium that reverses its
response with the handedness reversal of the wave upon
reflection in order to amplify the chiral polarization selectiv-
ity, rather than eliminating it. This peculiar property is associ-
ated with 2D (planar) chiral materials.'”'® In contrast to a
3D-chiral helix, which has the same sense of twist when
observed from opposite ends, a flat 2D-chiral spiral reverses
its sense of twist for observation from opposite sides. The
same is true for any pattern that cannot be superimposed with
its mirror image without being lifted out of its plane and such
patterns are said to be 2D-chiral. Lossy, anisotropic, 2D-
chiral metasurfaces exhibit a corresponding optical effect,
where the same circularly polarized wave will be transmitted
and absorbed differently when illuminating opposite sides of
the metasurface.'®* %" In particular, such 2D-chiral metasurfa-
ces predominantly absorb RCP incident on one side and LCP
incident on the opposite side. We note that also the Faraday
effect enables differential absorption of circularly polarized
waves, which would aggregate during both passes through the
Faraday medium, however, such a “Faraday absorber mirror”
would still reverse the handedness of the reflected wave.” In
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contrast, the 2D-chiral effect leads to circular polarization
conversion enabling it to undo the handedness reversal of the
wave upon reflection. Thus, optical properties of 2D-chiral
materials are exactly what is needed to make a device that
absorbs one incident circular polarization, while reflecting the
other without polarization change. Therefore, we construct
the handedness-preserving mirror/perfect absorber by placing
a 2D-chiral metasurface in front of a conventional mirror.

Fig. 2 shows proof-of-principle experiments at micro-
wave frequencies between 4.5 and 6.5GHz (6746 mm
wavelength) performed in an anechoic chamber using broad-
band microwave antennas (Schwarzbeck BBHA 9120D)
equipped with collimating lenses and a vector network ana-
lyzer (Agilent E8364B). As illustrated by Fig. 2(a), a
conventional metal mirror simply converts RCP to LCP
(R_.) and LCP to RCP (R ) with 100% efficiency. Here, R;;
are the reflection coefficients for circularly polarized waves in
terms of intensity, and RCP is defined as clockwise rotation
of the electric field vector at a fixed point as seen by an ob-
server looking into the beam. These reflection characteristics
change dramatically when an achiral split ring metasurface is
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FIG. 2. Reflection spectra of achiral and chiral mirrors. (a) Conventional mirror consisting of an aluminum plate. (b) Handedness-preserving, (c) RCP, and (d)
LCP mirrors consisting of metamaterial arrays of (b) achiral and ((c) and (d)) 2D-chiral split rings placed 7.5 mm in front of an aluminum plate. Insets show a
unit cell of the respective mirror structure, the experimental setup and a fragment of the RCP mirror. All structures have a diameter of 220 mm and the metasur-
faces consist of a square array of about 170 copper split rings (radius 6 mm, line width 0.8 mm, period 15 mm) supported by a lossy dielectric substrate of about

1.5 mm thickness.
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placed in front of the metal mirror, see Fig. 2(b), where the
periodic metasurface is represented by a single unit cell. The
achiral and anisotropic composite structure reflects circularly
polarized waves without polarization change (R, ,, R__) with
80%-90% efficiency, except for an absorption resonance
around 5.2 GHz. Thus, we demonstrate a metadevice that can
act both as low-loss handedness-preserving mirror and
(almost) perfect absorber. Fig. 2(c) shows what happens,
when we introduce 2D-chiral symmetry breaking. When both
wires and gaps of the split ring have different sizes, the pat-
tern loses its line of mirror symmetry, i.e., it becomes differ-
ent from its mirror image and therefore 2D-chiral. This is
apparent from its electromagnetic response, which becomes
different for incident waves of opposite handedness. At
5.65 GHz, the 2D-chiral mirror has an absorption resonance
for LCP (R__), while the handedness-preserving reflectivity
for RCP (R, ) remains high. This RCP mirror turns into an
LCP mirror, when the handedness of the metasurface is
reversed by flipping it over so that the split rings (rather than
the substrate) face the metal mirror, see Fig. 2(d).

In order to understand the response of the composite
structure, it is useful to consider the properties of metasurfa-
ces without the backing mirror first. For a single illuminating
beam, absorption in metasurfaces cannot exceed 50%,
limiting the absorption contrast A_ — A, of a 2D-chiral
metasurface to 50%. As metasurfaces scatter equally in the
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FIG. 3. Polarization contrast of an RCP mirror as a function of the spacing d
between split rings and aluminum plate.
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transmission and reflection directions, the corresponding
limit for the reflectivity contrast R, — R__ is 25%
(Ref. 28). However, it has recently been demonstrated that
absorption in metasurfaces can approach 100% for in-phase
coherent illumination from opposite sides.*’ In our case,
the incident wave and (multiple) reflection(s) by the metal
mirror lead to coherent illumination of front and back of
our metasurfaces with a phase difference that is controlled
by the metasurface-to-mirror spacing. Thus, the spacing
can be adjusted to achieve in-phase excitation to maximize
absorption of the resonant polarization. As illustrated by
Fig. 3, resonant LCP absorption and thus the reflectivity
contrast R, , — R__ are maximized by constructive inter-
ference of incident and reflected waves on the metasurface
when the separation between split rings and metal mirror is
7.5mm. At this spacing, the observed reflectivity contrast
reaches 76% and we expect that values approaching 100%
can be achieved through simultaneous optimization of
metasurface-to-mirror spacing, substrate losses, and 2D-
chiral split ring geometry. Thus, 2D-chiral mirrors as
reported here can be tailored to exhibit the ultimate 2D-
chiral optical effect.

In order to accurately link the reflectivity contrast
R, — R__ to absorption, the experimental results shown in
Figs. 2(c) and 2(d) need to be discussed in slightly more
detail. Our measurements show a small difference between
R__, and R, _. This is circular dichroism caused by extrinsic
3D chirality30 associated with a small, but non-zero, angle of
incidence (6.4° above the normal) that cannot be avoided in
our experiments due to having to place the emitting and
receiving antennas next to each other. This 3D-chiral effect
occurs at oblique incidence onto metasurfaces lacking two-
fold rotational symmetry and has been introduced®® and
extensively studied for split ring metasurfaces in Ref. 28 and
references therein. It reverses for opposite angles of inci-
dence—which has been confirmed by control experiments
with the opposite angle of incidence (6.4° below the nor-
mal)—and vanishes at normal incidence. Thus, at normal
incidence R_, =R _, and in this case, the reflectivity con-
trast corresponds exactly to the difference in absorption for
LCP and RCPA_ — A, =R,, — R__. Finally, we would
like to note that a 2D-chiral meta-molecule with a baking
mirror corresponds to a 3D-chiral meta-molecule of a vol-
ume metamaterial. Interpreted in this way, our results show
that reflectivity from such a 3D-chiral medium is sensitive to
the handedness of the polarization state.

It is interesting to consider potential applications that
are enabled by the handed mirror. Most obvious uses include
reflective circular polarizers, circular polarization detectors
(e.g., bolometers), and self-polarizing Fabry-Pérot cavities.
The latter case is illustrated by Fig. 4. The modes of conven-
tional cavities consisting of a pair of normal isotropic mirrors
require the cavity length to be a half integer multiple of the
wavelength. The modes themselves are standing wave pat-
terns with nodes and anti-nodes. In case of circular polariza-
tion, the counterpropagating RCP and LCP waves interfere
forming an electric field pattern that looks like a frozen line-
arly polarized wave rotating around the propagation direc-
tion, see Figs. 4(a) and 4(f) (Multimedia view). The
circularly polarized modes supported by cavities assembled
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FIG. 4. Waves in cavities based on achiral and chiral mirrors. (a) Conventional Fabry-Pérot cavities can support waves of opposite handedness propagating in
opposite directions, which form a standing wave with nodes. (b) Cavities based on handendess-preserving mirrors can support both RCP and LCP modes,
which do not have nodes. (c) RCP and (d) LCP cavities will only support a circularly polarized mode of the given handedness. (e) Multi-pass enhancement of
optical activity using handedness-preserving mirrors: The initially linear polarization state (green) rotates and becomes increasingly elliptically polarized (tran-
sition to red) with every pass of the wave through the optically active medium (yellow). (f)—(h) Standing waves of electric field formed by counterpropagating
circularly polarized waves of (f) opposite handedness, as in (a); (g) equal RCP, as in (b) and (c); and (h) equal LCP, as in (b) and (d). In (f)—(h), different colors
illustrate the evolution of the field pattern in time. Color changes towards white show the temporal evolution of the electric field pattern in phase steps of 45°
as indicated by the yellow arrows. Corresponding animations showing the temporal evolution are provided. (Multimedia view) 4(f) [URL: http://dx.doi.org/
10.1063/1.4921969.1], 4(g) [URL.: http://dx.doi.org/10.1063/1.4921969.2], and 4(h) [URL: http://dx.doi.org/10.1063/1.4921969.3]

from handedness-preserving and handed mirrors are very dif-
ferent. These cavities support counterpropagating waves of
the same handedness (Figs. 4(b)—4(d)), which has several
interesting consequences. The waves in the cavity interfere
forming a field structure that does not have nodes or anti-
nodes, but the electric field distribution looks like a helix
with a diameter that oscillates in time, see Figs. 4(g) and
4(h) (Multimedia view). Absence of nodes and anti-nodes
removes the requirement for the cavity length to be a half in-
teger multiple of the wavelength to support the mode.
Instead, the phase relationship between waves before and
after reflection is determined by the 2D-chiral mirror’s azi-
muthal orientation. Therefore, the cavity can be matched to
any chosen wavelength by either changing its length or by
azimuthal rotation of one of the mirrors, where a cavity
length change of half a wavelength is equivalent to a mirror
rotation by 180°. While tuning of conventional Fabry-Pérot
cavities requires fine adjustment of the mirror position within
half a wavelength, a resonator with handedness-preserving
mirrors can be conveniently tuned by axial rotation of the
mirror within 180°. In contrast to cavities based on aniso-
tropic handedness-preserving mirrors that will support
modes with all sorts of polarizations, the cavities consisting
of a pair of either RCP or LCP mirrors are self-polarizing,
supporting only circularly polarized waves of one handed-
ness. If combined with an isotropic gain medium, such
cavities would allow the realization of easy-to-tune circu-
larly polarized lasers based on the linear Fabry-Pérot ge-
ometry. The use of such a laser resonator without nodes
of electric (magnetic) field can enhance the efficiency of
laser sources by the virtue of more homogeneous utiliza-
tion of gain. Such lasers will be sensitive to mirror rota-
tion around the resonator axis and thus could be used for
gyroscopic applications. Furthermore, exploiting that a
medium placed in such a laser cavity will only interact

with circularly polarized waves of one handedness, such
cavities could be used for resonantly enhanced high accu-
racy intracavity measurements of optical activity (circular
birefringence and circular dichroism): Placing a 3D-chiral
medium inside RCP and LCP cavities allows measure-
ments of the induced phase shift (cavity detuning) and
absorption (mode attenuation) for RCP and LCP waves
independently. Moreover, similarly to how the optical
Faraday effect can be enhanced by multiple passes of
light bouncing between two conventional mirrors, the op-
tical activity effect can be enhanced using the multi-pass
arrangement with polarization-preserving mirrors, which
can be used for enhanced detection of molecular chirality
that is considered as a universal indication of life forms,
see Fig. 4(e).

In summary, we demonstrate a type of mirror that is a
handedness-preserving reflector for a single circular polar-
ization and a coherent perfect absorber for circularly polar-
ized waves of the opposite handedness. We argue that such
metadevices can, in principle, approach 100% polarization
contrast. Since enantiomerically sensitive 2D-chiral plas-
monic metasurfaces have already been demonstrated,”® we
anticipate that applications from polarization control to cir-
cularly polarized detectors, cavities, and lasers as well as op-
tical activity measurements with resonantly enhanced
sensitivity in the optical part of the spectrum shall be
possible.
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