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Coherent control of birefringence and optical activity
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We show that polarization effects due to anisotropy and chirality affecting a wave propagating through a
thin slab of material can be controlled by another electromagnetic wave. No nonlinearity of the
metamaterial slab is required and the control can be exercised at arbitrarily low intensities. In proof-of-
principle experiments with anisotropic and chiral microwave metamaterials, we show that manifestations
of linear and circular birefringence and dichroism can be modulated by the control wave from their
maximum value to zero. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890009]

Anisotropic materials can show linear birefringence and
dichroism, while materials composed of chiral molecules
that cannot be superimposed with their mirror image can
show circular birefringence and dichroism (optical activity).
Polarization phenomena associated with anisotropy and chir-
ality are normally observed in a traveling wave. However, as
illustrated by Fig. 1, if a thin slab of material is placed at an
electric anti-node of a standing wave it will experience twice
the electric field compared to the traveling wave illumina-
tion, while no electric excitation occurs if the slab is placed
at an electric-field node. Similarly, the slab placed at the
magnetic-field anti-node or node will experience enhanced
or zero magnetic excitation, respectively. In fact, the condi-
tions of a standing wave formed by two counter-propagating
waves can be relaxed. The waves can propagate at an arbi-
trary angle as long as the slab is placed in their intersection
point with the plane of the slab forming equal angles with
the wave front normals as shown. In this case, at each point
of the thin slab the phase difference between the waves will
be the same and the above consideration holds. Coherent op-
tical effects are now attracting considerable attention' ™' and
coherent control of absorption'? and coherent spectroscopic
techniques'? have been demonstrated recently in metamateri-
als. Here, we explore how coherent interaction of two waves
on a thin sheet of material can be used to control the polar-
ization effects associated with linear birefringence and opti-
cal activity of the slab.

We studied the control of manifestations of optical anisot-
ropy and optical activity in metamaterial samples in the
microwave part of the spectrum between 3 and 12GHz
(100-25 mm wavelength) using a microwave anechoic cham-
ber, broadband microwave antennas, and a vector network an-
alyzer. Both control and signal antennas were equipped with
collimating lenses and were fed with the same signal through
identical cables, while the relative phase delay was altered by
moving the control wave antenna along the beam direction.
We compared the experimentally measured data with full 3D
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Maxwell simulations. Experiments were conducted with a
small angle of incidence (13°) to allow the control and receiv-
ing antennas to be placed next to each other, while simulations
correspond to normal incidence conditions.

Control of optical manifestations of anisotropy has been
demonstrated in a metamaterial array consisting of asymmetri-
cally split wire rings, Figs. 2(a) and 2(b). The sample had an
overall diameter of 220 mm and a thickness of 1.6 mm. It con-
sisted of a square array of 15 x 15 mm? meta-molecules. At nor-
mal incidence, the structure supports ordinary and extraordinary
eigenpolarizations oriented parallel and perpendicular to the pat-
tern’s line of symmetry. Here, the polarization effects associated
with optical anisotropy can be easily seen for illumination with
incident linear polarization intermediate between the eigenpola-
rizations, for instance, at 45° to its line of mirror symmetry, as
in our experiments. As illustrated by Figs. 2(c) and 2(d), under
these illumination conditions, the anisotropic metamaterial dra-
matically changes the azimuth and ellipticity angle of the trans-
mitted beam across almost the entire investigated spectral range.
In particular, it behaves like a quarter wave plate around 9 GHz,
where the transmitted beam converts into left-handed circular
polarization.

If the anisotropic metamaterial is also exposed to the
control wave of the same polarization as the wave probing
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FIG. 1. Sketch of arrangements for experiments on coherent control of opti-
cal manifestations of anisotropy and chirality.
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FIG. 2. Coherent control of optical manifestations of anisotropy. Anisotropic unit cell (a) and fragment (b) of the metamaterial array consisting of asymmetri-
cally split wire rings. The incident polarization E is indicated by a double arrow. Single beam polarization azimuth rotation (c) and ellipticity angle (d) of the
transmitted signal beam. Coherently controlled polarization azimuth rotation (e) and ellipticity (f) as a function of the phase difference o between the additional
control and the signal incident beams, which have parallel polarizations. (g) and (h) The same optical properties for a selected frequency of 9.1 GHz, where the

metamaterial behaves as a coherently controlled polarization rotator.

anisotropy, see Figs. 2(e)-2(h), the polarization of the
detected signal output wave strongly depends on the phase
difference a between the control and signal input beams. For
in-phase excitation (x =0°), the electric field at the metama-
terial slab doubles leading to an increase in the structure’s
scattered fields and changes in the observed polarization
effects. For anti-phase excitation (¢ = 180°), destructive in-
terference of the incident electric fields prevents excitation
of the metamaterial structure, thus, suppressing polarization
effects in the detected beam.

As a result, the metamaterial acts as a polarization rotator
controlled by the phase difference o in the entire spectral range
of measurements from 6.5GHz to 11.5GHz. At 9.1 GHz,
where the ellipticity of the output polarization remains small, it
performs as a nearly perfect controllable polarization rotator.
Similarly, a profound ellipticity modulation can be achieved
between 6 and 7 GHz, which allows the output beam to be con-
tinuously tuned from right-handed circular polarization to left-
handed almost circular polarization.

Control of optical activity due to chirality was demon-
strated in a metamaterial consisting of a square array of
15 x 15 mm? metamolecules containing mutually twisted
rosette metal patterns in parallel planes spaced by a dielec-
tric substrate of 1.6 mm thickness, Figs. 3(a) and 3(b).

Close to normal incidence, the metamaterial’s optical
properties are polarization azimuth independent. As shown
by Figs. 3(c) and 3(d), for single wave measurements, the
metamaterial exhibits large circular birefringence and
circular dichroism near its resonances at about 4.9 and
6.1 GHz.

The metamaterial’s polarization response is affected by
the control wave of the same polarization as the signal beam,
see Figs. 3(e)-3(h). Similarly to the case of anisotropy, the
polarization state of the transmitted signal wave strongly
depends on the phase difference between the signal and con-
trol waves and can be modulated in a large range. However,
in contrast to the case of the anisotropic metamaterial there
is no special phase o where all polarization effects vanish
suggesting that magnetic excitation of the metamaterial
plays an important role. Indeed, the 4.9 GHz resonance has
previously been identified as a magnetic resonance leading
to a negative effective permeability and negative refractive
index.'*'> The associated magnetic excitation mode is
characterized by counter propagating currents in the metal
patterns on opposite sides of the substrate (inset to Fig. 3(d)).
Such a magnetic resonance can be excited effectively at the
magnetic anti-node. At the 4.9 GHz resonance, the metama-
terial also acts as a coherent polarization rotator that
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FIG. 3. Coherent control of optical manifestations of chirality. 3D-chiral unit cell (a) and fragment (b) of a metamaterial array consisting of mutually twisted
wire patterns in parallel planes. The incident polarization E is indicated by a double arrow. Single beam polarization azimuth rotation (c) and ellipticity angle
(d) of the transmitted signal beam. The inset shows the x-component of the current density at the 4.9 GHz resonance. Coherently controlled polarization azi-
muth rotation (e) and ellipticity (f) as a function of the phase difference o between the additional control and the signal incident beams, which have parallel
polarizations. (g) and (h) The same optical properties for a selected frequency of 4.91 GHz, where the metamaterial behaves as a coherently controlled polar-

ization rotator.

uniquely maps the phase « onto the polarization azimuth of
the elliptically polarized output beam, see Figs. 3(g) and
3(h). We note that simulations and experiments show the
same qualitative behavior. The quantitative differences in
the latter figure may be due to the slightly different angles of
incidence in coherent control simulations (0°) and coherent
control experiments (13°), resulting from having to place the
control and receiving antennas side by side.

While the experimental results reported here were
measured in the microwave part of the spectrum, the same
approach to coherent control of polarization effects can
be easily applied across the electromagnetic spectrum.
Moreover, coherent polarization control has tremendous
potential for ultrafast modulation of electromagnetic waves.
For non-resonant conditions, the modulation bandwidth
should approach the frequency of the electromagnetic wave
itself, while achievable modulation rates for resonant polar-
ization control should be lower by about the resonance
quality factor. Applied to the optical telecommunications
band around 1.5 um, where metamaterial resonances typi-
cally have quality factors on the order of 10, this promises
modulation rates on the order of 10 THz for resonant
effects.

In summary, we show that coherent control of polariza-
tion effects in a thin slab of material can be achieved by
excitation of the material slab with a control wave that is
coherent with the wave probing the polarization effect.
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