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Mirrors are widely used for redirection of electromagnetic waves in optical systems, making

them arguably the most irreplaceable optical component. Metamaterial-based chiral mirrors,
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composed of a 2D-chiral planar metallic structure backed by a conventional mirror, reflect
one circular polarization without changing its handedness, while absorbing the other. Here we
demonstrate three types of switchable chiral mirror. We realize switching from a chiral mirror
to either a conventional mirror, a handedness-preserving mirror, or a chiral mirror of opposite
handedness. These advances are underpinned by switching the handedness of 2D-chiral
metamaterial and the associated effect of circular conversion dichroism, which we report here
for the first time. Switching is achieved by exploiting the temperature-activated
dielectric-to-metal phase transition of vanadium dioxide to modify the symmetry and
chirality of the metamaterial’s resonators. Current distributions explain the
temperature-controlled optical properties by handedness-selective excitation of reflective

electric dipole and absorbing magnetic dipole modes.

1. Introduction

Mirrors change the propagation direction of electromagnetic waves, making them essential
for applications across the electromagnetic spectrum, e.g. imaging, lasers and
communications. Common examples of mirrors are metallic films, interference-based
dielectric multilayers, Bragg reflectors and Faraday rotator mirrors.!!! Conventional isotropic
mirrors reflect linear polarization without polarization change; however, they will change
left-handed circular polarization (LCP) into right-handed circular polarization (RCP), and
vice versa. Thus, the ultimate handedness of a circularly polarized wave reflected by
conventional isotropic mirrors is determined by the number of reflections.
Metamaterial-based mirrors can avoid this deficiency by providing handedness-preserving

reflection of either one!® or both circular polarizations."* ' Handedness-preserving reflection
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of both circular polarizations is achieved by placing an anisotropic structure — a metamaterial
or a quarter wave plate — in front of a conventional mirror. Handedness-preserving reflection
of only one circular polarization and absorption of the other is achieved by a chiral mirror. It
is composed of a two-dimensionally chiral (2D-chiral) planar metamaterial backed by a
conventional mirror.’!3 Chiral mirrors have already enabled polarization-sensitive
near-infrared detectors,!'*! multiplexed holograms for circularly polarized waves,!>! chiral
second harmonic generation!'®! and nonlinear all-optical polarization modulation!'”!. They
could also lead to circularly polarized lasers and Fabry-Perot cavities with enhanced
tunability, as well as enhanced spectroscopies of chiral media.l! So far, the type of mirror —
conventional, handedness-preserving or chiral — is determined at the time of fabrication.
Switching between different types of mirror would require real-time control over symmetry
and chirality of a metamaterial-based mirror. Dynamic control over metamaterial properties
can be achieved by either changing the geometry of the metamaterial structure!'®2}! (e.g. by
actuation) or by changing the electromagnetic properties of metamaterial components, e.g.
substrate,'>*?! continuous?*3!! or structured™>**] functional layers in combination with metal
resonators, or resonators made of functional material (e.g. through phase transitions).! 44!
Here we demonstrate three types of switchable chiral mirror (Figure 1). We realize
temperature-activated switching of an LCP mirror (a) to a conventional mirror (b), a
handedness-preserving mirror (c), and an RCP mirror (d). The LCP mirrors consist of a
2D-chiral metallic metamaterial separated from a conventional metallic mirror by a dielectric

spacer. Switching is achieved by exploiting the dielectric-to-metal phase transition*” %! of

additional vanadium dioxide (VO2) inclusions to change the symmetry of the metamaterial.
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Upon heating, the symmetry of the chiral anisotropic metamaterial changes to achiral
isotropic, achiral anisotropic or chiral with opposite handedness, resulting in the above
switchable mirror functionalities at terahertz frequencies. In the next section, we will report
such switching of the handedness of 2D-chiral metamaterial and the associated effect of
circular conversion dichroism for the first time. Thereafter, we will exploit this functionality
to realize switchable chiral mirrors. Such active chiral mirrors have sub-wavelength thickness
and can be applied to control reflection, absorption and polarization of electromagnetic waves,
e.g. to realize cavities and lasers that can be switched between differently polarized modes.
We note that optical switching of vanadium dioxide with picosecond optical pulses has been

reported, indicating that switchable chiral mirrors could be fast.[>"

2. Results and Discussion

2.1 Switching 2D Chirality and Circular Conversion Dichroism

Any structure that is different from its mirror image is said to be chiral. By applying this
definition in 2D or 3D, one can distinguish between 2D chirality of a flat spiral, which
reverses its twist when observed from opposite sides, and 3D chirality of a helix, which has
the same twist when observed from opposite ends. Chiral media can interact differently with
circularly polarized waves of opposite handedness. 3D chirality leads to optical activity,
which is the same for opposite propagation directions. 2D chirality leads to circular
conversion dichroism, a reciprocal effect that manifests itself as different optical properties
for circularly polarized waves of the same handedness illuminating front and back of lossy,
anisotropic 2D-chiral structures.”®! These directional asymmetries in transmission, reflection

and absorption are caused by different left-to-right and right-to-left field conversion
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efficiencies. Just like the perceived twist of planar patterns reverses for opposite directions of
observation, these conversion efficiencies are interchanged for opposite illumination
directions. Similarly, the effect is also reversed when the chirality of the pattern is reversed.
Strong circular conversion dichroism occurs in arrays of 2D-chiral split rings, which consist
of two conductive arcs of different length separated by gaps of different size.[®! For such a
split ring, a twist vector V may be defined by a corkscrew law as rotation from the short gap
via the short arc to the long gap. It follows that the handedness would be reversed if the
shorter arc could be extended to become the longer arc. Figure 2 proposes a 2D-chiral split
ring structure with switchable chirality. The structure consists of concentric gold and VO2
split rings of opposite handedness. Here, the temperature-activated dielectric-to-metal phase
transition of VOz extends the shorter arc of the conductive structure, making it the longer one
upon heating, resulting in handedness reversal and thus switchable circular conversion
dichroism. (For completeness, we note that the stack of 2D-chiral gold and VO split rings, or
indeed any 2D-chiral structure on a substrate, results in a geometry that also has 3D
chirality.®! This is negligible in our case. The split ring stack can still be considered planar
as it is about 1000x thinner than the wavelength, and we do not observe any evidence of 3D
chirality in the structure’s electromagnetic response, see below.)

The spectral response of all proposed structures has been optimized using CST
MICROWAVE STUDIO™ by modelling normal incidence of a plane wave onto a single
unit cell with periodic boundaries in the lateral directions. The different materials are
described by a conductivity 3.56 x 107 S/m for gold, dielectric constant 9.67 for sapphire,

dielectric constant 2.93 and loss tangent delta 0.044 for polyimide (used in later sections).
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VO: was modeled with different conductivities ranging from 10 S/m for the low-temperature
dielectric state to 2.6 x 10°> S/m for the high-temperature metallic state.”*”! (For measurements
of morphology and temperature-dependent conductivity at THz frequencies of the fabricated
VO: film see Supplementary Figures S1 and S2.).

Figure 3 shows the spectral dependence of the metamaterial’s transmission and reflection
characteristics for RCP (+) and LCP (-) THz waves when VO is in its insulator (left) or
metallic (right) phase according to our simulations. For example, the fractions of incident
RCP intensity that are transmitted as RCP and LCP are given by |T,.|?> and |T_,|?,
respectively. Here RCP corresponds to clockwise rotation of the electric field vector at a
fixed position as seen by an observer looking from within the beam towards the source.
Direct transmission is identical for both circular polarizations, |T,,|? = |T-_|?, indicating
the absence of optical activity (Figure 3a and 3b). However, significant resonant circular
conversion dichroism, |T_,|? # |T,_|?, is observed. At low VO2 conductivity, preferential
transmission of incident LCP is observed at the 0.64 THz resonance (Figure 3a), whereas at
high VO2 conductivity incident RCP is transmitted preferentially at the resonance that
red-shifts to 0.56 THz (Figure 3b) due to a slightly larger electrical length of the VO2 split
rings compared to the gold ones. The observed conversion dichroism can be quantified as
AT, = |T_,|?> — |T,_|?, which equals the difference in total transmission for RCP and LCP
incident on the sapphire side of the sample as optical activity is absent in our case. AT, is
known as transmission asymmetry as it corresponds to the difference in total transmission for
RCP incident on the sapphire and gold sides (front and back) of the metamaterial.l®! The

corresponding asymmetry for incident LCP is given by AT_ = —AT,. Importantly, the
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resonant transmission asymmetry changes sign from -10% to +5% upon heating-induced
switching of VO: from dielectric to metal (Figure 3c and 3d). Thus, our simulations
demonstrate heating-induced handedness reversal of 2D chirality and switchable circular
conversion dichroism.

Switchable circular conversion dichroism is also observed in reflection. When assessing
the handedness of reflected waves, we need to take into account that incident and reflected
waves propagate in opposite directions and therefore their handedness is determined by
observers that look in opposite directions. Thus, co-rotating incident and reflected fields, that
result from normal reflection of a circularly polarized wave (e.g. by a metallic mirror), have
opposite handedness. Therefore, |R_,|? corresponds to direct reflection of incident RCP,
while the reflection asymmetry due to circular conversion dichroism is given by AR, =
|R;+|? — |[R__]?. We observe identical direct reflection of RCP and LCP, |R_.|?> = |R,_|?

(Figure 3e and 3f) and resonant circular conversion dichroism |R,.|? # |R__|?

(Figure 3e
and 3f). The latter occurs at the same resonances as for transmission, but reaches larger
values of AR, = —23% and +12% for the dielectric and metallic phases of VO,
respectively (Figure 3g and 3h).

For completeness, we note that differences between |R_.|?and |R,_|? could result from
the Faraday effect in combination with a conventional handedness-reversing reflection or
from optical activity (circular dichroism) in combination with a handedness-preserving
reflection. Throughout all results reported in this paper, |R_,|?> = |R;_|?* within numerical

and experimental accuracy.

The observed switchable circular conversion dichroism may be understood in terms of the
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resonant current distributions that incident LCP and RCP excite in the split rings. These are
revealed by the magnetic field perpendicular to the metamaterial plane, which arises from
currents within the metamaterial structure according to Ampere’s Law. Our simulations
reveal two types of current distributions, electric and magnetic dipole modes, d and m
(Figure 4). Linear electric dipole modes are dominated by currents in one direction (at a
moment in time, see white arrows). They radiate efficiently, causing substantial circular
conversion generating a field that counter-rotates compared to that of the incident circularly
polarized wave. In contrast, magnetic dipole modes are dominated by anti-symmetric charge
oscillations in opposite sections of the ring, which lead to a magnetic moment perpendicular
to the metamaterial plane. Magnetic dipole modes trap energy at the metamaterial surface,
which is eventually dissipated in the lossy polyimide, resulting absorption instead of circular
conversion.®?! At the resonance, in case of low VO2 conductivity, LCP incident on the
substrate side of our metamaterial excites a linear electric dipole mode (Figure 4a) that yields
large circular conversion (|T,_|? and |R__|? in Figure 3a and 3e) while RCP excites a
magnetic dipole mode (Figure 4c) with negligible circular conversion (|]T_,|? and |R,,|? in
Figure 3a and 3e). When the dielectric-to-metal phase transition of VO: reverses the
handedness of the split rings, by turning the shorter conductive arc into the longer one, LCP
and RCP excite the opposite type of mode (Figure 4b and 4d), respectively, resulting in

reversed circular conversion dichroism (Figure 3b and 3f).

2.2 Switchable Chiral Mirrors
For a single illuminating wave, theoretical derivation indicates that absorption in a planar

metasurface (without substrate) cannot exceed 50%, limiting the absorption, transmission,
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and reflection asymmetries to 50%, 25%, and 25%, respectively.’*! However, in-phase
coherent illumination by counterpropagating waves can yield “coherent perfect absorption”
by a planar metasurface.® Inspired by this strategy, we construct three LCP mirrors by
introducing a backing conventional mirror as shown below. In this situation, the incident
wave and (multiple) reflection(s) by the conventional mirror lead to coherent illumination of
“front” and “back” of the 2D-chiral metasurface, which can yield coherent perfect absorption
in case of constructive interference on the metasurface.l’! We space a 2D-chiral metasurface
and a mirror by lossy polyimide with a thickness that is chosen to achieve in-phase
metasurface excitation and thus absorption of one resonant circular polarization.!'>! Here,
different types of VO: rings have been inserted between chiral gold split rings and the
sapphire substrate, in order to control the anisotropy and chirality of the structure upon
heating of VOz2 to its metallic phase, resulting in different types of switchable chiral mirrors.
All switchable chiral mirrors were fabricated by defining a 150-nm-thick VOz ring structure
on a 500-pum-thick c-cut sapphire substrate using optical lithography and plasma etching
(CF4/0O2). A second lithography step was performed to define the 200-nm-thick gold chiral
split rings on top of the VO2/sapphire sample using gold deposition and a lift-off step. Then,
polyimide of appropriate thickness was coated on the top of each sample. Finally, a
200-nm-thick gold layer was deposited on the polyimide layer to act as a mirror. The spectral
dependence of reflectivity of the fabricated structures was measured at normal incidence
using THz time-domain spectroscopy. The temperature of the metamaterial was controlled
using a hot plate with a hole for THz wave transmission and the actual sample temperature

was measured with a thermometer. The insulator-to-metal phase transition of VO2 occurs at
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65-75 °C. In order to characterize our samples for both phases of VO2, we controlled the
sample temperature from a much lower temperature (room temperature, 23 °C), where VO2
can be assumed to be insulating, to a much higher temperature (91-108 °C), where VO2 can

be assumed to be metallic.

2.2.1. Switching between Chiral Mirror and Conventional Mirror

A conventional mirror is isotropic, while a chiral mirror is inherently anisotropic.
Therefore, a mirror design that allows switching of a chiral mirror into a conventional mirror
must eliminate the structure’s anisotropy upon switching. This would be achieved by
transforming the metallic chiral split rings into continuous conductive rings, which are achiral
and isotropic. To achieve this, we propose the unit cell design of Figure 5, which places a
chiral split gold ring directly on a continuous VO2 ring, exploiting the phase transition of VO2
to close the gaps of the conductive ring structure upon heating. Dimensions that are specific
to this chiral mirror are given in Figure 5 and its caption, while information relevant to the
structure of all chiral mirrors and their fabrication is given in section 2.2.

Figure 6 shows the spectral dependence of the switchable mirror’s reflectivity according to
simulations (top) and measurements (bottom) when VOz is in its room-temperature insulating
phase (left) or its high-temperature conductive phase (right). At room temperature, the
structure is an LCP mirror at its resonance (0.65 THz in Figure 6a, 0.71 THz in Figure 6c¢).
Here, LCP intensity is almost fully reflected without handedness change (|R__|?), while all
other components of reflectivity are small. Incident RCP is almost fully absorbed. This
corresponds to near-perfect circular conversion dichroism with AR_ of almost unity. Away

from its resonance frequency, the structure is a handedness-preserving mirror (|R,,|? =
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|R__|? close to unity). Upon heating, the insulator-to-metal transition of VO transforms the
split rings into continuous conductive rings. As a result, the resonance and circular
conversion dichroism vanish, and the structure becomes a conventional mirror which reverses
the handedness of incident circular polarization upon reflection (|[R_,|? = |R,_|*> dominate,
Figure 6b and 6d). Here, the phase transition of VO2 switches circular conversion dichroism
on/off. Thus, our results demonstrate switching of an LCP mirror into a conventional mirror
(at resonance) and switching of a handedness-preserving mirror into a conventional mirror
(off-resonance).

Regarding the high-temperature state of the mirror, we note that |R,,|?> and |R__|?
would vanish completely for a perfectly isotropic structure (e.g. perfect rings). Here, these
values remain non-zero due to residual anisotropy arising from the presence of the gold split
rings. Thicker VO2 and/or use of a continuous VOz2 layer rather than rings may result in more
ideal conventional mirror properties at high temperatures.

Both here and in subsequent sections, experimental results and simulations are in
qualitative agreement. A 0.06 THz blue-shift of the resonance’s spectral position and reduced
contrast in the experiments are related to fabrication accuracy of the metamaterial, polyimide
thickness, limited accuracy of material parameters and limited spectral resolution of the THz
time domain spectroscopy setup.

The physical mechanism behind the heating-induced switching from LCP mirror to
conventional mirror is revealed by our simulations, which show how incident LCP and RCP
interact with the metamaterial layer at 0.65 THz (Figure 7). The resonant LCP mirror

response at low VO2 conductivity results from excitation of a linear electric dipole mode by
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LCP (Figure 7a) and a magnetic dipole mode by RCP (Figure 7c), causing large circular
conversion and large absorption, respectively, as discussed in section 2.1. It is interesting to
note why the electric dipole mode can cause near-perfect reflection of LCP as LCP. An ideal
linear electric dipole will radiate linear polarization, i.e. a superposition of equally-strong
fields of opposite handedness. Field radiated along —z and +z that co-rotates with the incident
field can (destructively) interfere with the incident field (along —z) and its reflection by a
conventional mirror (along +z), allowing it to vanish in an optimized structure. Radiated
fields that counter-rotate compared to the incident field remain (circular conversion). These
counter-rotating incident and reflected fields have the same circular polarization as they
counter-propagate, implying that their handedness must be assessed by observers that look in
opposite directions.

When the conductive split rings are transformed into isotropic continuous rings by the
heating-induced dielectric-to-metal phase transition of VO2, the metamaterial response
becomes isotropic, as it should for normal incidence onto a conventional mirror. The currents
reveal circular electric dipole excitations that simply follow the orientation of the incident
circularly polarized wave’s rotating electric field (Figure 7b and 7d). Incident fields, dipoles
and radiated fields all co-rotate, as for any conventional mirror. The corresponding incident
and reflected waves have circular polarizations of opposite handedness as the reversal of the
propagation direction upon reflection means that the handedness of incident and reflected

waves 1s assessed by observers looking in opposite directions.

2.2.2. Switching between LCP Mirror and Handedness-preserving Mirror

A handedness-preserving mirror exhibits the same anisotropic response for illumination



WILEY-VCH

with circularly polarized waves of either handedness, while the function of a chiral mirror
relies on different responses to RCP and LCP illumination. Therefore, the transformation of a
chiral mirror into a handedness-preserving mirror requires elimination of the structure’s
chiral response, while retaining its anisotropy. This would be achieved by transforming the
metallic chiral split rings into achiral split rings consisting of equal conductive arcs separated
by equal gaps. In order to realize a transformation into such an achiral anisotropic structure,
we propose the unit cell design of Figure 8, which places a chiral split gold ring directly on
an achiral split VOz ring, exploiting the phase transition of VO to eliminate the differences
between the arcs and gaps of the conductive ring structure upon heating. See Figure 8 and its
caption for mirror-specific dimensions and section 2.2 for details relevant to structure and
fabrication of all chiral mirrors.

Figure 9 shows the spectral dependence of the switchable mirror’s reflectivity according to
simulations (top) and measurements (bottom) when VOz is in its room-temperature insulating
phase (left) or its high-temperature conductive phase (right). At room temperature, the
structure is an LCP mirror with approximately the same properties as the chiral mirror
discussed in the previous section. At its resonance, LCP intensity is almost fully reflected
without handedness change (|R__|?), while RCP is almost fully absorbed (Figures 9a and 9c).
Away from its chiral resonance, the structure is a handedness-preserving mirror that reflects
both circular polarizations with high efficiency. Upon heating, the insulator-to-metal
transition of VO2 transforms the chiral split rings into achiral split rings. As a result, the
chiral resonance vanishes, and the structure becomes a handedness-preserving mirror

throughout the studied spectral range (|R,,|* ~ |R__|?> dominate, |R,_|?> ~ |R_,|? remain
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negligible, Figures 9b and 9d). Thus, our results demonstrate on/off switching of circular
conversion dichroism and switching of an LCP mirror into a handedness-preserving mirror.

Regarding the high-temperature state of the mirror, we note that |R,,|?> and |R__|?
would be exactly identical for a perfectly achiral structure. Here, a small difference remains
due to residual chirality arising from the presence of the chiral gold split rings. Thicker VO2
may result in more perfect handedness-preserving mirror properties with further reduced
circular conversion dichroism at high temperatures.

The physical origin of the heating-induced switching from LCP mirror to
handedness-preserving mirror is revealed by our simulations, which show how incident LCP
and RCP interact with the metamaterial layer at 0.65 THz (Figure 10). The resonant LCP
mirror response at low VO: conductivity is caused by an LCP-induced electric dipole
excitation (Figure 10a) that causes near-complete circular conversion (|R__|?) and an
RCP-induced magnetic dipole excitation (Figure 10b) that causes near-complete absorption,
in the same way as discussed for the previous structure. When the conductive chiral split
rings are transformed into achiral split rings by the heating-induced dielectric-to-metal phase
transition of VO2, the metamaterial response becomes (approximately) achiral. The currents
reveal electric dipoles that oscillate (approximately) along the vertical symmetry axis of the
split rings regardless of the handedness of the incident circularly polarized wave (Figures 10b

and 10d). These linear electric dipoles cause near-complete circular conversion (|R__|? and

|R,.|?, respectively) in the same way as for Figure 10a.

2.2.3. Switching between LCP Mirror and RCP Mirror

Chiral mirrors of opposite handedness require structures with opposite circular conversion
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dichroism. Therefore, the transformation of a chiral mirror into one of opposite handedness
requires reversal of the handedness of the metasurface layer, as in section 2.1. In order to
realize a transformation of a chiral mirror into one of opposite handedness, we propose the
unit cell design of Figure 11, which places a chiral split gold ring directly on a chiral split
VO: ring of opposite handedness. This design exploits the phase transition of VOz2 to extend
the shorter arc of the gold structure to become the longer conductive arm, reversing the
handedness of the conductive structure upon heating. The twist defined as rotation from the
short gap via the short arc to the long gap is clockwise for the gold split ring and
anti-clockwise for the VO2 split ring, corresponding to twist vectors pointing away from the
reader (I7Au) and towards the reader (I7VO2), respectively. See Figure 11 and its caption for
mirror-specific dimensions and section 2.2 for details relevant to structure and fabrication of
all chiral mirrors.

Figure 12 shows the spectral dependence of the switchable mirror’s simulated (top) and
measured (bottom) reflectivity when VOz2 is in its room-temperature insulating phase (left) or
its high-temperature conductive phase (right). At room temperature, the structure is an LCP
mirror with approximately the same properties as the chiral mirrors discussed above. At its
resonance, LCP intensity is almost fully reflected without handedness change (|R__|?), while
RCP is almost fully absorbed (Figures 12a and 12c). Away from its chiral resonance and
above 0.5 THz, the structure is a handedness-preserving mirror that reflects both circular
polarizations with high efficiency. Upon heating, the insulator-to-metal transition of VO2
reverses the handedness of the conductive chiral split rings. As a result, structure transforms

into an RCP mirror that reflects incident RCP without handedness change while (mostly)
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absorbing LCP at its chiral resonance (Figures 12b and 12d). The chiral resonance red-shifts
due to a slightly increased electrical length of the VO2 split rings compared to the gold split
rings. The observed difference in absolute reflectivity at the chiral resonance switches from
AR, = —75% to about +55%. Our results demonstrate switching of an LCP mirror into an
RCP mirror.

The physical origin of the heating-induced switching between LCP mirror and RCP mirror
is revealed by simulations of the modes excited by incident LCP and RCP at the structure’s
chiral resonance (Figure 13). The resonant LCP mirror response at low VO2 conductivity is
caused by an LCP-induced electric dipole excitation (Figure 13a) that causes near-complete
circular conversion (|R__|?) and an RCP-induced magnetic dipole excitation (Figure 13b)
that causes near-complete absorption, in the same way as for the previous structures. When
the handedness of the conductive chiral split rings is reversed by the heating-induced
dielectric-to-metal phase transition of VO2, the modes excited by LCP and RCP interchange
(Figures 13b and 13d), causing handedness-preserving reflection and absorption of the

opposite circular polarizations.

3. Conclusion

In summary, we have demonstrated switching of chirality and anisotropy of planar structures.
Exploiting the temperature-controlled dielectric-to-metal phase transition of VOz2 to reverse
or eliminate the 2D chirality of metasurfaces, we have demonstrated both handedness
switching and on/off switching of circular conversion dichroism. We have exploited these
effects to realize switchable chiral mirrors. Upon heating, these LCP mirrors become either a

conventional mirror, a handedness-preserving mirror or an RCP mirror for THz waves. We
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note that switching between a handedness-preserving and a conventional (handedness
reversing) mirror function was also observed. These functionalities have been traced to
excitation of different current modes by incident LCP and RCP, where magnetic dipole
modes are responsible for absorption, linear electric dipole modes cause
handedness-preserving reflection (circular conversion) and circular electric dipole modes
cause handedness-reversing reflection. Switchable chiral mirrors can be applied for active
control over reflection, absorption and polarization of light, e.g. to realize cavities and lasers

that can be switched between differently polarized modes.
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(a) LCP mirror (b) Conventional mirror

Heating
A
.

Cooling

(c) Handedness-preserving mirror (d) RCP mirror

C======2

Figure 1. Switchable chiral mirrors. We report (a) room temperature LCP mirrors that
transform upon heating into either (b) a conventional mirror, (c) a handedness-preserving
mirror or (d) an RCP mirror. A LCP/RCP mirror reflects LCP/RCP without handedness
change, while absorbing the other circular polarization. In contrast,
conventional/handedness-preserving  mirrors reflect both circular polarizations

with/without handedness change.
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Figure 2. 2D-chiral unit cell of a metamaterial exhibiting switchable circular conversion

dichroism. (a) Hybrid unit cell consisting of overlapping concentric (b) 200-nm-thick

gold and (¢) 150-nm-thick VO2 asymmetric split rings on a 500-pum-thick c-cut sapphire

substrate, with a period of P = 86 um, ring radius of R = 40 um and line width of w = 8

um. The gap sizes and arc lengths differ as shown such that the shorter gold arc is left and

the shorter VO2 arc is right. “Twist vectors”

I7Au and 17‘,02 point away from and

towards the reader, respectively, indicating clockwise and anti-clockwise twist defined by

a corkscrew law as rotation from the small to the large gap along the short arc. The large

black arrow indicates the illumination direction.
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Figure 3. Switching circular conversion dichroism by switching VO: between its
room-temperature insulator phase (left) and its high-temperature conductive phase (right),
corresponding to conductivities oy, of 10 S/m and 2.6 x 10° S/m, respectively, for the
metamaterial of Figure 2. Frequency-dependence of (a, b) transmittance, (c, d)
transmission asymmetry AT, = |T_,|?> — |T,_|?> = —AT_, (e, f) reflectance and (g, h)
reflection asymmetry AR, = |R;,|> —|R__|> = —AR_ in terms of intensity of
right-handed (+) and left-handed (-) circularly polarized waves illuminating the split rings
from the sapphire side. (The spectral evolution with increasing conductivity of VOz is

shown in Supplementary Figures S3-S6.)
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Figure 4. Physical mechanism of switchable circular conversion dichroism of the hybrid
2D-chiral metasurface of Figure 2. Modes excited by (a, b) LCP and (c, d) RCP incident
on the substrate-side of the metamaterial for different phases of VO.. (a, ¢) 0.64 THz
resonance when VO is in its insulating room-temperature phase with gy, = 10 S/m.

(b, d) 0.56 THz resonance when VO is in its conductive high-temperature phase with
Oyo, = 2.6 X 105 S/m. Amplitude and phase of the magnetic field H, is shown within

the metamaterial plane. The instantaneous directions of currents are marked by white
arrows. The resonant currents excited by circular polarizations of opposite handedness
correspond to electric and magnetic dipoles, d and m, which interchange upon phase

transition of VOa.



WILEY-VCH

\'\
Sapphire
\\\\\
W vo: Polyimide
Gold Gold plane g

(b) (€) (d)
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Figure 5. Switchable LCP/conventional mirror. (a) The unit cell consists of a (b)
asymmetrically split gold ring and a (c) continuous VO2 ring, which are concentric and

overlap on a sapphire substrate, with a period of P = 80 um, ring radius of R = 37 um and

line width of w = 11 um. The “twist vector” I7Au points away from the reader. A

31-um-thick polyimide layer separates the sapphire substrate from a gold mirror. (d)
Optical microscope image of a unit cell of the fabricated sample observed from the ring

structure’s gold side with a 20 um scale bar.
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Figure 6. Switching between LCP mirror and conventional mirror based on the transition
between the insulator (left) and metal (right) phases of VO2 for the metamaterial of Figure 5.
Reflectance spectra in terms of circular polarization components simulated for VO:
conductivities of (a) 10 S/m and (b) 2.6 x 10° S/m and corresponding measurements at
temperatures of (c) 23 °C and (d) 108 °C. (The spectral evolution with increasing

conductivity of VO2 is shown in Supplementary Figures S7 and S8.)
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Figure 7. Physical mechanism of LCP/conventional mirror switching. Modes excited by
(a, b) LCP and (c, d) RCP incident on the metamaterial mirror of Figure 5 at 0.65 THz

when VOz is in (a, ¢) the insulating room-temperature phase with oy, =10 S/m or (b,
d) the conductive high-temperature phase with gy, = 2.6 X 105 S/m. Amplitude and

phase of the magnetic field H, is shown within the metamaterial plane as seen from the
sapphire side. The instantaneous directions of currents are marked by white arrows. At
low VO2 conductivity, the resonant currents excited by circular polarizations of opposite
handedness correspond to electric and magnetic dipoles, d and m. At high VO2
conductivity, the resonant currents excited by circular polarization correspond to rotating

electric dipoles.
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Figure 8. Switchable LCP/handedness-preserving mirror. (a) The unit cell consists of
concentric and overlapping (b) asymmetrically split gold and (c) symmetrically split VO2

rings, on a sapphire substrate, with a period of P = 80 um, a ring radius of R = 37 pm and
a ring width of w = 11 pm. The “twist vector” I7Au points away from the reader. A

32-um-thick polyimide layer separates the sapphire substrate from a gold mirror. (d)

Optical microscope image of the fabricated sample observed from the gold side of the
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Figure 9. Switching between LCP mirror and handedness-preserving mirror based on
switching VO2 between its low-temperature insulator (left) and its high-temperature metallic
(right) phases for the structure of Figure 8. Reflectance spectra in terms of circular
polarization components simulated for VO2 conductivities of (a) 10 S/m and (b) 2.6 x 10°
S/m and corresponding measurements at temperatures of (c) 23 °C and (d) 91 °C. (The
spectral evolution with increasing conductivity of VO2 is shown in Supplementary Figures

S9 and S10.)
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Figure 10. Physical mechanism of switching between LCP mirror and
handedness-preserving mirror. Modes excited by (a, b) LCP and (c, d) RCP incident on
the metamaterial mirror of Figure 8 at 0.65 THz when VO: is in (a, c¢) the insulating

room-temperature phase with oy, = 10 S/m or (b, d) the conductive high-temperature
phase with gy, = 2.6 X 10> S/m. Amplitude and phase of the magnetic field H, is

shown within the metamaterial plane. White arrows mark the instantaneous directions of
currents. At low VO: conductivity, the currents excited by circular polarizations of
opposite handedness correspond to electric and magnetic dipoles, d and m. At high VO2

conductivity, only electric dipole modes are excited.
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Figure 11. Switchable LCP/RCP mirror. (a) The unit cell consists of overlapping
concentric asymmetrically split (b) gold and (c) VO2 rings on a sapphire substrate, with a
period of P = 88 um, ring radius of R = 41 pm and line width of w = 10 um. A
40-pum-thick polyimide layer separates the sapphire substrate from a gold mirror. The gap

sizes and arc lengths differ as shown such that the shorter gold arc is left and the shorter
VO: arc is right, resulting in opposite “twist vectors” I7Au and Vvoz . (d) Optical

microscope image of the fabricated sample observed from the gold side of the split ring

structure with a 20 pm scale bar.
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Figure 12. Switching between LCP mirror and RCP mirror based on the
temperature-controlled transition of VO2 between insulator (left) and metallic (right) phases
in the metamaterial of Figure 11. Reflectance spectra simulated for VO2 conductivities of (a)
10 S/m and (b) 2.6x10° S/m and corresponding measurements at temperatures of (c) 23 °C
and (d) 108 °C. (The spectral evolution with increasing conductivity of VO2 is shown in

Supplementary Figures S11 and S12.)
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Figure 13. Physical mechanism of switching between LCP mirror and RCP mirror.
Modes excited by (a, b) LCP and (c, d) RCP incident on the metamaterial mirror of

Figures 11 (a, ¢) at 0.65 THz when VO: is in the insulating room-temperature phase with

oyo, =10 S/m and (b, d) at 0.543 THz when VO2 is in the conductive
high-temperature phase with oo, = 2.6 X 10> S/m. Amplitude and phase of the

magnetic field H, is shown within the metamaterial plane. The instantaneous directions
of currents are marked by white arrows. At low VO2 conductivity, the resonant currents
excited by LCP and RCP correspond to electric and magnetic dipoles (d and m),

respectively. At high VO:2 conductivity, it is the other way around.
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Properties of the VO, Films
(a) SEM image (b) XRD measurement
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Figure S1 Measurements for 150-nm-thick VO2 film grown on 500-um-thick C-cut
sapphire. (a) Scanning electron microscope (SEM) image with a 1 pum scale bar. (b)
X-Ray Diffraction (XRD) measurement. (c) Atomic force microscope (AFM)

measurement.
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The fabricated 150-nm-thick crystalline VO films consist of a random, semi-continuous
network of nanoparticles with a mean diameter of approximately 500 nm and voids (Fig. S1a).
Room-temperature x-ray diffraction (XRD) measurements reveal intensity peaks at angles 20
of 39.2° and 41.3°, indicating crystalline VO: and sapphire, respectively (Fig. S1b). Our VO2
films exhibit a single monoclinic structure with preferred orientation of (020) at room
temperature. According to atomic force microscopy (AFM), the root-mean-square (RMS)
surface roughness of the films is R, = 5.54 nm, which is small compared to their thickness
(Fig. Slc).

A THz time-domain spectroscopy (THz - TDS) system has been employed to measure
the conductivity of a typical VO: film in the 23-102 °C temperature range. The fabricated
VO2/sapphire sample was then fixed to a thermo-electric heater/cooler which has an aperture
of 1.5cmX1.5cm at the center. Transmission measurements were performed in a drying
chamber in a frequency range of 0.2-2.0 THz for THz waves normally incident on the “VO2”
side of the sample with a beam diameter of approximately 5 mm. All presented THz
transmission spectra were normalized to spectra of the substrate.

The measured temperature-dependence of transmission and conductivity of the VO2 film
(Fig. S2) at 0.65 THz reveals the insulator-to-metal phase transition at the characteristic
temperature of 68 °C. Transmission at room temperature of 23 °C is almost unity (0.9995),
corresponding to a low conductivity of oy,,= 40 S/m and the insulating monoclinic crystal
structure of VO (left inset). The film’s transmission decreases dramatically as the film is

heated across the phase transition temperature, corresponding to a similarly dramatic increase
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in conductivity. At temperatures of 65-75 °C, the VO2 film has a mixture of insulating
monoclinic crystal structure and metallic rutile crystal structure. At 102 °C, the film’s
transmission drops to 0.21 and its conductivity reaches gy, = 2.6 X 10° S/m, indicating that

the film is fully switched to the metallic rutile crystal structure of VO (right inset).
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Figure S2 Measured temperature-dependence of transmission and conductivity of

150-nm-thick VO film at a frequency of 0.65 THz.
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Figure S3 Switching of circular conversion dichroism illustrated by simulated

transmittance spectra of the metamaterial of article Fig. 2 for different conductivities of

VO: in terms of intensity for right-handed (+) and left-handed (-) circularly polarized

waves illuminating the split rings from the sapphire side. Direct transmittance
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Figure S4 Asymmetric transmission spectra of the metamaterial of article Fig. 2 for

different conductivities of VO2 (calculated from Fig. S3).
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Figure S5 Switching of circular conversion dichroism illustrated by simulated reflectance
spectra of the metamaterial of article Fig. 2 for different conductivities of VOz. Direct
reflectance corresponds to |R_.|?, |R._|*> and conversion corresponds to |R..|?,

IR__|?.
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Figure. S6 Asymmetric reflection spectra of the metamaterial of article Fig. 2 for

different conductivities of VO2 (calculated from Fig. S5).
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Figure S7 Transition between LCP mirror and conventional mirror illustrated by
simulated reflectance spectra of the mirror of article Fig. 5 for different VO2

conductivities.
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Figure S8 Transition between LCP mirror and conventional mirror illustrated by

measured reflectance spectra of the mirror of article Fig. 5 at different temperatures.
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Transition between LCP Mirror and Handedness-preserving Mirror
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Figure S9 Transition between LCP mirror and handedness-preserving mirror illustrated
by simulated reflectance spectra of the mirror of article Fig. 8 for different VO2

conductivities.
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Figure S10 Transition between LCP mirror and handedness-preserving mirror illustrated

by measured reflectance spectra of the mirror of article Fig. 8 at different temperatures.



Transition between LCP Mirror and RCP Mirror
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Figure S11 Transition between LCP mirror and RCP mirror illustrated by simulated

reflectance spectra of the mirror of article Fig. 11 for different VO2 conductivities.
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Figure S12 Transition between LCP mirror and RCP mirror illustrated by measured

reflectance spectra of the mirror of article Fig. 11 at different temperatures.



