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Compared with natural materials, chiral metamaterials have been demonstrated with orders of
magnitude stronger chiroptical response, which provides the basis for applications such as ultracompact
polarization components and plasmonic-enhanced biosensing. Terahertz chiral metamaterials that
allow dynamic polarization control of terahertz waves are of great practical interest, but remain
extremely rare. Here, we show that hybrid metamaterials integrated with vanadium dioxide (VO,)
exhibiting phase transition can enable dynamically tunable chiroptical responses at terahertz
frequencies. In particular, a circular dichroism of ~40° and a maximum polarization rotation of ~200°/X\
are observed around 0.7 THz. Furthermore, our study also reveals that the chiroptical response from
the proposed metamaterials is strongly dependent on the phase transition of VO,, leading to actively
controllable polarization states of the transmitted terahertz waves. This work paves the way for the
development of terahertz metadevices capable of enabling active polarization manipulation.

Chiroptical responses, such as circular dichroism (CD) and optical activity, observed in natural materials, in
general reflect the corresponding structural symmetry inherent at the microscopic level. Accordingly, circular
polarization has been utilized to generate, transmit and measure electromagnetic signals that carry important
information during the light-matter interaction process. For example, CD spectrum spectroscopy, which is based
on the difference in the absorption of circularly polarized light of opposite handedness, has been widely uti-
lized in biosensing for the extraction of structural information of large biological molecules'. Moreover, chirality
based manipulation of the polarization state of light has been exploited in various optical applications such as
Faraday isolators?, which depend on the Faraday effect induced by an external magnetic field. However, due to
the extremely weak chirality of naturally occurring media, bulk chiral materials are generally required to obtain
a detectable chiroptical response.

Metamaterials have been shown to offer unprecedented flexibility in manipulating electromagnetic waves
through design and tailoring of their subunit building blocks, i.e., the meta-atoms®=>. In particular, metamaterials
comprised by meta-atoms lacking mirror symmetry have been implemented to realize a giant chiral response®2°.
Such structures offer extensive potential for applications based on the far-field and near-field chiroptical effect,
such as circular polarizers'®', polarization rotators?®*? and plasmonic-enhanced biosensors'***?*. Analogous
to their counterparts for the manipulation of linearly polarized waves, conventional chiral metamaterials derive
their resonant properties from the geometric arrangement of their meta-atoms and their constituent material
composition. One consequence of this, however, is the fact that their chiroptical responses are generally fixed. To
further functionalize metamaterials, hybridizations of active media (e.g., silicon, graphene and liquid crystals)
with conventional metallic resonating components have been implemented to enable reconfigurability via exter-
nal stimuli (see the recent review papers®*-*°). Recently, germanium antimony telluride (Ge,Sb,Te; or “GST”), a
type of phase change material, has been harnessed to facilitate thermally tunable chirality for chiral plasmonic
nanostructures operating in the mid-infrared regime?”%.
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Terahertz (THz) metamaterials, especially those endowed with tunability?®-*’, have proven to be highly effec-
tive in manipulating THz radiation in ways that are far superior to other natural media and therefore offer a
tremendous potential for the creation of new and transformative THz devices. Among them, chiral metamate-
rials that provide the ability to dynamically control the polarization state of THz waves are of great importance
for THz metadevices with sophisticated functionalities, but such examples remain rare. Photocarrier excitation
enabled dynamic control of chirality has been reported in semiconductor based active THz metamaterials. In
particular, Kanda and coauthors have demonstrated optical pumping induced THz optical activity in a semi-
conductor substrate which was masked by a two-dimensional array of chiral meta-atoms®®. Zhang and coau-
thors have reported the handedness switching in three-dimensional THz chiral metamaterials in response to an
external optical stimulus®. Zhou, et al., have verified that a variety of optically tunable chiral responses, includ-
ing a chirality induced negative index of refraction, can be produced by a gold/silicon bilayer conjugate chiral
microstrucuture®. Moreover, Lv, et al., have demonstrated a multiband background-free THz switch in a silicon
filled bilayered chiral metamaterial*®. Nevertheless, THz metamaterials capable of producing strong chiroptical
responses that can be dynamically tuned over a large scale are highly sought after.

Experiencing atomic level deformation, phase change materials (PCMs) are capable of offering drastic varia-
tions in material properties over a broad spectral range during the phase transition. As a representative of PCMs,
vanadium dioxide (VO,), which undergoes an insulator-to-metal transition (IMT) near room temperature ( Ty
~67°C), has been intensively studied due to its potential applications in both electronic and optical devices.
Recently, VO, has been introduced into metamaterial systems to enable response modulation of various nano-*8-%0
and micro-structured systems®*>* to external stimuli, such as temperature and electric current. Lv and coau-
thors have theoretically reported the observation of thermally tunable linear polarization conversion in a THz
metamaterial composed of VO,-loaded twisted E-shaped metallic resonators*’. We emphasize that besides an
approximately three orders of magnitude increase in the THz conductivity (o) during IMT, the reported data*
indicates that o, of VO, in its metallic state can be as high as 4 x 10> Q~'cm™"!, which is roughly one order of mag-
nitude lower than that of gold. Consequently, VO, is able to support a strong THz resonance that can be exploited
to achieve highly tunable THz devices. Recently, the temperature-tuned transmission of THz waves has been
observed in metamaterials consisting of VO, cut-wires®'. We have also shown that the integration of VO, struc-
tures with conventional metallic resonating components can enable a class of highly tunable THz metamaterials®.

In this work, we propose and demonstrate giant and actively controllable chiroptical responses from a VO,/
gold twisted fishnet metamaterial. With VO, in its metallic state, simulation results reveal a circular dichroism
of ~40° in the absolute value and a maximum polarization rotation of ~200°/X around 0.7 THz. Furthermore,
we report highly-tunable chiroptical responses that are enabled by the VO, phase transition. In particular, strong
polarization state manipulation of a linearly polarized incident wave is identified, including the continuously
modulated optical activity and ellipticity of the transmitted wave. Given the intensively studied phase-transition
dynamics of VO,, we envision applications of the proposed hybrid metamaterials for ultrafast terahertz metade-
vices, such as circular polarizers and polarization modulators.

Results

Since the two enantiomers of chiral objects exhibit identical scalar physical properties, remotely sensing the chi-
roptical response of an object provides a unique approach to enantioselectivity due to the fact that circularly
polarized light (CPL) itself is chiral. Given the generally weak interaction between CPL and natural media, arti-
ficially structured materials have a long history of development with the goal of enhancing light-matter interac-
tion and achieving stronger chiroptical effects. Owing to their resonant properties, the recent introduction of
metamaterials offers unprecedented flexibility for realizing enormously strong chiral responses. Following the
general design strategy, i.e., structures lacking mirror symmetry may lead to chirality, metamaterials composed of
various chiral meta-atoms have been demonstrated to exhibit chiroptical responses orders of magnitude stronger
than those found in natural media. Recently, as one of the compelling directions of metamaterials research, the
comprehensive usage of nano-engineered metals has been reported to enable complex functionalities (e.g. Joule
heating based modulation) in addition to optical resonance, which provides the basis for realizing ‘self-sufficient’
metadevices®™*>**. However, a close inspection of the reported chiral metamaterials reveals that most designs
cannot support the additional functionalities because they typically consist of geometrically isolated units!*-.
With a topologically continuous layered structure, twisted fishnet metamaterials are considered as good can-
didates for multifunctional chiral metadevices. By measuring the complex scattering parameters of a stack of
twisted elliptical hole arrays, Wang, et al., have demonstrated large optical activity and circular dichroism at THz
frequencies®. By implementing a scaled-down structure, Kang, et al., have demonstrated a photonic metamate-
rial with nonlinear chiral-selective electro-optic functionalities®. In addition, Rodrigues, et al., have reported
intensity-dependent optical rotation in a similar twisted fishnet nanostructure®.

It has been shown that the giant chiral response from the twisted fishnet structures arises from the strong elec-
tromagnetic coupling between the two conductive layers under circular polarized illumination. Consequently,
we start our design by adopting the THz conductivity of VO, in its metallic state, i.e., 5, =3x10* Q~lcm™! (see
Methods for details)*. Figure 1(a) shows a three-dimensional illustration of the VO,/gold twisted fishnet met-
amaterial structure, along with the unit cell schematics of the two enantiomers which are mirror images of each
other. A 3pum-thick VO, film and a 500 nm-thick gold film are perforated by identical elliptical holes (a = 60 and
b=40pm) with angular offsets of &« =22.5° and 5=45° and separated by a dielectric spacer (t,=42um). It should
be noted that in order to support a strong resonance in its metallic state, the VO, film should not be thinner than
the corresponding skin depth, which is ~1 pm around 1.0 THz. The unit cell is arranged in a two-dimensional
square lattice with a lattice constant of 130 pm. The 2D projection plots of the two enantiomers clearly indicate
the chiral symmetry of the meta-atoms. The transmission spectra of left- and right-handed circularly polar-
ized (LCP and RCP) waves are illustrated in Fig. 1(b,d) for the two enantiomers, respectively. Handedness and
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Figure 1. Hybrid terahertz chiral metamaterials based on VO,/metal twisted fishnet structures. (a) Schematic
of the metamaterial which is composed of a gold and a VO, layer perforated by identical elliptical holes and
separated by an alumina spacer. The two enantiomers (mirror-image meta-atoms) are also depicted in (a).
Geometrical parameters (all unit in pm): P=130, a=60, b=40, o =22.5°, 3=45°, tyo, =3, t,=42. For
optimized performance, the metamaterial is embedded in a SiO, dielectric matrix with a refractive index of 1.9.
Transmission spectra of enantiomer A (b) and enantiomer B (d) for circularly polarized waves, when the VO,
is in its metallic state (0, =3x10* (A" 'cm™!)). The corresponding circular dichroism (CD) and polarization
rotation angle are shown in (c) and (e).

enantiomer selectivity are immediately identified within three regions that exhibit pronounced chiral responses.
In particular, for enantiomer A (B) a sharp transmission dip with near-zero transmission amplitude is observed
around 0.70 THz for LCP (RCP) illumination. In addition, for circular polarization of the opposite handedness
(i.e., RCP in Fig. 1(b) and LCP in Fig. 1(b)), two resonances with conspicuous spectral features can be identified
around 0.58 and 0.75 THz. Interestingly, a pure linear polarization rotation is expected around the three critical
frequencies, i.e., 0.65, 0.72 and 0.82 THz, where the relatively high transmission amplitude of the LPC and RCP
waves are balanced. We note that the polarization rotation capability at multiple frequencies can be beneficial for
multi-channel THz polarization components. To better illustrate the observed chiroptical phenomena, the corre-
sponding circular dichroism (CD) and optical rotatory dispersion (ORD) are depicted in Fig. 1(c,e). In particu-
lar, CD and ORD are defined as CD = tan'[(t — t;)/(tg + t;)] and ORD =0.5[arg(ty) — arg(t;)], where tg and t;
denote the complex transmission coefficients of RCP and LCP waves, while arg represents the phase angle. It can
be seen that a maximum value of CD as large as ~44° (~—44°) is achieved in enantiomer A (B) around the excited
resonance of the LCP (RCP) wave. Moreover, for the enantiomer A (B), ORD reaches ~30°, —27° and 6° (~—30°,
27° and —6°) at the three critical frequencies mentioned above. Considering the subwavelength thickness (~\/9)
of the metamaterial, a maximum polarization rotation of ~240°/X around 0.7 THz is expected.

The chiral-selective transmission spectra shown in Fig. 1 indicate the distinct resonance modes corresponding
to the LCP and RCP waves. To better illustrate the underlying physical mechanism of these chiral resonances, the
cuts of the electric field distribution through the middle of the VO, and Au layers for enantiomer A are shown
in Fig. 2. Clearly, the handedness-selective resonance modes can be identified at each resonance frequency. In
addition, for a circularly polarized (e.g. LCP) wave, the explicit field distribution at different resonances reflects
the dispersion characteristic of the chiral metamaterial. Furthermore, referring to the CD spectra shown in
Fig. 1(c,e), it is evident that the stronger field confinement in the central area of the holes on the exit layer (second
row of Fig. 2) corresponds to the higher transmission for a certain handedness of CPL.

It is worth noting that, in sharp contrast to the methodologies previously developed and applied to hybrid
metamaterials for achieving tunable responses to external stimuli, the active chiral metamaterials proposed here
are based upon the highly tunable THz resonances realized by micro-structured VO, experiencing a dramatic
change in conductivity during the IMT. We note that the response of patterned VO, film has been previously stud-
ied in the optical regime, for instance in ref.*s. However, the corresponding structured VO, in its metallic phase
cannot support a strong resonance due to the rather high loss exhibited at optical frequencies. Consequently, the
observed resonance tuning of the metallic structures can be regarded as a result of the variable index provided
by the VO, when in a different material phase. In our work, the resonance arising from the coupling between the
structured VO, film and the perforated gold layer gives rise to the strong chiral response. Figure 3 illustrated the
simulated chiroptical responses of the metamaterial for a series of VO, conductivity values. First of all, when the
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Figure 2. Mode analysis of chiral resonances. (a-c) The magnitude of the electric field (normalized to that of
the incident field) at the resonance frequencies, when enantiomer A is illuminated by LCP and RCP waves. The
cuts of the field distribution are through the middle of the VO, and Au layers.
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Figure 3. Phase transition of VO, enabled tunable chiral responses. Simulated transmission spectra of
enantiomer A (a) and enantiomer B (c¢) under LCP and RCP illumination for a series of VO, conductivity (o,
(unit in Q~'em™")) values. The corresponding o, dependent CD and ORD of enantiomer A (b) and enantiomer
B (d). For clarity, an offset has been added to the various curves in each plot.

VO, is nearly in its insulator state (o, =20 Q~'cm™'), the metamaterial manifests weak chirality, i.e., almost no
difference in the transmission spectra of LCP and RCP waves (as shown in Fig. 3(a,c)) is found within the fre-
quency range of interest. In addition, a continuous tuning of the systems’ chiroptical response is evident when o,
increases before saturation. In particular, obvious chiral responses start to emerge in the three regions discussed
above when o is greater than 200 Q~'cm™'. Furthermore, a comparison between the results of enantiomer A
and B shown in Fig. 3 clearly reveals the enantiomer-selectivity of the metamaterial. To better display the phase
transition enabled chiral responsive tuning effect, semi-log plots of the o,-dependent transmission, CD and ORD
at the critical frequencies are presented in Fig. 4 for both enantiomers. As depicted in Fig. 4(a,d)), for enantiomer
A (B), the transmission of RCP (LCP) waves at 0.58 and 0.75 THz as well as that of LCP (RCP) waves at 0.69 THz
show a nearly linear decrease in the semi-log plots. On the other hand, the corresponding transmission of circu-
lar polarizations of the opposite handedness increase when o, is greater than 100 Q~'cm™!. These handedness-
and enantiomer-selective behaviors, which are more clearly illustrated in Fig. 5(b,e), give rise to the distinct
0, dependent CD characteristics. The ORD results shown in Fig. 4(c,f) portray the linear polarization rotation
capability of the metamaterial, which is governed by o,

Optical activity (also referred to as optical rotation) represents the ability of certain materials to rotate the
polarization plane of a linearly polarized wave. Different from the Faraday effect (i.e., magnetic optical rotation),
the strong optical activity observed in chiral metamaterials does not require the application of an external mag-
netic field and will potentially find applications in polarization manipulating components, such as ultracompact
polarization rotators. Therefore, hereinafter we focus on the actively controllable optical rotation properties of the
proposed metamaterial. It should be noted that Wang and coauthors® have reported large THz optical activity of
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Figure 4. Chiroptical responses as a function of the THz conductivity of VO,. Simulated chiroptical responses
at the critical frequencies from (a—c) enantiomer A and (d-f) enantiomer B for a series of VO, conductivity
values.

a similar gold based twisted fishnet structure, while, however, the corresponding transmission was rather low. As
the results shown in Figs 1 and 2 implied, the proposed hybrid chiral metamaterial may exhibit strong polariza-
tion rotation power with fairly high transmission and, more importantly, the corresponding characteristic optical
activity can be dynamically modulated over a large scale.

It has been experimentally verified that a linearly polarized wave with its polarization plane parallel to the
direction where the two perforated ellipses intersect most closely experiences the strongest optical activity?2. This
incident polarization angle dependent behavior arises from the anisotropic property of the structure?” and can be
eliminated by increasing the corresponding rotational symmetry. Accordingly, as a certain linearly polarized wave
travels through the structure having low rotational symmetry, the actual optical rotation it undergoes may deviate
from the ORD results discussed above. Consequently, without loss of generality, the input polarization angle (6,)
for enantiomer A and enantiomer B in our study is chosen to be 45° and 135°, respectively, as depicted in
Fig. 5(a,f). Thereby, the polarization rotation angle can be obtained from the difference between 6, and 6,,, where
0, denotes the angle between the long axis of the polarization ellipse of the transmitted wave and the x axis.
Figure 5(b,g) illustrate the dispersion of the polarization rotation angle for a 45° and 135° linearly polarized THz
wave, respectively, as they transmit through the enantiomeric metamaterials with VO, in its metallic state. To
obtain a complete picture of the polarization state of the transmitted waves, the corresponding ellipticity, defined
asn = tan”'(( |E,| — |E,|)/(|E,| + |E,|), where |E |and|E,| represent the semi-major and minor axis of the polar-
ization ellipse of the electric field, is presented in Fig. 5(c,h). The minimum (maximum) value of ), i.e., 0° (45°),
is obtained when the transmitted wave is circularly (linearly) polarized. It can be seen that the ellipticity reaches
45° at the frequencies of 0.62, 0.72 and 0.81 THz, indicating the linear polarization of the transmitted wave at
these frequencies. As a result, in the following discussion we focus on these critical frequencies.

The polarization rotation angle and ellipticity as a function of the VO, conductivity are presented on semi-log
plots in Fig. 5(d,e) for enantiomer A and in Fig. 5(i,j) for enantiomer B. As expected, when o, increases the rota-
tion angle of enantiomer B precisely exhibits opposite behavior compared to that of enantiomer A, once again
confirming the enantiomeric characteristic of the metamaterials. Interestingly, for enantiomer A with VO, in
its insulator state (0, =10 Q~'cm™!), a polarization rotation angle of ~—10° and ~10° is observed at 0.62 and
0.81 THz, respectively. It should be noted that, as discussed above, this observation, which deviates from the
results shown in Fig. 2(b) and Fig. 3(c), can be attributed to the anisotropic properties of the proposed metamate-
rial. Nevertheless, given the continuous increase of the rotation angle at 0.62 THz with o, this characteristic may
in fact result in a corresponding polarization rotation modulation as large as ~30° (from ~—10° to ~20°). Another
interesting observation is that the rotation angle at 0.72 THz increases from ~0° to ~7° when o, increases in the
range from 10 QO 'cm™! to 100 Q~'cm™?, while it decreases dramatically to ~—20° when o, approaches 3x10*
Q~lem™L. In other words, an optical activity switching can be achieved by controlling the phase transition of VO,.
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Figure 5. Optical rotatory of the VO,/metal twisted fishnet metamaterials. Schematic representation of the
polarization rotation effect under consideration, in which a linearly polarized THz wave is normally incident

on (a) enantiomer A (6;, =45°) and (f) enantiomer B (6,, = 135°). The polarization azimuth rotation angle of
the transmitted wave can be obtained from 6, and 6,, i.e., rotation = 6,-6,,. The optical rotatory ((b) and (g))
and ellipticity ((c) and (h)) dispersion of enantiomer A and enantiomer B, when the VO, is in its metallic state
(0,=3%10%* Q~'cm™!). The rotation angle and ellipticity of the transmitted wave with a linear polarization
transmitting through enantiomer A ((d) and (e)) and enantiomer B ((i) and (j)), for a series of VO, conductivity
values.

On the other hand, the change in o, may also tune the ellipticity of the transmitted waves, as displayed in Fig. 5(e)
which is, as expected, identical to Fig. 5(j) for enantiomer B. For a better understanding of the evolution of the
polarization state for a linearly polarized wave transmitting through the proposed metamaterials, the projections
of the field of the transmitted waves are provided in Fig. 6. It can be seen that, for both enantiomers, a continuous
and dramatic manipulation of the polarization state is evident for an incident THz wave at all three frequencies
of interest.

Discussion

Besides direct thermal control® and optical pumping?’, electric current and field-effect-induced phase transition
in VO, have also been reported®®*. Despite controversy over their microscopic origins, field-effect based transi-
tion is considered to have the potential to achieve VO, property modulation at the subpicosecond level®s. On the
other hand, electrically controlled active metamaterials are of crucial importance due to their potential for a wide
range of practical applications. In this respect, VO, integrated hybrid metamaterials that exhibit electrically trig-
gered active responses have attracted great attention. For instance, by integrating split ring resonators (SRRs) and
VO, thin films, Driscoll, et al., have demonstrated electrically controlled memory effects at THz frequencies®.
Goldflam, et al., have reported electrical signal controlled spatial gradient tuning in a THz metamaterial consist-
ing of an array of SRRs located on a VO, layer®. Liu and coauthors demonstrated a VO, integrated photonic met-
amaterial for electrically triggered multifunctional control®. To this end, as we discussed above, the topologically
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Figure 6. The polarization states for a linearly polarized incident THz wave transmitting through the hybrid
chiral metamaterials. The projections of the field of the transmitted waves through enantiomer A ((a)-(c))
and enantiomer B ((d)-(f)) at 0.62, 0.72 and 0.81 THz, for a series of VO, conductivity (o, (units in Q~'cm™!))
values. The input linear polarizations (as depicted in Fig. 5(a,f)) are denoted by the dashed black line in the
polarization graphics. The frequencies under consideration correspond to those where the linear polarization
preservation occurs, as indicated by Fig. 5(c,h).

continuous structure of the proposed metamaterial provides the possibility of achieving response modulations
through electrically induced phase transition in VO,. Furthermore, it is worth noting that, as a classical transition
metal oxide, VO, exhibits hysteresis behavior during its IMT. Therefore, the chiroptical responses produced by
the proposed chiral metamaterials are expected to exhibit hysteretic characteristics, which means that, for exam-
ple, the corresponding optical activity observed would be system history dependent. Taking into account this
hysteretic behavior, the proposed metamaterial is expected to manifest a certain memory effect and, compared
with the memory process observed in other metamaterial systems®"’, its chiral-selective properties may provide
more degrees of freedom for designing metadevices with electro-optic information processing and storage capa-
bilities. Moreover, given the Drude-type dispersion model of metallic-phase VO, in the THz regime, the actively
controllable response of the proposed hybrid metamaterial can be geometrically scaled to other frequencies.

To summarize, we have demonstrated that hybrid metamaterials based on VO,/metal twisted fishnet struc-
tures can enable dynamically tunable chiroptical responses at terahertz frequencies. Simulations show that, with
VO, in its metallic phase, a circular dichroism of ~44° and a maximum polarization rotation of ~240°/X can be
achieved around 0.7 THz. More importantly, we found that the chiroptical responses, such as circular dichroism
and optical activity from the hybrid metamaterials are closely dependent on the phase transition related THz
conductivity variation of VO,. Considering the hysteresis and ultrafast dynamics characteristics observed during
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the phase transition of VO,, we envision that the proposed hybrid chiral metamaterials may potentially enable
chiroptical platforms for complicated manipulation of THz radiation.

Methods
It has been experimentally verified that the permittivity of VO, in the THz region can be described by the follow-

(wplo))?
-2

ing Drude model: ¢(w) = ¢, , where ¢ is the permittivity at high frequency, wp(o,) is the conductivity

w iyw
(the imaginary part of the complex conductivity o, is assumed to be 0) dependent plasmon frequency and -y is the
collision frequency®. A close examination reveals that both wpz and o, are proportional to the free carrier density

and, as a result, the plasmon frequency at oy’ can be approximately expressed as wpz(a'l/) = (2 wpz(a'l). By fitting
0,

the reported experimental data*®, we have determined that when o; =3 x 10* Q~'cm™!, it follows that
w, = 1.40 x 10" rad/s, while y=5.75 x 10" rad/s is assumed to be independent of ;. We note that these Drude
model parameters are in good agreement with those reported by other groups®.

Full-wave simulations were implemented using the commercial finite integration package CST Microwave
Studio. A unit cell of the investigated structure was simulated by employing periodic boundary conditions. The
four transmission coeflicients of circularly polarized waves, i.e., tgg, i, tp, and #;; can be expressed as a function
of four linear transmission coefficients of the chiral medium, i.e., t,,, t,. t,, and t,, such that

: ; yx> txy yy?
r = EKtxx + tyy) + i(txy - tyx) > bR = E[(tm - tyy) + i(t"y + ty") and

1 .
)t = E[(txx —t,) — ity + t,.)
L= %[(txx + tyy) — i(txy — tyx)]. In addition, the polarization state for a linearly polarized wave transmitting

through the metamaterials can be obtained from the total electric field of the transmitted waves, i.e.,

gl =t cos,, + t,, sinf, and t)‘,"tal = t,, cosl, + t,, sinf,.

Data availability. The data that support the findings of this study are available from the corresponding
author on request.
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