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<E Chiral engineering of TeraHertz (THz) light fields and the
(") use of the handedness of light in THz light-matter interac-
tions promise many novel opportunities for advanced sensing
——and control of matter in this frequency range. Unlike pre-
viously explored methods, this is achieved here by leverag-
.— ing the chiral properties of highly confined THz surface plas-
Emon modes. More specifically, we design ultrasmall surface
O plasmonic-based THz cavities and THz metasurfaces that dis-
(/) play significant and adjustable chiral behavior under modest
© magnetic fields. For such a prototypical example of non-
"0 hermitian and dispersive photonic system, we demonstrate
“>the capacity to magnetic field-tune both the poles and zeros
of cavity resonances, the two fundamental parameters gov-
L erning their resonance properties. Alongside the observed
handedness-dependent cavity frequencies, this highlights the
“ remarkable ability to engineer chiral and tunable radiative
= couplings for THz resonators and metasurfaces. The extensive
N~ tunability offered by the surface plasmonic approach paves the
O\l way for the development of agile and multifunctional THz
LO) metasurfaces as well as the realization of ultrastrong chiral
1 Jight-matter interactions at low energy in matter with poten-
<{ tial far-reaching applications for the design of material prop-
erties.

N
~ Introduction

>< Despite its long history, the role of chirality in light-matter
interactions remains intriguing, drawing intense focus both
from a fundamental perspective [I, 2] and for its techno-
logical applications in sensing and controlling matter across
diverse length scales, energy scales and scientific disciplines
[3, [, B 6 [7, [8]. In this context, the design of chiral op-
tical fields and optically-active devices at THz frequencies
holds particular significance for sensing applications across
a large class of systems. This stems from the wide range of
excitations exhibiting chirality within this frequency band,
spanning from chemically and biologically relevant excita-
tions in molecules [9, 0] to quantum collective modes such as
magnons [4, 11, 12] and phonons [I2] 13| 14] in condensed
matter systems. Alongside sensing capabilities, the ultra-
strong interaction between matter and chiral optical fields at
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low energies has recently emerged as a new paradigm for ma-
nipulating material properties through Floquet engineering
[15, 16, 17] and has been proposed to realize novel phases
of matter through hybridization with the vacuum field of
chiral cavities [I8| 19, 20, 21 22]. Notably, the potential
to induce magnetism and non-trivial topologies in otherwise
non-magnetic and topologically trivial materials [18] 21} 23],
or photon condensation in the ground state [24], represent
some of the most far-reaching prospects enabled by chiral
vacuum fields. For these reasons, the ability to engineer ul-
trastrong and chiral light-matter interactions at THz frequen-
cies, achievable through the design of cavities with ultrasmall
mode volumes, appears as a new frontier in the THz range
[25] that would open up many avenues for chiral sensing and
matter manipulation with applications in chemistry, biology
and physics.

In the past years, large efforts have been devoted to the design
of chiral and optically-active devices for polarization control
of THz light [26] 27, 28| 29, B0, [31], 32, 33, B4]. These have
been obtained following mostly two distinct routes. The first
one is a synthetic or metamaterial-like approach, in which
the geometric chirality of metallic resonators is tailored and
transferred onto the resonating electromagnetic (EM) fields
[26, 27, 28, 29, [30, [B1]. The second approach relies on the
natural magneto-optical activity of the bulk of semiconduc-
tors [32, B3, 34] and is enabled by the propagation of THz
magneto-plasma waves [35], [36]. The latter originate from the
microscopic Lorentz force acting on carriers with low effective
mass m*, giving rise to a cyclotron frequency v, = eB/2mm*
that falls within the THz frequency range for moderate mag-
netic fields below 1T [37]. Yet, achieving high EM-field con-
finement sufficient enough to reach the ultrastrong coupling
regime of light-matter interaction represents to date a chal-
lenge for both of these approaches. On the one hand, shrink-
ing the size of metallic resonators while preserving operating
frequencies in the THz range is a difficult task that often
requires the design of complex and technologically challeng-
ing resonator architectures [38] B9, [40]. On the other hand,
utilization of magneto-plasma waves necessitates light propa-
gation through the bulk of the semiconductor and hence only
offer sizeable chiral effects at the expense of large interaction
volumes [34] 36].

Here, we overcome these challenges by exploiting THz surface



plasmons-based cavities in semiconductors. As demonstrated
recently [41], this approach allows to downscale cavity dimen-
sions at fixed operating frequencies and provide an efficient
way to confine THz EM-fields down to the ultimate limit al-
lowed by plasmonics. In this work, we show that surface plas-
mons inherit the chiral activity of the bulk and use this as
a means to create chiral THz cavities with ultrasmall mode
volumes. When assembled together, arrays of such cavities
lead to a novel type of chiral THz metasurfaces, fully tunable
by geometry, magnetic-field and even temperature. This work
opens the door to exciting perspectives for the exploration of
ultrastrong chiral light-matter interactions at low energies in
matter.

Working principle of the chiral THz
surface plasmonic cavities

In the Faraday configuration, where a homogeneous magnetic
field B = Bz is perpendicular to the plasmonic medium’s
interface and a plane wave is incident normally, the mag-
netic field acts exclusively onto the spin-sector of the EM-field
(i.e. its polarization state) and normal modes correspond
to left- and right-circularly polarized (LCP/RCP) photons
E,, = e*k=7¢~it |5, ) [35]. Interaction between light and
the plasma involves two distinct magneto-plasmonic permit-
tivities €54 (v, B) and results in reflection coefficients denoted
as 7o, (v, B) (see supplementary information).

Normal incidence experimental power reflectivity spectra
Ry, (v) = |fo.(v,B)]? as well as the phase ¢,, (v, B) =
Arg(f5, (v, B)) accumulated by the electric field of the light
upon reflection onto the THz plasma of bulk semiconductor
InSb are shown in Fig. 1la for oy polarizations. As the cy-
clotron frequency v, varies, the THz plasma edge initially lo-
cated at v ~ v, splits into two different plasma edges. Their

frequencies v, ,, ~ % (, /4y127 +v2+ yc> depend on the po-

larization handedness (see Fig. la-b) and highligths the bulk
chirality of the plasmonic medium [35] [36].

In contrast to plane waves, where orbital and spin components
of the EM-field are independent, the normal modes of the pro-
posed ultrasmall chiral THz cavity illustrated in Fig. 1lc are
sustained by surface plasmons and their orbital and spin de-
grees of freedom are intertwined within the highly subwave-
length volume of the resonator, leading to a more complex
chiral behavior. This can be seen in Fig. 1d where we present
the characteristics of the normal modes of circular patch cav-
ities, which, owing to their cylindrical symmetry, represent
a natural choice of plasmonic resonators in the present con-
text. In the absence of magnetic field, their normal modes
have been studied previously [42] and are characterized by
an orbital angular moment L (L = ...,—2,-1,0,1,2,...)

and a radial number n (n = 1,2, ...). For lossless cavi-
ties, modes of opposite orbital momentum are time-reversal
symmetric of one another (En_ L= E: ;) and hence have
degenerate frequencies v, = v, _r. In Fig 1d, we dis-
play the EM-fields sustained by the surface plasmon inside
the resonator for a set of representative (n,L) modes: 1)
the normal component of the electric field (Re(E,)) and 2)
the relative density Aoy, 1, (r) = 04 .1 (r) —o— » 1 () of the

o+ polarized photons (or spin density of the mode), where
04n1 (r) | E, £iE, |> depends only on the radial coordi-
nate r.

Notably, normal modes are seen to consist in a spatially de-
pendent superposition of o4 polarized photons which entails
the mixing of orbital and spin degrees of freedom of the res-
onator. It is possible to estimate the shifts v, 1 of the res-
onance frequencies v, ; by applying a modal perturbation
theory, which, to first order in v, gives (see supplementary

material):
s/2
X Vg (/ r Aoy, (1) dr)
0

indicating that the frequency shift is proportional to the spa-
tially integrated spin density Aoy, 1, (r) of the o4 polarized
photons (s being the diameter of the patch). As depicted
in Fig. le, the L = 0 mode doesn’t experience any shift as
it is linearly polarized, while modes with finite orbital an-
gular momentum (L # 0) split symmetrically according to
0vp, 1, = —0vy,,_1, as they have opposite spin densities of equal
magnitude. Because they carry the largest spin polarization
among all, the (n = 1, L = £1) modes are expected to provide
the most pronounced mode splitting and hence the largest chi-
ral effect.
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Sample architecture and plasmonic
resonances without magnetic field

Rather than an isolated cavity, our samples consist in two-
dimensional and subwavelength periodic arrays (period s+ a)
of circular patch cavities of diameter s (Fig. 2a). Over a bulk
wafer of semiconducting InSb, we deposit an insulating layer
of highly subwavelength thickness d (SigNy with d < Ag, Ag
being the wavelength in vacuum) followed by circular patches
of metallic gold on top. In the absence of magnetic field and
due to the four-fold symmetry of the structure, reflectivity
spectra are independent of the incoming THz light polariza-
tion. In Fig. 2b, we present the experimental and simu-
lated power reflectivity spectra for three samples having cir-
cular patches of varying diameters. The major absorption
observed at low frequency corresponds to the resonance fre-
quency of the two degenerate (n, L) = (1,+£1) cavity modes,
as confirmed by inspection of the mode profile obtained from
numerical simulations (Fig. 2c). A second pronounced ab-
sorption at high frequency lies slightly below the THz plasma
edge. As seen in Fig. 2c, it corresponds to the resonance of
a pair of degenerate plasmonic modes that are fully expelled
from the volume encompassed by the cavities and that are
located between them. These modes are the counterpart in
these structures of the inter-cavity mode observed in striped
lattices of plasmonic cavities [41]. For completeness, we also
report the presence of: 1) a small absorption for the s = 43um
sample (triangle in Fig. 2b) which corresponds to the exci-
tation of the higher order (n,L) = (3,%1) cavity modes and
whose mode profile is shown in Fig.2c and 2) a resonance cor-
responding to the excitation of a continuum of propagating
bulk plasma modes within the transparency region of the plas-
monic medium arising the first-order diffraction of the array
(s = 43um sample, star in Fig. 2b). In the remaining of this



paper, we will not further discuss the latter resonances and
will focus our analysis on the main cavity resonance.

Surface plasmonic chirality and its
magnetic field dependence

Upon application of the magnetic field, we observe the lift-
ing of the degeneracy of the (n,L) = (1,+41) and (1,-1)
cavity resonance. This is featured in the polarization re-
solved THz spectra presented in Fig. 3a-b-c as two frequency-
displaced resonant absorptions for opposite o4 polarizations,
hence demonstrating the chiral effect that is looked for.

Besides the polarization handedeness-dependent frequency-
shifts, we notice that the contrast of the cavity resonance
varies strongly and evolves oppositely for opposite o4 polar-
izations. The large variation of its contrast can be inferred
from the value of the reflectivity minimum at resonance Ry,
which changes as much as ~50% within the range of parame-
ters investigated (see top and bottom panels in Fig. 3a-b-c).
This observation suggests that the magnetic field is acting to
tune another crucial cavity parameter: the overall coupling
efficiency of external radiation to the cavity. It can be un-
derstood qualitatively from temporal coupled mode theory
[43] which predicts that Ry, = (I — [g)?/(Ty +Tq)? for
single-port cavities [44, 45], where I', and ' are the radia-
tive and non-radiative decay rates of the cavity describing
respectively the coupling of the resonator to external radia-
tion and the decay of the resonance due to ohmic losses. In
other words, R,,;, measures how close the cavity is from crit-
ical coupling at which T'; = I, (R, = 0) and all incident
radiation is coupled and dissipated into the cavity. In order to
further assess quantitatively and reliably all cavity parameters
for this highly non-Hermitian and dispersive photonic system
[46l, [47, [48], we fitted the two quadratures of the reflection
coefficient 7, (v, B) based on an analytical continuation of
the frequency in the complex plane [49] (0, 5I] (v — 7 and
To. (v, B) — 7o, (7, B), see supplementary material). This
leads to a pole-zero representation of the cavity resonance
shown in Fig. [fh. We define the complex zero 17, by the con-
dition 7, (7;0) = 0. Following this zero in the complex plane
enables to characterize the undercoupled (Im(7,o) < 0)), crit-
ically coupled (Im(7,) = 0) and overcoupled (Im(,9) > 0)
regimes. Note that the critically coupled regime is closely
linked to the coherent perfect absorption [52] 53] [54]. We ob-
serve that as the magnetic field is raised, the zero either moves
towards (o_) the real axis (critical coupling) or departs from
it (04), signaling not only the tunability of the coupling but
also its chiral behavior. The major results of the analysis of
the cavity parameters are further presented in Fig. [dp.

The relative frequency-shifts of the cavity resonance are

Svo

V0,04 (B)=vo(B=0)
defined as T2 = in(To)

Re(9,5,. (B)) corresponds to the real part of the cavity pole
Do,0, (B), i.e. the cavity resonance frequency. As anticipated,
we observe that they demonstrate opposite variations for o
polarizations as a function of magnetic field B. While linear
in B at small fields, they acquire a slight quadratic depen-
dence at larger fields which is reminiscent of the dependences
of bulk magneto-plasma modes [36]. At B = 500mT, the
relative shifts amount to 14%, 20% and 24% for the 21, 32

where vy, (B) =

and 43um cavities respectively in between the two o4 polar-
izations. The two decay rates, determined from the knowl-
edge of the pole and the zero as T'qg = —Im(Py + D.0)/2
and T, = —Im(Py — 7,0)/2 (see supplementary material),
also evolve as a function of magnetic-field and exhibit chiral
behaviour: T, 0., (B) # I'v/q,._(B). While this is some-
what expected for the ohmic decay rate as the cyclotron
resonance modulates material dissipation in the vicinity of
v = %v., the most striking feature is the chiral and large
variations observed for the radiative decay rate by as much
as 300% in the range of parameters investigated. Such phe-
nomenon is largely unexpected as this quantity is generally
believed to depend solely on geometrical parameters of the
arrays [44], 45], 65]. We attribute it to the magnetic field-
tuning of the phase ¢, (v, B) accumulated by the THz fields
upon reflection onto the underlying plasmonic medium. More
specifically, denoting 7,, o(v, B) the background reflectiv-
ity of the structure in the absence of metallic patches (i.e.
involving only the vacuum/SizNy/InSb planar multilayer),
we show that the variation of the radiative decay rate can
be well reproduced and explained by a functionnal depen-
dence of the form Ty, (B) = a|l+ 70, o(v, B)|2 where
Ty 0(v, B) is evaluated at the vacuum/SigN, interface, at
the cavity resonance frequency v = vy, (B), and « is a
geometry-dependent but magnetic field-independent scaling
factor (black solid lines in Fig. 4b). Such a relation be-
tween background reflectivity and radiative decay rates has
been derived analytically for metal/insulator/metal cavities
in a context where the phase did not play any significant role
[56, 57]. In the present case however, the phase ¢,. (v, B)
of the reflected field is the central parameter controlling such
behavior, as within a good approximation |ng,o(1/, B)| ~ 1,
so that T, 5, (B) o cos(d,, (v, B)/2)?. The basic idea behind
the tunability and chirality of the radiative decay rates that
we observe is sketched in Fig. 4c. In the absence of metallic
patches, interference of the incident E; ,, and reflected fields
E, ., =70, 0(v,B)E;,, resultin a total background field of
amplitude |Et0t76i’ = |1 + 7oy 0y, B)| |Ei,gi| that takes the
form of a standing wave whose locations of nodes and anti-
nodes are crucially depending the phase ¢, (v, B) accumu-
lated upon reflection from the plasmonic medium. Immersed
into this background field, the metallic patches in- and out-
couple it to the cavity with coupling rates /2I'; ,  (B) [43]
being determined by the field amplitude at their location and
hence scaling as ‘1 + 7oy 0(¥, B)’ This leads to an overall
radiation decay rate given by: I'y o, (B) |1 + 7o, o(v, B)|2.
This phenomenon is analogous to a resonant nanoparticle lo-
cated at distance L above a metallic mirror and whose cou-
pling to external radiation T', oc sin(2wL/\g)? is adjustable
by varying the location of the nanoparticle with respect to
the standing wave (see Fig. 4d). Here, despite the fixed ge-
ometry, the sizeable variations of the phase provided by the
underlying plasmonic medium close to the plasma frequency
as well as their tunability with magnetic field play the same
role as the height for the nanoparticle.

As such, for the proposed plasmonic cavities, we demonstrate
that chirality proceeds not only by frequency splitting of de-
generate modes but also by a chiral and tunable coupling of
the resonators to external radiation. This constitutes an im-
portant result of this study.



Chiral THz surface plasmonic meta-
surfaces

We discuss here an application where the proposed structures
can be exploited as resonant and tunable reflective THz chi-
ral metasurfaces for polarization control of the THz light. In
order to demonstrate the advantages of structuring a metasur-
face over that of using a bulk semiconductor for this purpose,
we compare in Fig. 5 the optical activity of the unstructured
bulk material and that of a structured metasurface. Opti-
cal activity is commonly characterized in terms of: 1) cir-
_ re  W=Ire_ ()]
T re I _ ()]
and 2) optical rotary dispersion (OR) via the rotation angle
0 = M[Béﬂ. For linearly polarized incident light,
CD and OR result in the present context in reflected light
that is elliptically polarized (CD phenomenon) and rotated
by an angle § compared to the incident polarization (OR phe-
nomenon), see Fig. 5a. In Fig. 5b, we compare the ellipticity
and optical rotation angle of the bulk and structured meta-
surface at B = 500mT.

We notice profound differences between the two responses.
Firstly, we observe that CD and OR of the bulk material dis-
play rather complex shapes in an otherwise large frequency
window centered around the plasma edge. This results in
overall poor spectral control of the optical activity of the
bulk material. In contrast, the ellipticity of the metasurface
presents two sizeable peaks of opposite polarity at around
1THz and 2THz, which correspond to the frequencies of
the cavity and intercavity resonances respectively for this
s = 32um cavity metasurface. Ellipticity around the cavity
resonance demonstrates in particular a well-defined unipolar
behaviour.

Strikingly, at the cavity resonance, the ellipticity reaches a
sizeable value n =~ 0.5 that is at a frequency where the bulk
ellipticity is almost null within noise level: this corresponds
to a gilant enhancement of the ellipticity provided by the
metasurface. The ability to induce such a large dichroism
in a frequency band well below the plasma frequency where
the bulk material only provides a minute effect demonstrates
the superiority of metasurface over the bulk material for the
chiral engineering of THz light fields. The origin of such a
metasurface-enabled ellipticity can be traced back to the dif-
ference in the contrast between o and o_ resonances. In this
respect, chirality of the radiative decay rates of the cavities
discussed in the previous section is crucial in providing this
effect.

In the supplementary material, we further show the wide tun-
ability of the optical activity of the metasurfaces both spec-
trally via the geometrical tuning of the cavity dimensions and
in its magnitude via the tuning of the magnetic field strenght.
Such metasurfaces achieve ellipticities as high as =~ 0.7 at
a moderate field B = 500mT relevant for applications, and
we expect that full ellipticity (n = 1) is reachable around
600 — 700mT'.

cular dichroism (CD) via the ellipticity 7

Discussion

Our approach offers a major and unique asset with respect
to other alternatives for the chiral engineering of THz fields
based on either synthetic [26], 28], 29] [31] or natural [36] 32, [34]
optical activity. In comparison, the large magnitude of opti-
cal activity obtained here is achieved over much smaller, i.e.
deep-subwavelength, scales thanks to the remarkable confine-
ment properties of surface plasmons. All the reported chiral
effects originate from beneath the surface of the plasmonic
medium within the penetration depth of the surface plasmons
that is ~ 0.01\g (where \g is the free space wavelength) and
within cavities with mode volumes of the order of 1075A3.
This represents at least two orders of magnitude enhance-
ment over previous approaches for typical figure of merits
that compare the magnitude of CD/OR and the lenght or vol-
ume over which it is realized. Straightforward improvements
can be readily achieved by reducing cavity mode volumes to
107873 [41] or by increasing the ratio v./1, through the mag-
netic field or the temperature [41], as this ratio governs the
overall magnitude of the chiral effects. In summary, along
with the numerous opportunities it allows for harnessing ul-
trastrong chiral light-matter interactions for the sensing and
control of matter at THz frequencies, this system stands out
as a singular platform within the electromagnetic spectrum
for unravelling novel phenomena in chiral plasmonics thanks
to the extended parameter space in v,/v, which remains be-
yond reach at mid-infrared and optical frequencies.
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Methods

Sample manufacturing

Samples were manufactured starting from a 500 pm thick,
< 100 > oriented, bulk wafer of InSb commercially available
(MTI Corporation). The InSb wafer was nominally N-type
undoped. Each sample consisted of a ~ 5 mm x 5 mm *
0.5 mm InSb substrate dice-cut from the wafer. An insulating
layer of SigN,; was deposited via plasma enhanced chemical
vapor deposition and the top metallic patches were realized
via photolithography followed by metal deposition of Ti(15
nm)/Au(200 nm). The geometric and optical parameters of
the samples are provided in the supplementary information.

THz spectroscopy

Spectroscopy of the samples was performed with a time-
domain THz spectrometer driven by an ultrafast Ti:Sapphire
oscillator. THz generation and detection were achieved via
a photoconductive emitter (Tera-SED) and a 1 mm thick
< 110 > ZnTe crystal, respectively, allowing for spectroscopic
coverage from 0.2 THz to 2.5 THz. Delayed THz pulses orig-
inating from the optical components of the setup were elimi-



nated by windowing the main THz pulse reflected off the sam-
ples. The time domain signals were Fourier transformed and
analyzed in both their amplitude and phase. All reflectivity
measurements were conducted at normal incidence and room
temperature. For absolute measurements of the reflectivity,
we used the THz pulse reflected off a gold-coated sample as a
reference. In all measurements, the THz spot size (~ 2 mm in
diameter) is well below the size of the manufactured samples,
so that the samples can be considered infinite in the plane
containing the interface (z-y plane in Fig. a). Polarization-
resolved THz measurements were obtained by initially decom-
posing the linearly-polarized incident THz pulse into the o
circular basis. The reflection coefficient of each o4 component
was obtained thanks to a polarization-resolved detection. A
description of the experimental setup and of the polarization-
resolved THz measurements is reported in the supplementary
information. The magnetic field was applied by a large static
magnet located behind the sample and was calibrated with a
Hall probe. Homogeneity of the magnetic-field and the uncer-
tainty on its absolute magnitude were better than 3% across
the THz spot size.

Numerical simulations

Numerical simulations of the cavities presented in Fig. 2b
were performed with the Rigorous Coupled Wave Analysis
method [59,[60]. The optical and geometrical parameters used
in the simulations are determined from experimental measure-
ments performed on the samples (see supplementary informa-
tion). The permittivity of Gold at THz frequencies was taken
from [61] and the permittivity of Siz Ny from [41].
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Figure 1: a) o4 polarization-resolved power spectra (top panel) and phase (bottom panel) of the reflected THz field from bulk InSb at
various magnetic fields between OmT and 500mT. Measurements are performed at normal incidence and the magnetic field is applied
perpendicular to the surface of the plasmonic medium. The dashed line indicates the location of plasma frequency v, at B = OmT.
b) Cyclotron frequency (black dots) as a function of magnetic field, determined from fitting the bulk reflectivity spectra with the
magneto-plasmonic model of permittivities (see also supplementary material). Red and blue dots indicate handedness-dependent
plasma frequencies v, o, associated with the cyclotron resonance active and inactive bulk magneto-plasma waves ([35]) ¢) Sketch of a
single subwavelength chiral THz plasmonic cavity with overall dimensions s,d < A\g. d) Characteristics of the plasmonic modes for some
selected cavity resonances of the circular patch cavity without a magnetic field: (n,L) = {(1,0),(1,+1), (1,-1), (3,41), (3,—1)}.
Shown are color plots of: 1) the normal component of the EM-field (Re(E.)) (top) and 2) relative density of the o+ polarized photons
(or ’spin’ density, bottom) of the corresponding surface plasmon e) Resonance splitting expected for the different orbital modes of the
subwavelength cavity as a function of the cyclotron frequency.
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Figure 2: Figure 2: a) Sample architecture and geometrical parameters of the two-dimensional array of circular patch cavities (right).
Top-view optical pictures of the actual samples (left). b) Experimental (left) and simulated (right) normal incidence THz power
reflectivity spectra of the 3 samples investigated at zero magnetic field (B = 0mT): s = 43um (orange solid curve), s = 32um
(purple solid curve), s = 21um (green solid curve). The normal incidence THz power reflectivity spectrum of bulk InSb is reported for
comparison (black solid curve). The different plasmonic resonances are reported: main cavity resonance (dots), second cavity resonance
(triangle), intercavity resonance (squares), first-order diffraction of the array (star) ¢) Simulated EM mode profiles of the s = 43um
sample performed at frequencies corresponding to the resonances indicated in panel b. All mode profiles are shown for a z—cut taken
in the middle of the dielectric insulator at z = d/2. Top: Mode profile of the main cavity resonance (plot of Re(E.)). Center: Mode
profile of the second cavity resonance (plot of Re(E.)). Bottom: Mode profile of the inter-cavity resonance (plots of |E,| and |E,|)
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Figure 3: Experimental measurements of the o4 polarization-resolved THz power reflectivity spectra as a function of magnetic field
between O0mT and 500mT for the three samples investigated: a) s = 21um b) s = 32um and ¢) s = 43um. The central panels display
the THz reflectivity spectra in color scale. For each magnetic field, the corresponding cyclotron frequency is reported on the right axis.
The top and bottom panels show the THz spectra at B = 500mT obtained for the o4 (bottom panel, red solid curves) and o— (top
panel, blue solid curves) polarizations, together with the THz spectrum obtained at B = 0mT for comparison (grey solid curves).
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Figure 4: a) Location of the poles (Ip) and zeros (7.0) of the cavity resonance in the complex plane and their trajectory under
application of the magnetic field. b) Chirality of the cavity parameters as a function of magnetic field for o (red dots) and o_ (blue
dots) polarizations. Top panels: relative frequency-shifts dvo,0, /vo. Bottom panels: radiative decay rates I'y»,. The experimental
data (dots) is compared to the model describing the variation of the radiative decay rates in a magnetic field (black solid lines):
oy (B)=a ’1 + 7oy 0(v, B)‘Q(see main text). From left to right: s = 43,32 and 21pm cavity samples. ¢ Sketch of the origin of the
chirality and of the tuning of the radiative decay rates with the magnetic field. In the absence of the gold patch, incoming and reflected
light from the plasmonic medium interfere to form standing waves with total amplitude |Et0w " | (the background field) whose location
of nodes and anti-nodes depend on the phase ¢, (v, B) imposed by the medium upon reflection, as shown by the dashed lines which
indicate the location of the anti-nodes of the background field. When the gold patch is then introduced, it acts both as a support to
the cavity resonance and as a coupler to it. Its location with respect to the background field determines how much light is coupled in
and out of the cavity. The chirality and tunability of the phase ¢» (v, B) of the bulk plasmonic medium, as shown in Fig. 1a, is hence
rooting that of the radiative decay rates. d Analogy of the tuning of the radiative decay rates with a resonant nanoparticle located
above a metallic mirror. In the absence of the nanoparticle, incoming and reflected light from the metallic mirror form standing waves.
When the nanoparticle is then immersed into this background field, its location determines the amount of light that is scattered and
used to drive its resonance, i.e. the radiative decay rates. If it is located at the anti-node of the background field, the absence of light
inhibits the resonance, while if it is located at a node, the resonance is maximally driven. The height of the nanoparticle controls in
this case the radiative decay rates and tunability is achieved geometrically.
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Figure 5: Comparison between the optical activity arising from the bulk semiconductor and a THz metasurface. a Sketch of the change
in the polarization of the light as due to optical activity from either the bulk semiconductor or a structured metasurface (here shown
is the metasurface). Optical activity manifests in circular dichroism (CD) and optical rotary dispersion (OD). For linearly polarized
incident light, CD results in elliptical polarization while OR results in optical rotation of the polarization by an angle 6 of the reflected
light. b Comparision of CD and OR between the bulk semiconductor (top panel) and s = 32um metasurface (bottom panel) at

B = 500mT.
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