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We theoretically study circular dichroism of chiral molecules embedded inside an helicity-
preserving Fabry-Pérot cavity. We find an increase of the intrinsic chiroptical response of the
molecules by two orders of magnitude, and report the first clear signature of chiral cavity polari-
tons upon entering the regime of strong light-matter coupling. We study a cavity design based on
two dielectric photonic crystal mirrors acting, in a narrow frequency range, as efficient polarization
cross-converters in transmission for one polarization, and almost perfect reflectors for the other po-
larization. We show that a Pasteur medium hosted inside such a cavity can couple efficiently to
both the outside of the cavity and to the helicity-preserving mode, inheriting an enhanced chiral
character. We expect such a device to be useful in the future to design ultrasensitive chiral sensors

for optics and stereochemistry.

Optical activity (OA) and circular dichroism (CD) are
fundamental optical effects depending on the polariza-
tion of light [1-3]. Analysis of OA and CD signals has a
wide range of applications in physics [4-8], stereochem-
istry [9] and biology [10, 11], in particular as a spectro-
scopic tool to discriminate between chiral enantiomers,
molecules that are non-superimposable mirror-images of
each other. In the simplest case of a homogeneous, linear,
and isotropic (HLI) medium, OA is due to an off-diagonal
coupling between the medium electric (magnetic) polar-
ization and the magnetic (electric) component of the
propagating field [1, 2]. This coupling is given by the
dimensionless Pasteur pseudo-scalar coefficient x, which
is usually very small (of order ~ 1072 — 107° [2, 5]),
thus implying intrinsically weak OA and CD signals, and
limiting the sensitivity of traditional spectroscopy to dis-
criminate low concentrations of chiral molecules.

Several approaches have been proposed to circumvent
this problem. A fruitful one has been to design and fab-
ricate 2D metasurfaces [12-17], and planar chiral plas-
monic structures [18, 19], in order to engineer transmis-
sion and reflection properties of their scattered light [20].
This improved the ability of such materials to enhance
the chiral response of molecules deposited on their sur-
face [21-23], and thus to perform improved chiral sens-
ing [24, 25]. Another successful route has been to deposit
molecules on the surface of nanoparticles and induce a
plasmon-enhanced CD [26-30].

An alternative way to enhance OA and CD signals is to
increase the optical path and thus the resulting differen-
tial dephasing and damping accumulated between left cir-
cularly polarized (LCP,+) and right circularly polarized
(RCP,—) waves propagating inside the chiral medium.
At a first glance, the use of a Fabry-Pérot (FP) cav-
ity [34, 35] for this purpose is appealing, due to the
possibility of fine control of the cavity optical proper-
ties. Yet, the polarization of a circularly polarized wave
is reversed upon each normal reflection at a mirror inter-

face [36], thus resulting in a suppression of any CD en-
hancement [37, 38]. To cure this problem, recent works
on FP cavities adopted the strategies to use birefringent
mirrors [39], Faraday rotators [40], metasurfaces [41-43],
photonic crystal mirrors [32, 33], or to place a planar
chiral seed inside the cavity [44]. Some of these works
reported up to one [40] or two [42] orders of magnitude
cavity-induced enhancement of the measured chiroptical
signals. Chiral FP cavities are expected to have interest-
ing properties [45], especially upon reaching the polari-
tonic electronic strong-coupling regime, already observed
in normal FP cavities [46-48]. For instance, the sponta-
neous emission rates of LCP and RCP photons by single
chiral dipoles inside the cavity were predicted to be dif-
ferent [33], and the formation of a chiral polariton was
reported for cavities with Faraday rotators [40].

However, the questions of understanding the physical
mechanisms responsible for CD enhancement, and of how
to distinguish and optimize the contributions of the mir-
ror, embedded material and chiral polariton to the mea-
sured CD, are still open problems.

In this Letter, we propose a theoretical model of a
chiral FP cavity made of two helicity-preserving (HP)
dielectric photonic-crystal (PC) mirrors. For an LCP
(RCP) wave entering the cavity, we compute and ana-
lyze the total transmission factor Ty (7-) of the light
signal going out of the cavity. The CD signal is quan-
tified by the differential circular transmission (DCT) as
DCT = 2(T+ — T_)/(T4+ + T-). By fine tuning of the
cavity properties, we show the possibility to enhance the
intrinsic contribution to DCT of a chiral Pasteur medium
embedded inside the cavity by two orders of magnitude,
thus making such an optical device a suitable candidate
to realize chiral-discrimination measurements. We also
report the first clear signature of chiral polariton for-
mation upon entering the light-matter strong-coupling
regime, in the absence of any applied static magnetic
field.



Figure 1. a) Sketch of a standard optical Fabry-Pérot cavity made of two silver mirrors. The polarization is reversed at each
metallic mirror reflection inside the cavity. b) Sketch of chiral thiophene polymers embedded inside the cavity, exhibiting a
3D helical spatial structure [31]. The molecular optical response in the visible can be tuned by chemical functionalization
of the helix side chains. c¢) Helicity-preserving Fabry-Pérot cavity, made of two helicity-preserving dielectric photonic crystal
mirrors inspired by Refs. [32, 33], filled with the chiral molecules in b). The dominant process at w = wy, is the conversion
of polarization upon transmission through each PC mirror interface. As such, the helicity-preserving mode cannot be directly
driven from the outside of the cavity by LCP. d) Same system as in ¢) at w close but not equal to wp,. The main process is
the helicity-preserving reflection inside the cavity. Here, the HP mode is coupled to the outside of the cavity and can be driven

by LCP light.

Modelling a FP cavity.— We first model a normal FP
cavity made of two highly reflective silver mirrors (see
Fig. 1-a)). Such mirrors are described by a thin homoge-
neous layer, with Drude-Lorentz permittivity accounting
for the metal dispersion and losses [36, 49]. We then fill
the cavity with a thiophene polymer medium (see Fig. 1-
b)), that can be functionalized such that the polymer 3D
structure is arranged in helices, and has a bright absorp-
tion peak in the visible at frequency wg ~ 1.9 eV /R [31].
Optical properties of the resulting HLI Pasteur medium,
are described by the Condon constitutive relations [2],
linking the displacement vector D and magnetic induc-
tion B to the electric field E and magnetic field H:

D = egeE + ifﬁ, (1)
c

B = popH —i"E, (2)
c

where ¢ is the speed of light and ey (po) is the vac-
uum permittivity (permeability). The relative perme-
ability p is taken equal to 1, since the medium is non-
magnetic. The relative permittivity ¢ is described by a
broad Lorentzian absorption lineshape [36]:
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where iy = 0.1 eV /i is the material damping factor, and
€0 18 the background relative permittivity. In Eq. (3),
wp is the medium plasma frequency (proportional to
the square root of the molecular concentration), and
f € [0,1] the oscillator strength for the electronic tran-
sition. The Pasteur coefficient « is fixed at a constant

typical value xk = +(—)10~3 for left (right)-handed poly-
mer helices. Knowing the optical properties of each layer
composing the FP cavity, we compute its scattering S-
matrix [50, 51], connecting the input E and B fields to
the output ones (see Supplemental Material [52]). Our
system is reciprocal (being linear and without static mag-
netic field), and its S-matrix is thus symmetric [50, 51],
but not unitary, due to the losses in the Pasteur medium
and metallic mirrors. We implemented a transfer-matrix
numerical code [52, 53] adapted for layered chiral optical
media [54], to compute the transmission factors T and
T .

Helicity-preserving mirrors.—We complement our ap-
proach with a minimal model of PC mirrors, made of
two silicon nitride dielectric layers after Ref. [32] (see
Fig. 1-c)). The losses in the dielectric mirrors are negli-
gible in the considered frequency range, thus implying for
the latter a time-reversal-symmetric (unitary) [50, 51, 55]
S-matrix. For the upper (blue) mirror in Fig. 1-c), the
forward transmission matrix T_) and backward reflection
matrix R, are written in the basis of LCP and RCP
polarization [56] (See Supplemental Material [52] for a
detailed derivation):

Ao it 0 A 0 —ift|e?
s = ( [t _|e™ it] > P Re = ( —i[t|e?Y ’
(4)

B = ey e and |ty_|e =

where |t| = 5
Yor/ [ (W — wpr) 4+ Ypr] is the complex cross-transmission
factor [57-59]. In the band centered at the frequency
wpr = 2.0eV/h with bandwidth v, = 50 meV/h,
Eq. (4) enables to reproduce the frequency-dependence
of all transmission and reflection coefficients of the HP
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Figure 2. a) Total transmission factor T' = (T4 + T-) /2 at normal incidence as a function of incoming light frequency w and
light-matter coupling strength wy,+/f, for a normal FP cavity filled with a 250 nm layer of chiral thiophene polymer resonant
at wo = 1.9 eV /h. The polymer linewidth is taken as v = 0.1 eV /. The white dotted lines serve as guidelines for the eye. b)
Transmission map of 7 (w,wp\/f ) for an incoming RCP wave propagating across an helicity-preserving FP cavity, centered
at wpr = 2.0 eV /A, and with cavity linewidth taken as 0.05 eV/h. The cavity is filled with a 150 nm layer of chiral thiophene.
¢) Transmission map of Tl (w, wp\/f) for an incoming LCP wave, for the same cavity as in b). d) Plot of T_ (orange dotted)

and T (green dotted) curves as a function of w, cut at wpv/f = 0.2 eV/h along the dashed vertical lines in a). e) Same plot
as in d) of T_ (orange dotted line) and T+ (green full line) but for the cuts along the dashed vertical lines in b) and ¢). The

list of parameters is found in Supplemental Material [52].

mirror reported in Ref. [32] and modelled in Ref. [33].
For w =~ wp,, this mirror acts as an efficient polariza-
tion cross-converter in transmission for incoming LCP
waves (|t—y| =0, |t1_| &~ 1) and reflector for RCP waves
(Irpsl =0, ]r——| = 1).

Analogously to the definition of helicity-content in the
context of duplex-symmetry for free-space [60], we in-
vestigate if the mirror involves helicity-preservation in
transmission or reflection. To this aim, we examine the
ratio between |ty _| and [¢|]. When [¢| < |[t1_|, we find
the case of an ideal HP mirror, for which the helicity of
RCP light is conserved in reflection and the one of LCP
light is cross-converted in transmission. The situation
is reversed for |t| > |t4_|, recovering the case of a nor-
mal mirror. We note that the PC mirror properties for
a wave approaching the upper (blue) surface from below
are reverted, namely LCP light is reflected while RCP
light is cross-converted in transmission. We are then
able to complete the cavity with the lower (orange) mir-
ror in Fig. 1-c), obtained by flipping the surface of the
previous one. Contrary to the case of normal mirrors,
the obtained FP cavity is helicity-preserving [33, 61].
Indeed, internal reflections are allowed only for incom-
ing LCP waves, whose polarization is preserved upon
reflection (see Fig. 1-d). However, the same polariza-
tion (LCP) that is efficiently reflected internally is also
the one which gets cross-converted upon transmission,
namely from LCP to RCP (see Fig. 1-c).

As a consequence, when the mirrors act as perfect
cross-converters and reflectors w = wp, (Fig. 1-c), the
circularly polarized cavity mode is decoupled from the

outside of the cavity, and cannot be populated efficiently
from the outside with incoming LCP waves (see Supple-
mental Material [52]). On the other hand, when w is
detuned with respect to wy, (Fig. 1-d), the HP mode
couples efficiently to the outside of the cavity. We thus
choose a material absorbing at wy = 1.9 eV/h # wyy,
and drive it at frequencies detuned with respect to wp,.
In this way, we can observe the effect of the HP cav-
ity in a spectral region which does not overlap with the
transparency window of the cavity.

Cavity optical transmission.—We show in Fig. 2-a), the
2D map of the average transmission T = (T} +7-) /2
across a normal FP cavity, as a function of the input light
frequency w and light-matter coupling strength wy,/f.
Light enters the cavity at normal incidence, and one of
the cavity optical modes is brought into resonance with
the material absorption frequency wy. The plots of T (w)
and T_(w) corresponding to the cut along the dashed
white line at w,\/f = 0.2 eV/h, are presented in Fig. 2-
d) as blue and orange dots respectively. We obtain as
expected that the T, and T_ signals are not significantly
different (the difference is actually two orders of magni-
tudes smaller than k), which confirms that the normal
cavity does not enhance the CD signal. This remains
true even upon entering the polaritonic strong-coupling
regime [62], for which lower (LP) and upper (UP) polari-
tonic branches appear (see Fig. 2-a)). This is due to the
above mentioned polarization-reversal of the waves upon
each reflection at the metallic mirrors.

The 2D maps for T} and T_ obtained in the case of
an HP cavity (see Fig. 1-d)), are shown in Fig. 2-b) and
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Figure 3. a) 2D map of DCT signal as a function of incoming
light frequency w and cavity length L, in an HP cavity. The
optical cavity modes are shown as blue areas in the proximity
of the HP band appearing in orange. b) Plot of DCT(w)
realized along the dashed black line in panel a) corresponding
to the cavity light mode for L = A\/2. The comparison with
the analytical result of Eq. (5) is shown as a dashed black
line.

Fig. 2-¢) respectively. They are strikingly different from
the case of normal FP cavity. As shown in Fig. 2-¢), there
exists a band at w = wp, for which the LCP wave is per-
fectly transmitted whereas there is no transmitted RCP
wave, as it is completely reflected by the upper mirror.
The transmission of an LCP wave is the superposition
of two distinct effects: the first is the cross-conversion of
polarization between LCP—RCP—LCP (with efficiency
1 at w = wy,) as light propagates across the structure.
This corresponds to a full transparency of the cavity to
the LCP driving. Since the incoming LCP field is fully
converted to RCP, the standing-wave LCP mode inside
the cavity is fully decoupled from the outside of the cav-
ity, similar to a Bound State in the Continuum [63].

The second effect is observable on the red-shifted tail
of the cavity resonance. Here, the behavior of the cavity
deviates from the ideal cross-conversion and perfect re-
flection, allowing leakage of LCP inside the cavity mode.
As such, the UP of the material couples efficiently to
the circularly polarized cavity mode, which exhibits a
Fano-like lineshape. The Fano-like feature stems from
the interference between the narrow (localised) helicity-
preserving mode and the spectrally broad achiral Fabry-
Pérot modes and material absorption that act as an ef-
fective continuum [39]. As a consequence, the HP cavity
significantly modifies the CD signal in the proximity of
the HP band. Consequently, the UP acquires an imbal-
ance between its left and right polarization content upon
reaching the HP region. This is the first clear demonstra-
tion of a chiral polariton excitation in a non-magnetic FP
cavity, and one of the main result of this paper.

DCT signals.— In order to interpret the previous re-
sults, and unravel the role of dielectric PC mirrors in the
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mechanism of CD enhancement, we show in Fig. 3-a),
the 2D map for DCT as a function of incoming light fre-
quency w and cavity length L. This signal is computed
for an empty HP cavity, namely in absence of embed-
ded Pasteur medium. The HP band appears as a brown
non-dispersive region, whereas the dispersive optical cav-
ity mode is seen as a blue region. Narrow asymmetric
peaks [39, 59] appear, which are generated by interac-
tion between the broad cavity-mode tail and the narrow
HP mode.

We present and analyze in more detail in Fig. 3-b)
the DCT signal for a cut along the cavity optical mode
shown as a dashed black line in panel a). We find an
exact analytical expression for this signal [52]:

16(4 — 64)

DCT =
¢ 32(1+62) +86* + 68"

(5)

with § = (w — wpy) /7pr the relative detuning with re-
spect to the HP band. The outcome of Eq. (5) is shown as
a dashed black line in Fig. 3-b), and perfectly matches our
transfer-matrix numerical calculation. At the center of
the HP band (6 = 0), the PC mirrors are designed to let
the LCP (RCP) wave be perfectly transmitted (reflected)
by the cavity, with Ty = 1 (T_ = 0), so that DCT = 2,
thus realizing a point of duality symmetry and maximum
electromagnetic chirality [61]. Yet, as commented previ-
ously, the cavity mode at § = 0 is decoupled from the out-
side of the cavity, limiting its utility for chiral sensing as
the field and thus the light-matter interaction inside the
cavity are not enhanced. More interesting features ap-
pear away from the HP region (|6] > 1), where the DCT
gets negative and decays with the fourth power of inverse
detuning DOT ~ —16/6*. The vanishing of DCT at large
detuning simply recovers the behavior of normal mirrors.
The remaining negative DCT in this region arises from
the imbalance between the reflection factors r__ and r4 ¢
at the mirror interface (see Eq. (4)), which tends to in-
crease T_ with respect to T'y. Upon coming closer to the
HP region, the DCT signal decreases, finally reaching a
minimum and large negative value close to the crossover
(located at |§| = v/2) between the normal and HP re-
gions, where it becomes possible to populate directly the
helicity-preserving mode. The existence of such a region
of strong negative DCT, is another important result of
this paper: it is associated with an asymmetry in polar-
ization content of the electromagnetic field stored inside
the cavity (see Supplemental Material [52]). The pres-
ence of such regions are promising to achieve enhanced
chiral sensing, and is a general feature of the modeled
cavity, as shown by Eq. (5). In addition, these regions
allow to reveal the emergence of the chiral polaritons re-
ported in Fig. 2: by increasing wy,+/f, the position of
the UP enters the blue region, and as a result the chiral
material couples efficiently with the circularly polarized
cavity mode.
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the cavity normal mirrors).

Chiral sensing.—To reveal the consequences of this
coupling with the cavity mode, we reconsider the HP
cavity filled with the Pasteur medium of Fig. 1-d), and
investigate the ADCT [53], measured as:

ADCT (k) = DCT (k) — DCT(0) . (6)

This signal enables to subtract the dominant background
contribution of the HP mirrors (shown in Fig. 3) obtained
at k = 0 from the x-dependent DCT. We present in
Fig. 4-a) the 2D map of ADCT corresponding to the
same cavity as in Fig. 2-b) and c), except for the thick-
ness of the Pasteur medium chosen at 150 nm. As ex-
pected, the HP band and polariton branches are absent
from this map, since they are part of the removed back-
ground signal. Remarkably, the crossover region expe-
riencing an enhanced negative DCT is still observed in
Fig. 4-a), as a blue region with ADCT < 0. In this
region a thin brown asymmetric resonance emerges (also
seen in Fig. 2-¢), which presents a strong positive ADCT.
We further characterize in Fig. 4-b), the frequency de-
pendence of this resonance cut along three dashed black
lines in Fig. 4-a), each corresponding to different values
of w,y/f. We show that in the orange region where the
material couples to the cavity mode, the corresponding
ADCT signal is up to two orders of magnitude higher
than the corresponding signals obtained in the case of
a normal FP cavity (blue curves labelled as ADCTy in
Fig. 4-c). Moreover, as shown in the inset of Fig. 4-b),
the DCT reverses sign upon changing the medium chi-

rality (and thus the sign of k). This is a clear proof that
the ADCT-signal is a measure of the intrinsic chirality
of the molecules embedded inside the cavity.

As a last important result of this paper, we predict
the possibility to perform chiral sensing experiments by
fine optical tuning of a non-magnetic HP cavity, with two
orders of magnitude enhancement compared to a normal
cavity. The inset of Fig. 4-b) shows indeed a linear de-
pendence with xk of ADCT (k) ~ Sk, with S being the
slope or sensitivity of this measurement. This suggests
to use this linear signal for calibrating the excess concen-
tration in left or right chiral molecules in a given mixture
of enantiomers. Finally, we see in Fig. 4-b) that for the
HP cavity, ADCT decreases with the polaritonic cou-
pling wy+/f, while the opposite is true for the normal
cavity of Fig. 4-¢). This is due to a modification in the
impedance mismatch between the Pasteur layer and the
mirrors, thus resulting in a w,+/f-dependent shift of the
blue region [52].

In conclusion, we have investigated chiroptical prop-
erties of a non-magnetic helicity-preserving Fabry-Pérot
cavity, made of two dielectric photonic crystal mirrors.
We have shown the existence of a region close to the
helicity-preserving band where the material can couple
efficiently to the circularly polarized cavity mode. As
a result of this mechanism, we predict that the intrin-
sic contribution to circular dichroism of a chiral Pasteur
medium can be enhanced by up to two orders of magni-
tude compared to a normal Fabry-Pérot cavity. We show



the promising possibility for biological, chemical and
pharmaceutical applications, to use this cavity for chiral-
sensing measurements. Finally, we unravel the presence
of chiral polariton excitation, that can be generated upon
reaching the electronic strong-coupling regime. We hope
that this work will stimulate new experiments and open
new roads to investigate chemical reactivity of materials
in cavity-confined chiral optical environments [40, 64, 65].
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