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on achiral Fabry-Pérot cavities using
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Realizing polariton states with high levels of chirality offers exciting prospects
for quantum information, sensing, and lasing applications. Such chirality must
emanate from either the involved optical resonators or the quantum emitters.
Here, we theoretically demonstrate a rare opportunity for realizing polaritons
with so-called 2D chirality by strong coupling of the optical modes of (high

finesse) achiral Fabry-Pérot cavities with samples exhibiting “apparent circular

dichroism” (ACD). ACD is a phenomenon resulting from an interference
between linear birefringence and dichroic interactions. By introducing a
quantum electrodynamical theory of ACD, we identify the design rules based
on which 2D chiral polaritons can be produced, and their chirality can be

optimized.

Addressing and storing chirality in the optical fields of cavities and
other resonators is of fundamental and technological importance. This
issue has gained urgency with the rapid developments in the areas of
quantum computing, quantum sensing, and quantum communication,
prompting interest in photons as candidate quantum information
carriers'™. Photons are both highly mobile and weakly interacting, as a
result of which their quantum state can be transported over long dis-
tances, while quantum information can be conveniently stored in their
internal spin degree of freedom. Importantly, the manifestation of
photonic spin as circularly-polarized light allows this information to be
transduced to matter by means of chiroptical interactions, allowing
photons to be straightforwardly incorporated in quantum networks®™.
Optical resonators provide a viable means to amplify the intrinsically-
weak light-matter interactions, allowing the strong coupling regime to
be reached". Within this regime, photons hybridize with excitations of
the involved material (quantum emitter), producing polaritons”,
Chiral polaritons, where strong coupling is combined with high
degrees of chiral dissymmetry, would offer the ideal conditions for
photon-to-matter quantum transduction. Moreover, it would be of
interest to chiral sensing'”?® and provide an opportunity to realize
chiral lasing.

While previous studies of chiral strong coupling have focused on
plasmonics® %, such implementations suffer from considerable ohmic
losses that inhibit the functionalities offered by polaritons. In that

regard, high finesse Fabry-Pérot (FP) cavities” make for a preferred
optical resonator. Accordingly, the chiral symmetry should be broken
for either the cavity or the quantum emitter (or both). The former is an
interesting line of inquiry?*>¢, but involves the challenge of simulta-
neously optimizing for chiral dissymmetry and for the finesse. Break-
ing the chiral symmetry in quantum emitters, on the other hand, is
subject to a rather restrictive constraint imposed by (ordinary) FP
cavities, namely that chiral dissymmetry is inverted for counter-
propagating light. The latter is due to circular polarization switching
handedness upon reflection at a mirror (i.e., switching from left- to
right-handed and vice versa), as depicted in Fig. 1e”. As such, the
quantum emitter must invert its handedness upon plane reflections
parallel to the light propagation direction; a phenomenon referred to
as two-dimensional (2D) chirality’®*. Optically-active samples*®
instead exhibit three-dimensional (3D) chirality associated with point
reflections, thereby undergoing identical chiroptical interactions with
counter-propagating light, as a result of which they do not produce
chiral polaritons in a FP cavity. Perhaps due to these constraints, chiral
polaritons based on FP cavities have to our knowledge not yet been
experimentally realized.

In this paper, we demonstrate a rare opportunity for realizing 2D
chiral polaritons in FP cavities based on quantum emitters exhibiting
“apparent circular dichroism” (ACD). Not unlike FP cavities them-
selves, ACD as a scientific phenomenon traces back many decades”,
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Fig. 1| Schematic depiction of apparent circular dichroism (ACD) and its
implementation within an achiral Fabry-Pérot (FP) cavity. Energy level diagram
(a) and schematic of the transition dipoles (b) of a minimal ACD sample involving
two bright, nondegenerate, and oblique transition dipoles. Angular transition fre-
quencies @; and w,, transition dipoles g and y,, and inter-dipole angle 3, are
indicated. Shown below is a schematic depiction of ACD due to linear birefringence
(LB) and linear dichroism (LD) resulting from forward (c) and backward (d) pro-
pagation, yielding absorption of left-handed (green) and right-handed (orange)
circularly-polarized light, respectively. The prime on LD indicates a 45° rotation in
the plane of polarization. Also shown is a depiction of the interactions between an
ACD sample and an achiral FP cavity (e) involving the selective absorption of the
A=+ polarization mode.

but in recent years has seen a marked increase in interest***. It results
from oblique dichroic and birefringent axes of a sample, giving rise to a
net difference in the absorption of clockwise and counter-clockwise
rotating optical fields [corresponding to a differential absorption of
left-handed and right-handed circularly-polarized light for a given
irradiation direction*** as depicted in Fig. 1c]. Within Mueller calculus,
where light-matter interactions are described by matrices that
manipulate polarization vectors*, the leading contribution to ACD is
given by

ACD(w) = % (LD(@) - LB (@) — LD'(@) - LB(@)). 6

Here, LD and LB represent linear dichroism and linear birefringence,
respectively, and the prime indicates a 45° axis rotation in the plane of
polarization. ACD in principle fulfills the 2D chirality requisite for
inverted chiroptical response, as shown in Fig. 1d. Moreover, ACD is of
second (or higher) order in terms of optical interactions, such that its
magnitude increases with sample thickness. As a result, (chiral) dis-
symmetry factors typically exceed those commonly found for optical

activity*®. This suggests ACD to provide a unique opportunity for
producing 2D chiral polaritons based on FP cavities.

In a recent work, we presented a microscopic yet semiclassical
theory of ACD under weak light-matter coupling wherein the Mueller
calculus treatment embodied by Eq. (1) was combined with a Lorentz
oscillator model*”. This allowed us to identify geometric sample
properties that enable this process, namely the presence of oriented
molecules featuring a pair of bright, nondegenerate, and oblique
transition dipoles, as depicted in Fig. 1a, b. This work was motivated by
a recent series of spectroscopic studies on ACD in organic thin films
performed by Di Bari and coworkers*®**2, In prior decades, ACD was
mostly considered to be an optical artifact™° arising especially in dye-
doped cholesteric liquids®®, self-assembled fibers in solution®>®,
dyes bound in a linear orientation via a supporting matrix®**, and
nanowires®’. Indeed, ACD is not related to optical activity and is not to
be confused with “real” CD, yet it may contaminate real CD
measurements®. Perhaps for that reason, earlier theoretical works on
ACD®° restricted themselves to macroscopic Mueller or Jones™
treatments, although there are some notable early efforts at con-
necting ACD to microscopic sample properties*-’>.

In demonstrating 2D chiral polaritons, the present Paper intro-
duces a quantum electrodynamical theory of ACD. Departing from the
semiclassical treatment from our previous work?, which fails to
describe strong coupling and polariton formation, the current theory
is based on an appropriately-extended Jaynes—-Cummings model”,
providing a quantum-mechanical treatment of a single quantum
emitter in an ideal (lossless) cavity. It is shown that dissymmetries near
the theoretical maximum can be achieved even within the single-
molecule limit, as the FP cavity allows light to repeatedly interact with
the quantum emitter, thereby increasing the optical path length.
Generic rules are presented based on which the dissymmetry can be
optimized, while particular attention is paid to the utilization of ben-
zo[1,2-b:4,5-b']dithiophene-based (BDT-based) oligothiophene as a 2D
chiral quantum emitter.

Results

2D chiral interaction terms

Our quantum electrodynamical theory of ACD is based on a suitably
modified Jaynes-Cummings model”. Accordingly, the optical polar-
ization is described using the natural basis of orthogonal clockwise and
counter-clockwise rotating modes (for a given observer direction)
inside an idealized Fabry-Pérot (FP) cavity’*, referred to as A=+and
A=-, respectively. The light-matter interaction Hamiltonian (within
the rotating wave approximation) then takes the form

H ing =1 Z Z Ao Wnfln (a;bn - &Ab;) ’ 2)
n A=z

where Ag is the vector potential associated with the mode of polar-
ization A, and where a] and @, are the associated photon creation and
annihilation operators, respectively. If instead, the light-matter inter-
action Hamiltonian was expressed in terms of the more commonly-
used x and y linearly polarized optical basis, our analysis would not
change but the resulting expressions would be less intuitive. .

In Eq. (2), nruns over the excited states of the sample, with b, and
13n as the corresponding creation and annihilation operators, respec-
tively. Moreover, fiw, is the associated excited state energy (where the
ground state energy is taken to be zero as a reference), and fi,, , is the
projection of the associated transition dipole vector onto the A
polarization (which therefore obeys the same inversion anti-
symmetry). Notably, achiral as well as 3D chiral samples have
[, + =M, _, as aresult of which there is no selectivity with regard to the
A=+and A=~ polarization modes of the FP cavity. This selectivity will
similarly vanish for a full three-dimensional orientational average of an
ACD sample. Indeed, the ACD phenomenon relies on oriented
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samples, although rotations in the plane normal to the light propa-
gation direction do not diminish its effect*’.

It is important to emphasize that ACD (different from real CD)
is not the result of a single chiroptical event at the microscopic
level. Rather, it is a double-scattering event consisting of sub-
sequent birefringent and dichroic interactions. Instead, the Hamil-
tonian given by Eq. (2) implicitly assumes a single absorptive event.
Our approach to incorporate ACD in this Hamiltonian is, therefore,
to only explicitly invoke the (second) dichroic interaction, and to
include the (first) birefringent interaction through its effect on the
transition dipole projection j1,,. In doing so, we first proceed to
treat ACD semiclassically and within the regime of weak
light-matter coupling. This treatment is agnostic to the presence or
absence of a cavity, and merely considers ACD as a chiroptical
response resulting from light with a given optical frequency pro-
pagating through a sample for a given optical path length /. Within
this treatment, and assuming molecular crystals where inter-
molecular interactions are negligible, we have previously shown
that the ACD transition rate takes the form*

ACD(w)= %lzfzwz Zpﬁwnpfnwm Vo @W (@) Sin2By),  (3)

where w is the optical (angular) frequency. Here, n and m run over
the excited states of the involved molecule, with z2 :ﬁi,,, +[:l,21'7 as
the squared total dipole moment of state n, and B,,, as the angle
between the transition dipoles associated with states n and m. It is
assumed that all transition dipoles lie in the plane perpendicular to
the light-propagation direction (xy plane), or that any transition
dipoles appearing in our analysis have been projected into this
plane.InEq. (3),{ = (hcue(,\/g)’1 with v being the unit cell volume
of the molecular crystal and €.. being its effective high-frequency
dielectric constant. Also appearing in Eq. (3) are the lineshape
functions

2 2
w =Y
n((l)) (wf,—wz)z el @
— Yn®
Va(w) =

.
(@}—?) +phw?

These correspond to the real and imaginary frequency-dependent
components of the dielectric susceptibility due to excited state n,
respectively, and y,, is the associated damping parameter accounting
for lineshape broadening. As can be verified by examination of Eq. (3),
aminimal requisite for ACD signals incorporating the desired inversion
antisymmetry is to have a minimum of two nondegenerate and
nonparallel transition dipoles as well as macroscopic ordering®’.

Eq. (3) embodies a Fermi’s Golden Rule treatment of ACD, simi-
larly to that of mean (linear) absorption, the latter of which is given by

Aw)=Ilfw Z,uf,wn V(). )

Alternatively, mean absorption can be expressed as
Aw)=1 (A, (w)+A_(w)), with the A= £ contributions given by

Ay(w) = 2Ew Zﬂ,zmwn V(). (6)

Key to establishing the form of fi,,, is that ACD can equivalently be
expressed as ACD(w)= (A, (w) — A_(w)). By comparison with Eq. (3),

it then follows that
- 1 1
Hnp = Ho\[5 + 5Ta00 @

where 7. = + 1is an indexing variable, and g,, is the “2D chiral interaction
term” defined as

1 .
o, = 3 lfw Zﬂfnwm W (w) Sm(zﬁmn)' (8)

m#n

Here, it can be seen that for a given excited state n, other excited states
project onto the 2D chiral interaction terms through their real
dielectric dispersion, W,(w). As a result, j1, ; attains an w dependence
through o,,. Importantly, the underlying birefringent interaction lends
a linear dependence of o0,, on L. While g, should in principle be physi-
cally bounded by -1 and 1, corresponding to transition dipoles being
entirely — or + polarized, respectively, its linear dependence on [ may
violate this, leading to unphysical values of o, as detailed below. The
latter is a consequence of the second-order Mueller calculus treatment
applied in order to arrive at Eq. (3).

Having established expressions for f1,, . and 1, _, we will proceed
to consider a quantum electrodynamical model of ACD tailored to FP
cavities. Accordingly, we replace the optical frequency w by the reso-
nance frequency of the FP cavity Q set by the mode volume. Here, we
will limit ourselves to the lowest-frequency resonance. Furthermore, [
now denotes the total path length due to repeated passes through the
sample under internal cavity reflection. It should be noted that the
Mueller calculus treatment underlying our ACD formalism implicitly
considers the cavity mirrors to represent reciprocal boundaries
imposed on the sample (see Methods). In practice, the path length will
be limited by the cavity finesse. In this work we will ignore this effect,
reserving its inclusion to a follow-up study. Instead, we loosely define
the path length as the distance required for the average electro-
magnetic intensity to decay to e of its original magnitude when
(repeatedly) propagating through the sample, meaning the value at
which A(Q)=1 (assuming Arrhenius-type isotropic absorption). This
yields

1

=,
QY Ha @0,V n(Q)

9

where we note that [ attains a Q dependence due to the dispersion of
the sample absorption. Substituting Eq. (9) into Eq. (8) then yields

2 S 1@V y(Q) ' o)

Op

Interestingly, this form of g, is independent of the path length.

It is instructive to consider o, for the case of two transition
dipoles, which is the minimal configuration giving rise to finite ACD. In
this case, Eq. (10) simplifies to

_ 1 W @) Vo) o
0= %% sin(28,),

LT, 1
. (
0= — %7&?23{-?3 sin(28,y),
e w
where
_V© _m\ _ @
rV:m: Hz:ll—%’ “’:w_z' (12)

We furthermore have that the numerators in Eq. (11) can be simplified
as W, (Q)/V,(Q)=(w? - QZ)/(ynQ). Eq. (11) elucidates how different
parameters impact the 2D chiral interaction terms. Specifically, their
signs are governed by the sign of ,;, while both their magnitudes are
maximized when f35; = + 45°, which was previously recognized to be the
angle of maximum ACD*"**%2, Interestingly, |o;| and |o5| are oppositely
impacted by I'y, T2, and T, as increasing their values minimizes ||
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Fig. 2 | Survey of 2D chiral interaction terms. 2D chiral interaction terms o, for
two transition dipoles as a function of cavity frequency Q (a), transition dipole
moment ratio z,: iy with g fixed (b), damping parameter y (c), and transition
frequency gap w, — w; with w, fixed (d). Shown are results from a second-order
Mueller calculus treatment, using Eq. (11) (dotted curve), alongside those from an
infinite-order treatment (solid curve; see text), with w; =2.0 eV #™ and

w,=3.0 eVHA [except for (d)], while the angle between transition dipoles is set to
B21=45°. Unless otherwise noted, y=0.10, i,: u; =1.0, and Q=2.1eV ' in order to
be slightly off-resonant with w;. Other material parameters are set to y; =10.0 D,
v=4.5nm’ and €..=8.0, with v being the unit cell volume of the involved crystal
and with e.. being its effective high-frequency dielectric constant. The orange
vertical line indicates points with the same parametrization across the different
panels.

while it maximizes |o,|. It is also noteworthy that W,(Q) =0 at Q = w,, as
aresult of whichg;=0at Q=w, and 0,=0 at Q=w;.

All of the trends discussed in the above are captured in Fig. 2,
which shows ¢; and o, obtained through Eq. (11) under sweeps of the
various parameters. Here, we have chosen the damping parameter to
be proportional to w,, such that y,=yw, for constant y, in order to
account for the lifetimes of higher-lying states being typically shorter.
From Fig. 2a it can be seen that 0,(Q - w,) = 6>(w, — Q), which would be
a rigorous equality if we assumed y; = y,. Figure 2b reflects the afore-
mentioned scaling of both 2D chiral interaction terms with I'. In this
and the remaining Panels the 2D chiral interaction terms are depicted
at Q = w,, for which I'yincreases with increasing frequency gap, w, — @y,
and with decreasing y. For the overall y dependence of |g;|, this con-
tribution counteracts that of W,(Q)/V,(Q), rendering |o;| nearly con-
stant under variations of y, as demonstrated in Fig. 2c. For |0,|, on the
other hand, both contributions act constructively as a result of which
this term decreases with y. Lastly, Fig. 2d depicts how |o;| decreases
with increasing w, - w; (through an increase in I')) with the reverse
dependence apparent for |o,]. These trends break down near
w,— w; =0 at which point we instead find that 0, =- 0y, since all para-
meters appearing in Eq. (11) are identical. We note that whereas the 2D
chiral interaction terms are proportional to ACD normalized to total
absorbance, we previously analyzed the dependence of ACD itself on
the frequency gap, and found that for ACD to be appreciable the
involved transitions should be within each other’s linewidth*’.

From Fig. 2a it becomes obvious that Eq. (11) may yield 2D chiral
interaction terms that break the physical bounds of -1 and 1. This is
particularly so for Q off resonance with w; and w,, where an increasing

path length [ causes a failure of the underlying second-order Mueller
calculus treatment, as previously mentioned. This failure can be
remedied by replacing the second-order Mueller calculus treatment by
its infinite-order variant, following previous work by Brown’’c.
Accordingly, 11 in Eq. (8) is replaced by an oscillatory function B;({)/!
(see Methods). Within this treatment, assessing the path length needs
the e decay distance to be evaluated numerically. Results for g, within
this improved treatment are shown alongside those from Eq. (11) in
Fig. 2, and are indeed found to obey the physical bounds. Notably, for
Q in resonance with w; and w,, results from Eq. (11) are seen to be in
close agreement with the infinite-order treatment. Importantly, even
when physically bounded, the 2D chiral interaction terms are seen to
approach +1 for reasonable parameter values, meaning that levels of
2D chirality near the theoretical maximum can be achieved for ACD
under ideal FP cavity confinement. We note that ¢.. and v have no
impact on the second-order treatment, but that they do have a (minor)
effect on the infinite-order 2D chiral interaction terms, which we
employ for the remainder of this Paper.

2D chiral polaritons

We will proceed to evaluate the polaritonic states arising from ACD
samples embedded in an idealized achiral FP cavity. Assuming the light
propagation direction to be normal to the cavity plane at all times, the
relevant optical modes organize in degenerate pairs with orthogonal
polarization. Such cavity by itself does not break the symmetry
between the two modes, and as such modes within any orthogonal
polarization basis will form valid intrinsic modes of the cavity.
Embedding of an ACD sample breaks this symmetry within the basis of
A=+and A=-polarized modes. To describe this, we extend the
light-matter interaction Hamiltonian from Eq. (2) within the single-
molecule limit in order to include the diagonal photonic and molecular
excitation energies, yielding the total Hamiltonian

H=1Q Y dlay+ S hoyb,b,
o ' 1 1 - ~f 13)
+iZ Z AO/lwnﬂn 2 + Erdon (&)'lbn - &Abn>‘
n A=+

Here, we introduced the 2D chiral interaction terms through Eq. (7).
The polaritonic eigenstates of this Hamiltonian follow from the time-
independent Schrodinger equation, /|W*) = £%|W*). Within the mani-
fold of single excitations (meaning a single photon or molecular
excited state) the eigenstates take the general form

we) = celys) + ¢
[9)="> dyln),
v = AL

),
(14)

where we first applied an expansion into the total contributions from
the molecular excited states (denoted “e”) and those from the optical
modes (denoted y), effectively invoking Hopfield coefﬁciggts”, fol-
lowed by sub-expansions of each. In the above, |n) = b,|0) and
|A) = a}|0), with |0) representing the vacuum state without molecular
or optical excitations.

In order to characterize the polaritonic eigenstates it proves
convenient to define a set of scalar metrics, the first of which is given
by

_ P —1dt

¥ = . 15
& T paty ®
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This metric is analogous to the dissymmetry factor commonly used to
characterize chiroptical signals, g=2(4. - A-)/(A+ + A_), and quantifies
the anisotropy in the admixture of both optical polarizations into the
polariton. Note that g¢ is bounded as-2<g“<2. A second metric is
introduced in order to quantify the polaritonic mixing,
X5 =2|CCy. (16)
This metric is maximized for eigenstates evenly split between mole-
cular and photonic excitations, and is bounded as 0 < y “<1. While g*
and y * quantify the degree of 2D chirality and light-matter hybridi-
zation, respectively, combining them yields a single scalar metric
quantifying 2D chiral light-matter hybridization. Accordingly, the
“polaritonic dissymmetry factor” is defined as
g8 =g%x" 17)
which is bounded as —2<g* <2. Maximal |g°| implies both optimal
polaritonic mixing and optimal 2D chirality, whereas a vanishing g*
implies that either polaritonic mixing or 2D chirality (or both) is
absent. It should be noted that any sign changes in g% are due to g%,
since x* > 0 by construction.

Shown in Fig. 3 are polariton dispersions, combined with a
representation of the polaritonic dissymmetry g% as a function of the
cavity frequency Q, assuming an achiral FP cavity by setting
Ao+ =Ao,_=Ao/+/2, such that the total vector potential obeys the
Pythagorean equality A3=A3 , +A5_ between orthogonal modes.
These results were obtained by solving the time-independent

a b
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1 1 1 1 1 1
// d //
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g

Fig. 3 | Polaritonic dissymmetry g as a function of (angular) cavity frequency Q
for the minimal configuration of two transition dipoles. Shown are results for a
vector potential Ao=35 eV e’'c? (a, b) and for Ao=70 eV e''c! (¢, d). Depictions of
g% are separated over two Panels to avoid overlap, and in each Panel corresponds to
the polariton dispersions indicated by the solid curves (other polariton dispersions
are indicated by the dashed curves as a reference). Results are obtained by
numerical diagonalization of the Hamiltonian given by Eq. (13), with inter-dipole
angle B, =45°, (angular) transition frequencies w;=2.0 eV#™ and w,=3.0 eVA?,
transition dipole moments u; = 1, =10.0 D, crystal unit cell volume v =4.5 nm?, and
high-frequency dielectric constant €.. = 8.0.

Schrédinger equation through numerical diagonalization of the total
Hamiltonian given by Eq. (13) while representing the molecule by the
minimal configuration of two transition dipoles with g =p, and
B1=45°. Combined with the two orthogonal photonic states, this
yields a total of four eigenstates. These states are depicted in Fig. 3 for
two values of Ag (the largest of which being still amenable to the
rotating-wave approximation). The dispersions shown in Fig. 3 exhibit
the known behavior of achiral polaritons, including a Rabi splitting in
the regions where Q crosses the excited state transitions. Unsurpris-
ingly, this Rabi splitting is seen to increase with Ao, replicating the
behavior of an achiral Jaynes—Cummings model’>. Importantly, how-
ever, there is an undispersed state following the light line in each
crossing region.

In Fig. 3, g% is seen to assume a bisignate profile that changes
minimally with increasing Ao, apart from an overall increase in ampli-
tude. This suggests that the Ao dependence is primarily confined to the
polaritonic mixing x, in Eq. (17), while the (bare) dissymmetry g* is
largely insensitive to Ao. Importantly, the polaritonic dissymmetry
reaches values of g% ~1.0, which is a substantial fraction of the
theoretically-maximum value. This is particularly remarkable since we
are considering a single molecule which within a conventional Mueller
calculus treatment of absorption would not have an ACD response
(this response being a second-order effect at the minimum) but which
is allowed to strongly and repeatedly interact with itself within the FP
cavity. Within the resulting sequence of interactions the 2D chirality
continuously increases; an effect that is limited by the optical path
length, L.

Figure 4 systematically explores the behavior of g* for the lowest-
energy polaritonic eigenstate, a =1, which is expected to be the most
thermodynamically stable and therefore the most likely candidate for
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Fig. 4 | Polaritonic dissymmetry for the lowest-energy polariton, g*=1. Shown
are results as a function of (angular) cavity frequency Q (a), transition dipole
moment ratio z,: iy (b), damping factor y (c) and (angular) transition frequency
difference w, — w; (d). Unless noted otherwise, Ag=35eV e 'c” and all other para-
meters are identical to Fig. 2, including an inter-dipole angle f,; = 45°, a crystal unit
cell volume v =4.5 nm> and an effective high-frequency dielectric constant e.. = 8.0.
The orange vertical line indicates points with the same parametrization across the
different panels.
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steady-state chiroptical applications. Shown in Fig. 4a is the Q
dependence of g“zl, emphasizing the bisignate profile previously
observed in Fig. 3, and further confirming that an increase in Ao pri-
marily acts as an overall rescaling of this quantity governed through
x %~ Based on Fig. 4b-d it is tempting to assert that the dependence of
g“zl on oy py, y, and w,—w, is instead governed by the bare dis-
symmetry g%=!, seeing the strong similarities with the trends depicted
in Fig. 2b-d, but further analysis is necessary in order to sub-
stantiate this.

Three-state approximation

To better understand the computational results shown in Figs. 3
and 4, we will proceed with a purely-analytical treatment of the
total Hamiltonian given by Eq. (13). This Hamiltonian generally
assumes a dimensionality of (N +2) x (N +2) for a total of N excited
states of the sample. Hence, for the minimal configuration of two
transition dipoles, one would have to analytically diagonalize a4 x 4
matrix, which is generally not feasible. However, to an approx-
imation, it is possible to describe the polaritons resulting from Eq.
(13) by restricting the explicit Hilbert space to a single excited state
(n), while including the other excited states through their con-
tribution to the 2D chiral interaction term g,,. This would be a good
approximation provided that excited state n mixes more strongly
with the photons than all other states due to having larger coupling
elements or due to its transition frequency being closer in reso-
nance with the cavity frequency, w,=Q. Within this “three-state
approximation” (TSA) the time-independent Schrédinger equation
takes the form

hQ 0 N

0]
0 0 o, /i-1o, ||Wh)=EG

1 1 1_1
q)n\/i + 30, (Dn\/i_fon

+O'n

Nl—=
LSIE

a
(n) /”

18)

N

hw,,

where @, =|Ag|lw,lt, is the achiral light-matter interaction strength,
taken here to be purely real without loss of generality, and where the
subscript (n) emphasizes the sample excited state for which the TSA
is taken.

The eigenvalue equation given by Eq. (18) is analytically solvable
due to the sparsity of the 3 x 3 Hamiltonian matrix. Three solutions are
found, one of which consists of purely-photonic contributions,

19)

with an associated eigenenergy E{’,,):hQ. This explains the undis-
persed state observed at each crossing in Fig. 3. The other two solu-
tions constitute an upper (u) and lower (l) polariton branch, and are
given by

1
o (e,
(A T S , (20
‘ (")> /! 2+1 My \/2 =208
(M) i
with
u/l ()
n : 1)

and where 4, =2hA(w, - Q) is twice the energetic detuning. The corre-
sponding eigenenergies are given by

1 O+w
EY=h 5L O

Substituting the above eigensolutions into the (bare) dis-
symmetry factor defined in Eq. (15) yields (see Supplementary Meth-
ods 1 for details)

(22)

8l =20,. (23)
Interestingly, within the second-order Mueller calculus treatment this
dissymmetry factor is independent of Ao, cf. Eq. (10), with a (weak)
dependence only being possible through higher-order effects con-
tained in the oscillatory function By())/l. This substantiates our
observations in Figs. 3 and 4 that the effect of A is largely manifested
in the polaritonic mixing. Within the TSA, this mixing is obtained by
substituting the above eigensolutions in Eq. (16), yielding (see
Supplementary Methods 1)

u/l D

X/)z L

(n .
A2+

As expected, this mixing is bounded by 1, corresponding to a perfect
split between photonic and electronic states at resonance, 4, =0, and
decreases with increasing 4,, or decreasing @,,.

In order to assess the accuracy of the TSA, we compare in Fig. 5
TSA results for n=1 against the numerical solutions of the full Hilbert
space for the Ag=35 eVec? case previously considered in Fig. 3.
Shown as a function of Q are the polariton dispersions and the
polaritonic dissymmetry factors. The dispersions are indistinguishable
from those predicted by the full Hilbert space, indicating that mixing

(24)

due to n =2 has a negligible impact on E(”n/l:l). In contrast, discrepancies
are observed for the polaritonic dissymmetry factors. Within the TSA
the upper and lower polariton pair have identical 2D chirality,
8in-1n= g:n:l), while the overall polaritonic dissymmetry is seen to be
monosignate. Within the full Hilbert space, g, _, = g:n:l) is violated for

polaritonic states close to the light line (for which £, ;’n/ ! p=~ ), giving rise

a ’ b

2.2

>

@

T2

W ‘

1.9 1 e
1.8 T I T
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Fig. 5 | Polaritonic dissymmetry and dispersion with and without the three-
state approximation (TSA). Polaritonic dissymmetry g as a function of (angular)
cavity frequency Q for the minimal configuration of two transition dipoles obtained
through a numerical diagonalization of the Hamiltonian given by Eq. (13) (a), and
comparative results within the TSA (b) which only includes explicitly the lowest-
energy excited state (n=1). Unless noted otherwise, parameters are identical to
Fig. 2, while the vector potential is taken to be Ay = 35 eV e”'c”\. Note that colors have
been linearly interpolated for a smoother gradient.
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to bisignate dissymmetry factors. Discrepancies between the TSA and
the full Hilbert space results are rationalized by the two excited states
of the sample coupling only indirectly to one another through the
photonic states. When separated from the light line, polaritonic states
have a substantial matter contribution due to a single resonant excited
state, and the other excited state mixes only weakly through the

photonic component. As a result, gzl,,/)' =20, governs the polaritonic
dissymmetry, rendering this relationship a useful (albeit approximate)
manner with which one can tune 2D chirality. Close to the light line,
however, polaritonic states instead contain a predominant photonic

component that couples more equally to both excited states (both
being offresonant), as a result of which g;’,{)' #20,, rendering the TSA
inaccurate.

With the analytical insights offered by the TSA we now revisit
Fig. 4. For the lowest-energy polaritonic state depicted here, the
regime of validity of the TSA is where Q > w; (away from the light line)
while Q still being sufficiently separated from w,. Within this regime,
8" '=x*=1g,, and the profile of g~! as a function of Q can be ratio-
nalized based on the dispersion of oy in Fig. 2a, while appreciating that
X% monotonically decreases away from the resonance Q = w;. We also
note that the sign change ofg"‘:1 at~-3 eV is due to a change of sign of
0,. However, at-2eV, which lies outside the TSA regime, the sign
change ofg"‘=1 is instead due to a mixing of the n =2 excited state. The
TSA analysis furthermore confirms that the Ao dependence is confined
to x*=! whereas the u,: 11, ¥, and w, - w; dependence is confined to
g%L. In particular, for the results shown in Fig. 4b-d we have y*=' =1
(due to Q= w,) as a result of which g“:‘ =20,, which is readily verified
through a comparison with Fig. 2b-d. We further note that in Fig. 3,
01(Q - wy) = 0x(w, — Q) governs the behaviors of g":l and g“:Z in their
respective regions away from the light line (which follows from an
application of the TSA to both excited states). Lastly, it should be
pointed out that the polaritonic dissymmetry undergoes a global sign
change upon inverting the inter-dipole angle (see Supplementary
Fig. 1). Such is evident from the analytical expressions within the TSA
(seeing that it depends on the 2D chiral interaction terms, and cf. Eq.
(11)), and can generally be understood by the principle that such angle
inversion represents a sample flipping, which for 2D chiral samples
returns their (2D) enantiomer.

Design rules for 2D chiral polaritons

Through both our numerical and approximate analytical treatments of
the quantum electrodynamical theory of ACD, we have arrived at a set
of design rules for optimizing the 2D chirality of polaritons, embodied
by g°. These design rules can be summarized as follows.

1. As with polaritonic states in general, the frequency of the cavity
mode should be approximately resonant with that of some tran-
sition of the quantum emitter, Q= w, [see Eq. (24)].

2. Other quantum emitter transition frequencies (w,,) must be suf-
ficiently close to Q for the ACD interactions to be relevant, while
being sufficiently separated from w, to have well-resolved
polariton states [see Fig. 4d].

3. Dipole moments of those other transitions are preferably large
compared to that of the resonant transition, u,, > u,, while their
mutual angle approaches 45° [see Egs. (11) and (23)].

4. Lastly, there are considerations regarding energetic stability (not
studied in the present work), which suggests that the resonant
transition preferably involves the lowest-energy excited state of
the quantum emitter, rendering the resulting polariton optimally
stable against relaxation pathways.

The minimal configuration for generating 2D chiral polaritons
based on ACD is that of a quantum emitter featuring two bright,
nondegenerate, and nonparallel transitions. For such minimal config-
uration, the above design rules predict that polaritons reach the

highest degree of 2D chirality once the weakest transition is approxi-
mately resonant with the cavity mode, whereas the strongest transition
is energetically well-separated yet sufficiently close to the first, while
the two transitions have a mutual orientation angle of 45°.

Application to BDT-based oligothiophene
Having in place the design rules for optimizing 2D chiral polaritons
based on ACD, we now turn our attention to BDT-based oligothio-
phene. Thin films composed of this molecule were the specific focus of
our previous work introducing a microscopic yet semiclassical treat-
ment of ACD under weak light-matter coupling*’. Importantly, the
intermolecular electronic interactions were found to be weak for these
films*’, as a result of which our microscopic treatment was directly
applicable. Excellent agreement was found for linear absorption and
ACD spectra against experimental results*® upon including three
electronic ground-to-excited state transitions coupled to a high-
frequency intramolecular vibration, and parametrized based on elec-
tronic structure calculations and spectral fitting. We will proceed to
theoretically predict the 2D chiral polaritons that would arise when
BDT-based oligothiophene serves as a quantum emitter in an achiral FP
cavity. As in the previous Sections, we describe this setup within the
limit of a single molecule through application of the modified
Jaynes-Cummings model incorporating the quantum-
electrodynamical theory of ACD.

Figure 6a shows the calculated polaritonic dissymmetry and dis-
persions. We refer to our previous work*’ for the applicable molecular
parameters (and reiterate the procedure followed for determining

3.0 4t - J
72 7,
/'/ "”/ __________
254 7 1 -
7 ’
T T T T T /I T T T T
25 3.0 35 40 45 25 3.0 35 40 4.5
Q(evh?l) Q(evhl)

-20 -15 -1.0 -05 0.0 0.5 1.0 1.5
qa

g

2.0

Fig. 6 | 2D chiral polaritons in BDT-based oligothiophene. Polaritonic dis-
symmetry g% for BDT-based oligothiophene as predicted by our theory (a). Over-
lapping states drawn in order of |g%| such that states with greatest |g%| are visible.
The molecular model of the BDT-based oligothiophene was adopted from our
previous work*’ (see text for details). Molecular structure shown in (b) with relevant
ground-to-excited state transition dipoles indicated, labeled 1, 2, and 3, in order of
increasing transition energy (orientation of dipoles relative to the molecular
structure is arbitrary to within variations between electronic structure calculations
and spectral fitting®). Also shown are results without the vibrational modes and
only including transitions 1 and 3 (c, d).
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these parameters under Methods), but note that we adjusted the unit
cell volume to v=4.46 nm’, in order to more adequately account for
the oligothiophene side chains, and the high-frequency dielectric
constant to €., = 8.0, to better agree with relevant experimental high-
frequency dielectric constants’. As previously discussed, ACD in
BDT-based oligothiophene is due to interactions of a strong electronic
transition at w; =2.6 eV (with g, =13.7 D) interfering with two weaker
transitions at w,=3.1 eV (with p,=6.7D) and w;=4.0eV (with
> =6.4D) under angles S, =-10.5° and B3 = 31. 5°. The lowest transi-
tion is furthermore coupled to a vibrational mode with an energy of
185 meV. The resulting manifold of vibronic excited states gives rise to
a large number of pairwise interactions between transitions that con-
tribute to the 2D chiral interaction terms, and thus a large number of
2D chiral polaritons. This is borne out in Fig. 6a where a panoply of
polariton resonances can be seen. What is immediately obvious is that
very large polaritonic dissymmetries are reached, with values of |g%| up
to ~1.8, which forms a stark contrast with bare BDT-based oligotio-
phene thin films that reach typical dissymmetry values of -0.02*,
Again, the significant gain in dissymmetry upon polariton formation is
due to the molecule being able to strongly and repeatedly interact with
itself within the FP cavity.

In spite of the large number of states, the regions of large |g%| can
largely be understood based on a simplified model including the
electronic transition at 4.0 eV interacting with the electronic transition
at 2.6 eV (and without the inclusion of vibronic coupling). This is borne
out in Fig. 6¢, d where we reproduce the salient features shown in
Fig. 6a by restricting the model to this pair of transitions. Both the
dispersions and polaritonic dissymmetries resulting from this reduced
model can in turn be understood based on our analysis of the two-
dipole system in Fig. 3. Moreover, the involved transitions can be
shown to satisfy the majority of the design rules presented in the
previous Section, especially with the cavity frequency in resonance
with the molecular transition at 4.0 eV. In that case, g% benefits from
the comparatively larger dipole moment of the transition at 2.6 eV,
which adds to the favorable inter-dipole angle of 31.5°*. A potential
pitfall would be that the resonant molecular transition is the highest in
energy rather than the lowest, and a reversal of these excited state
properties is likely to yield 2D chiral polaritons with an improved
energetic stability. Regardless, these results offer encouraging pro-
spects for the practical implementation of 2D chiral polaritons based
on existing ACD samples.

Discussion
In this paper, we have shown that a rare opportunity for generating
2D chiral polaritons is provided by embedding ACD samples in
achiral FP cavities. We have predicted and characterized such
polaritons based on a suitably-modified Jaynes-Cummings model
incorporating a quantum electrodynamical theory of ACD, and
shown that (chiral) dissymmetry factors approach their theoretical
maximum values even when taking the quantum emitter in the
single-molecule limit. This is due to ACD being of second or higher
order in terms of the light-matter interaction, allowing
exceptionally-high dissymmetry factors to be realized as the quan-
tum emitter interacts with itself through the cavity. Moreover, the
inverted chiroptical response originating from ACD proves com-
patible with achiral FP cavities. As such, 2D chiral polariton engi-
neering efforts can optimize exclusively for cavity finesse, without
having to additionally achieve chiral selectivity of the cavity. We
applied our theory to BDT-based oligothiophene, which was pre-
viously experimentally*® and theoretically*” scrutinized for its pro-
nounced ACD response, and provided indications that high
dissymmetries are attainable for experimentally realizable samples.
Our future efforts will be directed towards understanding the
role of cavity finesse as well as collective effects arising from mul-
tiple cavity-confined ACD quantum emitters. The finesse is

expected to predominantly affect the effective path length, which in
turn impacts the 2D chiral interaction terms through Eq. (8). On the
other hand, an increasing number of quantum emitters increases
the chiroptical interaction strength per cavity cycle. We a priori
expect the results presented in the current manuscript to have
minor sensitivity to the dark state manifold that is purported to act
as a reservoir for polariton dynamics under collective strong
coupling’, because the 2D chiral discrimination manifests in
experimentally-observed Rabi components, and since the relevant
chiroptical phenomena manifest in the impulsive photoexcitations
rather than in thermalized polaritonic states. However, for the
purpose of using ACD samples to temporarily store 2D chiral
polarizations, it will be important to understand the role of the dark
state reservoir in directing the polarization evolution beyond the
initial photoexcitation. For the photoexcitation event itself, per-
haps a more pertinent issue is the possibility of helically-stacked
molecules giving rise to a 3D form of ACD with non-inverted chir-
optical selection rules*. This will inhibit the 2D polaritonic chirality,
and will need to be suppressed in the synthesis of ACD samples. It
will also be of interest to consider resonances between ACD samples
and higher-energy modes of a cavity, and to assess whether
polaritonic dissymmetry factors can be enhanced or suppressed
through mode profiles.

Chiral polaritons based on FP cavities have to our knowledge
yet to be experimentally realized. In addition to the challenge of
engineering high-finesse chiral cavities and/or strongly-chiral
quantum emitters, the constraint of 2D chirality imposed by FP
cavities radically reduces engineering opportunities. Due to its 2D
chiral properties and high chiral discrimination, we anticipate ACD
to provide perhaps the most plausible route towards the experi-
mental realization of cavity-based 2D chiral polaritons. Since the
clockwise and counter-clockwise rotating cavity modes correspond
to right- or left-handed circularly-polarized light traveling in a given
direction, any leakage out of the cavity will be circularly polarized.
Hence, an immediate application enabled by cavity-based 2D chiral
polaritons is chiral lasing without the use of macroscopic optical
components. This adds to the prospect of harnessing 2D chiral
polaritons for the transduction between photonic spin and polar-
ized excitations in matter. Here, we foresee that ACD samples can
serve the role of the matter component, such as explored in the
present study, but that it may also enable a symmetry breaking
between 2D chiral excitations in monolayer transition-metal
dichalcogenides® or porphyrin molecules® by simultaneous
strong coupling with such materials on the one hand and ACD
samples on the other, which is worthy of further exploration.

A related implementation is one where 2D chiral samples are
embedded in FP cavities in order to break the degeneracy between the
clockwise and counter-clockwise rotating modes, without the need for
strong coupling. Recent work has followed this approach by using a
polystyrene layer under torsional shear stress, which under oblique
incidence gives rise to 2D chiral effects emanating from an inter-
ference between LD and LB*. ACD samples draw from similar inter-
ferences, but instead exhibit LDLB interactions native to the sample
itself, with strong 2D chiral selectivity at normal incidence, simplifying
the experimental implementation of 2D chiral cavities, the principles
of which we explored in a recent preprint’’. We further wish to note
recent theoretical studies predicting 3D chiral polaritons based on FP
cavities with handedness-preserving mirrors, outlining a non-
perturbative framework®® as well as analytical solutions®. Altogether,
these efforts pave the way to experimental realizations of chiral
polaritonic phenomena, through which new technological opportu-
nities are achievable.

Note added in proof: While this paper was in review, 2D chiral
polaritons based on achiral FP cavities using ACD were experimentally
reported for perovskite films®.
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Methods

To determine the eigensolutions to Eq. (13), this Hamiltonian was
expressed as a matrix in the photonic and molecular (electronic
and vibrational) number bases. This matrix was then numerically
diagonalized (Python 3.8, numpy version 1.22.3%’), producing a set
of eigenenergies and associated eigenvectors. These eigenvectors
are then characterized by scalar metrics, as discussed in the
main text.

Parameterization of the BDT-based oligothiophene is based on a
combination of time-dependent density functional theory (TD-DFT)
and spectral fitting as reported in previous work"’. TD-DFT calculations
were performed using QChem 5.3%. Two geometries (all-cis and all-
trans) of the BDT-based oligothiophene molecule were first optimized
in vacuum using the 6-311G(d,p) basis set and wB97X-D functional®.
Following this optimization, TD-DFT calculations were performed on
the BDT-based oligothiophene molecule in vacuum and in chloroform
using direct inversion of the iterative subspace® with CAM-B3LYP*’ as
the functional and def2-TZVPPD®® as the basis set of choice. The
chloroform solvent was represented using an integral expansion
formalism of a polarizable continuum model®’ with a dielectric con-
stant of €=4.81.

The oscillatory function Bi(/)/l featured in the infinite-order
Mueller calculus treatment was evaluated based on previous work by
refs. 75,76. The underlying Mueller calculus formalism relies on Stokes
vectors, representing the polarization properties of light. For a plane-
wave electric field propagating in the z-direction as

Exeiﬁx
E= (E e[&y): (25)
y
the Stokes vector is given by
So EX+E;
s 2 _ 2
S= 1| _ E;—E 3 (26)
S 2EE, cosé
S3 2EE,siné

with the phase difference 6=6, - 6. In order, the Stokes parameters
appearing in this column vector correspond to total light intensity,
x - y intensity difference, x' — )’ intensity difference, where x’ is the
bisector of the x and y axes and y’ is at a 90° clockwise rotation from x’,
and circular polarization intensity difference (right-handed polariza-
tion minus left-handed polarization, or r - [). Within Mueller calculus,
changes to light polarization due to interactions with a sample are
governed by a linear transformation of the Stokes vector by a matrix,
such that the final polarization is given by S¢=MS,, where M is the
macroscopic “Mueller matrix” of the sample and Sy the initial
polarization.

For a homogeneous sample, M relates trivially to its derivative
H= %M by M =e™, which decomposes as H=al+B+D, where « is
the mean absorption and B and D relate the differential birefringence
and dichroism, respectively’®. Factoring out mean absorption, there
are six unique polarization characteristics whose Lie algebras are

0 0 0 O 0 d, d, d,
0 0 -8 B d 0 0

B= , D= 27
0 B 0 - 2, 0 0 0 27
0o -8 B 0 d;, 0 0 O

Here, B;, B>, and f3; represent linear (x — y), linear prime (x’ —y’), and
circular (r - [) birefringence, respectively, and dj, d>, d; are the analogs
for dichroism.

Treating its anisotropic aspects according to their Lorentz group
symmetries, the Mueller matrix to infinite order then follows as’>’®

M=exp W =e@m=¢& (Bol +B,(B+D)?+B,(~B — D)+ By (D — BD)) .

(28)

Here, [ is the through-sample path length in the z-direction.
Furthermore,

0 B B B 0 0 o0 o
B 0 0 O 0 0 -d, d,
D;= , By= , (29
5718, 0 0 0O 1o a5 0 -q (29)
B 0 0 O 0 -d, d ©

are the incorporations of the dichroism and birefringence parameters
onto the generators of birefringence and dichroism, respectively, and
B; are [ dependent and real-valued “polarizance” parameters. These
parameters detail the behavior of the restricted Lorentz group,
S0O*(, 3), and follow upon combining B and D, yielding

R\’ ?
By = <N> cosh(/l) + <N> cos(RI),

2
B, = (%) (cosh(/l) — cos(Rl)),

¢ (30)
B,= (N) (Rsin(Rl) + 1 sinh(/1)),
1\2
By = (N) (I sin(Rl) — R sinh(/1)).
Here, N, R, and / are governed by
V(B+id)- (B+id)=Nexp {itan-1 <£>} =R+il, 31

where d=(dy, d,, d5) and B= (8, B, Bs) are the dichroism and bire-
fringence vectors, respectively’®. The polarizance parameter B, serves
as the oscillating part of the function By(/)/l. Indeed, seeing that N, I,
and R are constants, the oscillatory behavior of B; becomes apparent.
From the above, the approximations Bo =1and B; = %12 taken for small
path length [ are readily motivated (see Supplementary Methods 1),
bringing Brown’s treatment in line with the second-order Mueller
calculus treatment.

As previously noted, within our quantum electrodynamical theory
of ACD, the underlying Mueller calculus treatment considers cavity
mirrors to represent reciprocal boundaries imposed on the sample.
Importantly, within the applied boundaries, light of one handedness
going forward corresponds to light of the opposite handedness going
backwards. This is justified by noting that the (microscopic) Mueller
matrix for forward (F) propagation mg is equal to the matrix after a
round trip incorporating two mirror reflections (M) and backwards (B)
propagation, mymgmy, given that only LD and LB contribute (see
Supplementary Methods 2).

Data availability

All relevant data is available at https://doi.org/10.5281/zenodo.10152500,
which directs to github.com/andrewsalij/2DChiralPolACD®. Source data
are provided with this paper.

Code availability

The code used for simulations is available at https://doi.org/10.
5281/zen0do.10152500, which directs to github.com/andrewsalij/
2DChiralPolACD".

Nature Communications | (2024)15:340


https://doi.org/10.5281/zenodo.10152500
https://github.com/andrewsalij/2DChiralPolACD
https://doi.org/10.5281/zenodo.10152500
https://doi.org/10.5281/zenodo.10152500
https://github.com/andrewsalij/2DChiralPolACD
https://github.com/andrewsalij/2DChiralPolACD

Article

https://doi.org/10.1038/s41467-023-44523-1

References

1.

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Stobinska, M., Alber, G. & Leuchs, G. Perfect excitation of a matter
qubit by a single photon in free space. EPL 86, 14007 (2009).

An, J.-H., Feng, M. & Oh, C. H. Quantum-information processing
with a single photon by an input-output process with respect to
low-Q cavities. Phys. Rev. A 79, 032303 (2009).

Reiserer, A., Kalb, N., Rempe, G. & Ritter, S. A quantum gate
between a flying optical photon and a single trapped atom. Nature
508, 237-240 (2014).

Northup, T. & Blatt, R. Quantum information transfer using photons.
Nat. Photonics 8, 356-363 (2014).

Flamini, F., Spagnolo, N. & Sciarrino, F. Photonic quantum infor-
mation processing: a review. Rep. Prog. Phys. 82, 016001 (2018).
Wang, Z. et al. Circular dichroism metamirrors with near-perfect
extinction. ACS Photonics 3, 2096-2101 (2016).

Basov, D., Fogler, M. & Garcia de Abajo, F. Polaritons in van der
Waals materials. Science 354, aag1992 (2016).

Ma, W. et al. Chiral inorganic nanostructures. Chem. Rev. 117,
8041-8093 (2017).

Gao, X. et al. Excitonic circular dichroism of chiral quantum rods. J.
Am. Chem. Soc. 139, 8734-8739 (2017).

Lodahl, P. et al. Chiral quantum optics. Nature 541, 473-480 (2017).
Kim, N. Y. et al. Chiroptical-conjugated polymer/chiral small
molecule hybrid thin films for circularly polarized light-detecting
heterojunction devices. Adv. Funct. Mater. 29, 1808668 (2019).
Kavokin, A. V., Baumberg, J. J., Malpuech, G., Laussy, F. P. Micro-
cavities. Vol 21 (Oxford University Press, 2017).

Baranov, D. G., Wersall, M., Cuadra, J., Antosiewicz, T. J. & Shegai, T.
Novel nanostructures and materials for strong light-matter inter-
actions. ACS Photonics 5, 24-42 (2018).

Ribeiro, R. F., Martinez-Martinez, L. A., Du, M., Campos-Gonzalez-
Angulo, J. & Yuen-Zhou, J. Polariton chemistry: controlling mole-
cular dynamics with optical cavities. Chem. Sci. 9,

6325-6339 (2018).

Yuen-Zhou, J. & Menon, V. M. Polariton chemistry: thinking inside
the (photon) box. Proc. Natl. Acad. Sci. USA 116, 5214-5216 (2019).
Herrera, F. & Owrutsky, J. Molecular polaritons for controlling
chemistry with quantum optics. J. Chem. Phys. 162, 100902
(2020).

Keeling, J. & Kéna-Cohen, S. Bose-Einstein condensation of exciton-
polaritons in organic microcavities. Annu. Rev. Phys. Chem. 71,
435-459 (2020).

Hertzog, M., Wang, M., Mony, J. & Borjesson, K. Strong light-matter
interactions: a new direction within chemistry. Chem. Soc. Rev. 48,
937-961 (2019).

Wolf, C. & Bentley, K. W. Chirality sensing using stereodynamic
probes with distinct electronic circular dichroism output. Chem.
Soc. Rev. 42, 5408-5424 (2013).

Heylman, K. D. et al. Optical microresonators for sensing and
transduction: a materials perspective. Adv. Mater. 29,

1700037 (2017).

Zhang, S. et al. Chiral surface plasmon polaritons on metallic
nanowires. Phys. Rev. Lett. 107, 096801 (2011).

Du, W., Wen, X., Gérard, D., Qiu, C.-W. & Xiong, Q. Chiral plasmonics
and enhanced chiral light-matter interactions. Sci. China: Phys.
Mech. Astron. 63, 1-11 (2020).

Heydari, M. B. & Vadjed Samiei, M. H. Analytical study of hybrid
surface plasmon polaritons in a grounded chiral slab waveguide
covered with graphene sheet. Opt. Quantum Electron. 52,

1-15 (2020).

Kim, S. et al. A single chiral nanoparticle induced valley polarization
enhancement. Small 16, 2003005 (2020).

Guo, J. et al. Optical chirality in a strong coupling system with
surface plasmons polaritons and chiral emitters. ACS Photonics 8,
901-906 (2021).

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Lin, M.-Y. et al. Chiral-selective tamm plasmon polaritons. Materials
14, 2788 (2021).

Hood, C. J., Kimble, H. & Ye, J. Characterization of high-finesse
mirrors: Loss, phase shifts, and mode structure in an optical cavity.
Phys. Rev. A 64, 033804 (2001).

Plum, E. & Zheludev, N. I. Chiral mirrors. Appl. Phys. Lett. 106,
221901 (2015).

Mai, W. et al. Broadband transparent chiral mirrors: Design meth-
odology and bandwidth analysis. AIP Adv. 9, 045305 (2019).

Feis, J. et al. Helicity-preserving optical cavity modes for enhanced
sensing of chiral molecules. Phys. Rev. Lett. 124, 033201 (2020).
Taradin, A., Baranov, D. G. Chiral light in single-handed Fabry-Perot
resonators. J. Phys. Conf. Ser. 2015, 012012 (2021).

Hibener, H. et al. Engineering quantum materials with chiral optical
cavities. Nat. Mater. 20, 438-442 (2021).

Salij, A. & Tempelaar, R. Microscopic theory of cavity-confined
monolayer semiconductors: polariton-induced valley relaxation
and the prospect of enhancing and controlling valley pseudospin
by chiral strong coupling. Phys. Rev. B 103, 035431 (2021).

Sun, S., Gu, B. & Mukamel, S. Polariton ring currents and circular
dichroism of Mg-porphyrin in a chiral cavity. Chem. Sci. 13,
1037-1048 (2022).

Gautier, J., Li, M., Ebbesen, T. W. & Genet, C. Planar chirality and
optical spin-orbit coupling for chiral Fabry-Perot cavities. ACS
Photonics 9, 778-783 (2022).

Voronin, K., Taradin, A. S., Gorkunov, M. V. & Baranov, D. G. Single-
handedness chiral optical cavities. ACS Photonics 9,

2652-2659 (2022).

Gil, J. J., Ossikovski, R. Polarized Light and the Mueller Matrix
Approach. (CRC Press, 2017).

Hecht, L. & Barron, L. D. Rayleigh and Raman optical activity from
chiral surfaces. Chemical Phys. Lett. 225, 525-530 (1994).

Collins, J. T. et al. Chirality and chiroptical effects in metal nanos-
tructures: fundamentals and current trends. Adv. Opt. Mater. 5,
1700182 (2017).

Fasman, G. D. Circular Dichroism and the Conformational Analysis of
Biomolecules; (Springer: New York, 1996).

Disch, R. L. & Sverdlik, D. Apparent circular dichroism of oriented
systems. Anal. Chem. 41, 82-86 (1969).

Albano, G., Pescitelli, G. & Di Bari, L. Chiroptical properties in thin
films of m-conjugated systems. Chem. Rev. 120, 10145-10243
(2020).

Albano, G., Pescitelli, G. & Di Bari, L. Reciprocal and non-reciprocal
chiroptical features in thin films of organic dyes. ChemNanoMat. 8,
202200219 (2022).

Shindo, Y. & Ohmi, Y. Problems of CD spectrometers. 3. Critical
comments on liquid crystal-induced circular dichroism. J. Am.
Chem. Soc. 107, 91-97 (1985).

Jensen, H., Schellman, J. & Troxell, T. Modulation techniques in
polarization spectroscopy. Appl. Spectrosc. 32, 192-200 (1978).
Zinna, F. et al. Emergent nonreciprocal circularly polarized emission
from an organic thin film. Adv. Mater. 32, 2002575 (2020).

Salij, A., Goldsmith, R. H. & Tempelaar, R. Theory of apparent cir-
cular dichroism reveals the origin of inverted and noninverted
chiroptical response under sample flipping. J. Am. Chem. Soc. 143,
21519-21531 (2021).

Albano, G., Lissia, M., Pescitelli, G., Aronica, L. A. & Di Bari, L. Chir-
optical response inversion upon sample flipping in thin films of a
chiral benzo [1,2-b:4,5-b] dithiophene-based oligothiophene.
Mater. Chem. Front. 1, 2047-2056 (2017).

Albano, G. et al. Outstanding chiroptical features of Thin films of
chiral oligothiophenes. ChemNanoMat 4, 1059-1070 (2018).
Albano, G., & Siligardi, G. et al. Electronic circular dichroism ima-
ging (CDi) maps local aggregation modes in thin films of chiral
oligothiophenes. New J. Chem. 43, 14584-14593 (2019).

Nature Communications | (2024)15:340

10



Article

https://doi.org/10.1038/s41467-023-44523-1

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

Albano, G. et al. Spatially resolved chiroptical study of thin films of
benzo [1,2-b:4,5-b’] dithiophene-based oligothiophenes by syn-
chrotron radiation electronic circular dichroism imaging (SR-ECD:i)
technique. Aggregate 3, €193 (2022).

Albano, G. et al. Aggregation modes of chiral diketopyrrolo [3, 4-c]
pyrrole dyes in solution and thin films. Chem. Eur. J. 28, €202201178
(2022).

Wu, Y., Huang, H. W. & Olah, G. A. Method of oriented circular
dichroism. Biophys. J. 57, 797-806 (1990).

Kuroda, R., Harada, T. & Shindo, Y. A solid-state dedicated circular
dichroism spectrophotometer: development and application. Rev.
Sci. Instrum. 72, 3802-3810 (2001).

Merten, C., Kowalik, T. & Hartwig, A. Vibrational circular dichroism
spectroscopy of solid polymer films: effects of sample orientation.
Appl. Spectrosc. 62, 901-905 (2008).

Hirschmann, M., Merten, C. & Thiele, C. M. Treating anisotropic
artefacts in circular dichroism spectroscopy enables investigation
of lyotropic liquid crystalline polyaspartate solutions. Soft Matter 17,
2849-2856 (2021).

Saeva, F. D. & Wysocki, J. J. Induced circular dichroism in choles-
teric liquid crystals. J. Am. Chem. Soc. 93, 5928-5929 (1971).
Saeva, F. D., Sharpe, P. E. & Olin, G. R. Cholesteric liquid crystal
induced circular dichroism (LCICD). V. Mechanistic aspects of
LCICD. J. Am. Chem. Soc. 95, 7656-7659 (1973).

Norden, B. Vortical flow as a source of optical activity in J aggre-
gates of cyanine dyes. J. Phys. Chem. 82, 744-746 (1978).
Belyakov, V. A., Dmitrienko, V. E. & Orlov, V. P. Optics of cholesteric
liquid crystals. Sov. Phys. Uspekhi 22, 64-88 (1979).

Zsila, F. Apparent circular dichroism signature of stirring-oriented
DNA and drug-DNA complexes. Int. J. Biol. Macromol. 72,
1034-1040 (2015).

Wolffs, M. et al. Macroscopic origin of circular dichroism effects by
alignment of self-assembled fibers in solution. Angew. Chem. Int.
Ed. 46, 8203-8205 (2007).

Hu, H. et al. Nanoscale bouligand multilayers: giant circular
dichroism of helical assemblies of plasmonic 1D nano-objects. ACS
Nano 15, 13653-13661 (2021).

Ritcey, A. M. & Gray, D. G. Cholesteric order in gels and films of
regenerated cellulose. Biopolymers 27, 1363-1374 (1988).

Shindo, Y. & Nishio, M. The effect of linear anisotropies on the CD
spectrum: is it true that the oriented polyvinyalcohol film has a
magic chiral domain inducing optical activity in achiral molecules?
Biopolymers 30, 25-31 (1990).

Schellman, J. & Jensen, H. P. Optical spectroscopy of oriented
molecules. Chem. Rev. 87, 1359-1399 (1987).

Shindo, Y., Nakagawa, M. & Ohmi, Y. On the problems of CD
spectropolarimeters. Il: Artifacts in CD spectrometers. Appl. Spec-
trosc. 39, 860-868 (1985).

Berova, N., Polavarapu, P. L., Nakanishi, K., Woody, R. W. Compre-
hensive chiroptical spectroscopy. Volume 1: Instrumentation,
Methodologies, and Theoretical Simulations. Vol. 1 (John Wiley &
Sons, 2011).

Gao, W. Coupling effects between dichroism and birefringence of
anisotropic media. Phys. Lett. A 384, 126699 (2020).

Buffeteau, T., Lagugné-Labarthet, F. & Sourisseau, C. Vibrational
circular dichroism in general anisotropic thin solid films: measure-
ment and theoretical approach. Appl. Spectrosc. 59,

732-745 (2005).

Jones, R. C. A new calculus for the treatment of optical systems. VII.
Properties of the N-matrices. J. Opt. Soc. Am. 38, 671-685 (1948).
Tunis-Schneider, M. J. B. & Maestre, M. F. Circular dichroism spectra
of oriented and unoriented deoxyribonucleic acid films—a pre-
liminary study. J. Mol. Biol. 52, 521-541 (1970).

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Jaynes, E. T. & Cummings, F. W. Comparison of quantum and
semiclassical radiation theories with application to the beam maser.
Proc. IEEE 51, 89-109 (1963).

Gutiérrez-Rubio, A., Chirolli, L., Martin-Moreno, L., Garcia-Vidal, F. &
Guinea, F. Polariton anomalous Hall effect in transition-metal
dichalcogenides. Phys. Rev. Lett. 121, 137402 (2018).

Brown, C. S. Unified formalism for treating polarization effects using
Stokes parameters and the Lorentz group. Proc. SPIE 1746,
174-182 (1992).

Brown, C. S. & Bak, A. E. General Lorentz transformation and its
application to deriving and evaluating the Mueller matrices of
polarization optics. Proc. SPIE 3754, 65-74 (1999).

Hopfield, J. J. Theory of the contribution of excitons to the complex
dielectric constant of crystals. Phys. Rev. 112, 1555-1567 (1958).
Okutan, M. et al. Dielectric properties of thiophene-based con-
ducting polymers. Synth. Met. 157, 368-373 (2007).

Chen, T.-L. et al. A chiral microcavity based on apparent circular
dichroism. https://doi.org/10.26434/chemrxiv-2023-bqnl7

(2023).

Riso, R. R., Grazioli, L., Ronca, E., Giovannini, T. & Koch, H. Strong
coupling in chiral cavities: nonperturbative framework for enan-
tiomer discrimination. Phys. Rev. X 13, 031002 (2023).

Schafer, C. & Baranov, D. G. Chiral polaritonics: analytical solutions,
intuition, and use. J. Phys. Chem. Lett. 14, 3777-3784 (2023).
Wang, Z. et al. Chiroptical response inversion and enhancement of
room-temperature exciton-polaritons using 2D chirality in per-
ovskites. Adv. Mater. 35, 2303203 (2023).

Harris, C. R. et al. Array programming with NumPy. Nature 585,
357-362 (2020).

Shao, Y. et al. Advances in molecular quantum chemistry contained
in the Q-Chem 4 program package. Mol. Phys. 113, 184-215
(2015).

Chai, J.-D. & Head-Gordon, M. Long-range corrected hybrid density
functionals with damped atom-atom dispersion corrections. Phys.
Chem. Chem. Phys. 10, 6615-6620 (2008).

Pulay, P. Convergence acceleration of iterative sequences. The
case of SCF iteration. Chem. Phys. Lett. 73, 393-398

(1980).

Yanai, T., Tew, D. P. & Handy, N. C. A new hybrid
exchange-correlation functional using the Coulomb-attenuating
method (CAM-B3LYP). Chem. Phys. Lett. 393, 51-57 (2004).
Hellweg, A. & Rappoport, D. Development of new auxiliary basis
functions of the Karlsruhe segmented contracted basis sets
including diffuse basis functions (def2-SVPD, def2-TZVPPD, and
def2-QVPPD) for RI-MP2 and RI-CC calculations. Phys. Chem. Chem.
Phys. 17, 1010-1017 (2015).

Tomasi, J., Mennucci, B. & Canceés, E. The IEF version of the PCM
solvation method: an overview of a new method addressed to study
molecular solutes at the QM ab initio level. J. Mol. Struct.: Theo-
chem 464, 211-226 (1999).

Azzam, R. Propagation of partially polarized light through aniso-
tropic media with or without depolarization: a differential 4 x 4
matrix calculus. J. Opt. Sci. Am. 68, 1756-1767 (1978).

Salij, A. H., Goldsmith, R. H., Tempelaar, R., Theory predicts 2D
chiral polaritons based on achiral Fabry-Pérot cavities using
apparent circular dichroism (this paper), 2DChiralPolACD, https://
doi.org/10.5281/zenod0.10152500 (2023).

Acknowledgements

This work was supported as part of the Center for Molecular Quantum
Transduction (CMQT), an Energy Frontier Research Center funded by the
U.S. Department of Energy, Office of Science, Basic Energy Sciences
under Award No. DE-SC0021314.

Nature Communications | (2024)15:340


https://doi.org/10.26434/chemrxiv-2023-bqnl7
https://doi.org/10.5281/zenodo.10152500
https://doi.org/10.5281/zenodo.10152500

Article

https://doi.org/10.1038/s41467-023-44523-1

Author contributions

A.H.S. performed the calculations. R.T. proposed and oversaw the pro-
ject. A.H.S., R.H.G., and R.T. contributed ideas and to the writing of the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-44523-1.

Correspondence and requests for materials should be addressed to
Roel Tempelaar.

Peer review information Nature Communications thanks the anon-
ymous, reviewer(s) for their contribution to the peer review of this work.
A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:340

12


https://doi.org/10.1038/s41467-023-44523-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Theory predicts 2D chiral polaritons based on achiral Fabry–Pérot cavities using apparent circular dichroism
	Results
	2D chiral interaction�terms
	2D chiral polaritons
	Three-state approximation
	Design rules for 2D chiral polaritons
	Application to BDT-based oligothiophene

	Discussion
	Methods
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




