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Quantum metasurfaces, i.e., two-dimensional subwavelength arrays of quantum emitters, can be
employed as mirrors towards the design of hybrid cavities, where the optical response is given by the
interplay of a cavity-confined field and the surface modes supported by the arrays. We show that stacked
layers of quantum metasurfaces with orthogonal dipole orientation can serve as helicity-preserving cavities.
These structures exhibit ultranarrow resonances and can enhance the intensity of the incoming field by
orders of magnitude, while simultaneously preserving the handedness of the field circulating inside the
resonator, as opposed to conventional cavities. The rapid phase shift in the cavity transmission around the
resonance can be exploited for the sensitive detection of chiral scatterers passing through the cavity. We
discuss possible applications of these resonators as sensors for the discrimination of chiral molecules. Our
approach describes a new way of chiral sensing via the measurement of particle-induced phase shifts.
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Conventional isotropic (e.g., metallic) mirrors reverse
the handedness (or helicity) of circularly polarized light by
turning right-circularly polarized (RCP) light into left-
circularly polarized (LCP) light and vice versa [1–3].
This makes it impossible to realize helicity-preserving
(HP) cavities or even chiral cavities (i.e., cavities only
supporting light modes of a certain handedness), with
conventional mirrors [4]. There is, however, a great current
scientific and technological interest in the design of HP or
chiral mirrors, metasurfaces, and resonators [5–11], in
particular, for the enhancement of so-called dichroic
effects. Dichroism refers to the (typically weak) differential
absorption of circularly polarized light by chiral scatterers
such as molecular enantiomers [12]. Enhancing dichroic
effects with optical resonators can result in better sensi-
tivities for the discrimination of molecular enantiomers
[13–17], a desired task for biochemical applications. Other
techniques for chiral sensing include measurements of
photoelectron circular dichroism (PECD) [18], three- or
multiwave mixing [19,20], or chirality-induced spin selec-
tivity (CISS) [21]. In the strong light-matter coupling
regime, chiral cavities have recently been proposed to
create novel light-dressed states of matter by breaking the
time-reversal symmetry in materials, leading to the

emerging field of chiral polaritonics [22,23]. In this
Letter, we show that HP cavities can be implemented with
quantum metasurfaces employed as mirrors. These struc-
tures have emerged as platforms for achieving strong and
highly directional light-matter interactions and can most
prominently be realized with cold atoms trapped in optical
lattices [24]. They can exhibit close to perfect reflection of
incoming light [24–29] and have numerous other applica-
tions, e.g., as platforms for topological quantum optics
[30–32], nonlinear quantum optics [33–38], or quantum
information processing [39–44]. The main ingredient of our
approach is to manipulate the polarization of the incoming
light field via the orientation of the effective two-level
systems that make up the metasurfaces, which can, for
instance, be tuned via an external magnetic field for certain
atomic transitions. We, however, strongly emphasize that
our treatment is in principle valid for any array of point
dipoles and could be analogously implemented with arrays
of classical dipoles such as plasmonic lattices, in which
case no external magnetic field control is needed as the
polarization can be controlled by the geometry of the
individual elements [45].
More generally, this work falls within the scope of hybrid

cavities, i.e., the design of optical resonators going beyond
the simple textbook picture of a single electromagnetic
mode confined between two nonreactive mirrors. Instead,
strongly dispersive optical elements such as photonic
crystals or plasmonic metasurfaces are used as reflectors
[46–50] with the aim to surpass the performance of
standard cavities, implying a highly non-Markovian behav-
ior of the cavity as characterized by non-Lorentzian,
typically Fano-type line shapes [51].
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HP mirror.—Let us present an implementation pro-
cedure for a HP mirror using a stacked system of quantum
metasurfaces. We start by introducing the formalism for a
single metasurface [52]. To this end, we consider a 2D
quasi-infinite quantum emitter array comprised of N
emitters at transition frequency ω0 situated in the xy plane
at positions rj. For simplicity, one may imagine a square
lattice; however, most of the results derived in the following
are equally valid for other Bravais lattices. For the HP
mirror, in the following we require that the transition
dipoles of the emitters in the array can be identically
oriented along a certain direction. One possible implemen-
tation of this lies in employing the magnetic substructure of
a J ¼ 0 → J ¼ 1 transition [24,37]. In the Cartesian
polarization basis, the transition dipole operator for each
emitter can then be written as d ¼ P

ν dνσν þ H:c: with
dν ¼ hgjdjνi, and σν ¼ jgihνj is the corresponding low-
ering operator for each electronic transition (ν ¼ x, y, z).
An external magnetic field along the ν direction can be used
to “select” the ν-transition dipole (by making all other
transitions orthogonal to the magnetic field off-resonant
[52]). Other implementations could rely on artificial, nano-
printed elements (see previous work [53]), photonic crystal
mirrors [49], or solid-state platforms [54]. We consider a
laser drive entering from the left in the form of a plane wave

with positive-frequency amplitude EðþÞ
in ¼ ðEin;x; Ein;y; 0Þ⊤

and laser frequency ωl ¼ 2πc=λ ¼ ckl, where λ and kl are
the laser wavelength and wave number, respectively.
In a frame rotating at the laser frequency, the

Hamiltonian describing the dynamics of the emitter array
is given by the sum of the free evolution and the dipole-
dipole interaction (ℏ ¼ 1)

H0 þHd-d ¼ −Δ
X
j;ν

σ†j;νσj;ν þ
X

j;j0;ν;ν0
Ωνν0

jj0 σ
†
j;νσj0;ν0 ; ð1Þ

with the laser detuning Δ ¼ ωl − ω0 and σj;ν the lowering
operator for the ν transition within a particular emitter j.
Assuming normally incident illumination, the laser drive
adds as Hl ¼

P
j;νðηνσ†j;ν þ H:c:Þ with Rabi frequencies

ην ¼ dνE
ðþÞ
in;ν and ηz ¼ 0. In addition to the coherent

processes, the collective loss of excitations due to sponta-
neous emission is described by the Lindblad term

L½ρ� ¼
X

j;j0;ν;ν0
Γνν0
jj0

�
σj;νρσ

†
j0;ν0 −

1

2

�
σ†j;νσj0;ν0 ; ρ

��
; ð2Þ

where the last term denotes an anticommutator and the
diagonal elements describe the independent spontaneous
emission of the emitters Γνν0

jj ¼ Γ0δνν0 with Γ0 ¼
ω3
0d

2=ð3πϵ0c3Þ (we assume the dipole moments to be
identical in the following dν ≡ d). The rates Ωνν0

jj0 , Γνν0
jj0

describe coherent or incoherent scattering of photons

between emitters j and j0 and between transitions ν and ν0
and can be derived as real and imaginary parts of the photonic
Green’s tensor (see Supplemental Material [55]) as

Ωνν0
jj0 − i

Γνν0
jj0

2
¼ −μ0ω2

0d
�
ν ·Gðrjj0 Þ · dν0 ; ð3Þ

expressed in terms of the vacuum permeability μ0 and
depending on the interparticle separation rjj0 ¼ rj0 − rj.
The Green’s tensor is defined such that the real part of the
self-interaction at j ¼ j0 vanishes. From the steady-state
solution of the quantum master equation ρ̇ ¼ i½ρ;H0þ
Hd-d þHl� þ L½ρ�, the dipole amplitudes and thereby the
transmitted and reflected fields can be computed (see
Supplemental Material [55]). The transmission amplitude
of the metasurface for a single Cartesian component Ein;ν is
then simply given by [25,26]

tm ¼ 1þ iΓ̃ð0Þ=2
Ω̃ð0Þ − Δ − iΓ̃ð0Þ=2 ; ð4Þ

where Ω̃ð0Þ ¼ P
j Ωνν

0j, Γ̃ð0Þ ¼
P

j Γνν
0j describe the dipole-

induced collective frequency shift and decay rate arising
from the ν transition dipoles. The complex transmission and
reflection amplitudes are connected as tm ¼ 1þ rm while
jtmj2 þ jrmj2 ¼ 1. Most notably, if the laser frequency
matches the collective metasurface resonance ωl ¼ ωνþ
Ω̃ð0Þ, perfect reflection of incoming light is obtained as
jrmj2 ¼ 1. In the following, for the sake of clarity,weproceed
with the simplified two-level description. Finally, to obtain a
HP mirror, we consider now two copies of metasurfaces
separated by a distance lm, one with dipoles pointing in x
direction and onewith dipoles pointing in the y directionwith
a path length difference of kllm ¼ ϕm ¼ 2πnm þ π=2
(nm ∈N0) between the two polarizations. The combination
of these two mirrors is a helicity-preserving mirror. The path
length difference leads to a total phase difference ofπ between
the x- and y-polarization components in reflection, thereby
reversing the mirror operation which does not conserve
helicity for an ordinary mirror. A full transfer matrix
calculation showing this can be found in the Supplemental
Material [55].
HP cavity.—A HP optical cavity can now be simply

implemented by two HP metasurface mirrors separated by a
distance l [see Fig. 1(a)]. The two layers making up a HP
mirror consist of dipoles with perpendicular dipole ori-
entations, leading to vanishing interactions between the x
and y subcavities, which also holds in the near field. For
simplicity, we thus continue the discussion for a single
cavity while keeping in mind that the actual setup consists
of two noninteracting copies. A full discussion for both
polarization components can be found in the Supplemental
Material [55]. Solving the coupled-dipole equations and
neglecting the contributions from all evanescent terms, a
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simple expression for the total transmitted field can be

obtained as EðþÞðz > lÞ ¼ tcE
ðþÞ
in eiklz with the cavity trans-

mission coefficient (assuming k0 ≈ kl, for derivation see
Supplemental Material [55])

tc ¼
ðΔ − Ω̃ð0ÞÞ2�

Δ − Ω̃ð0Þ þ i Γ̃ð0Þ
2

�
2 þ Γ̃ð0Þ2

4
e2ikll

: ð5Þ

We remark that instead of solving the coupled-dipole
equations for the two arrays, the same result can be
obtained from classical transfer matrix theory [38,47,60],
where the transfer matrix of a single metasurface can be
expressed in terms of the mirror polarizability ζm ¼
−irm=tm ¼ Γ̃ð0Þ=½2ðΩ̃ð0Þ − ΔÞ� as

Tm ¼
�
1þ iζm iζm
−iζm 1 − iζm

	
: ð6Þ

The total transfer matrix is then simply obtained as T ¼
TmTfTm with the free space propagation matrix
Tf ¼ diagðeikll; e−ikllÞ. The condition that the transmission
ought to equal unity at the cavity resonance jtcj2 ¼ 1,
yields the following expression for the cavity resonance:

Δ − Ω̃ð0Þ ¼ −
Γ̃ð0Þ
2

tanðkllÞ: ð7Þ

To demonstrate that the resulting cavity consisting of two
HP mirrors indeed preserves the helicity, we compute the
Riemann-Silberstein (RS) vectors [61]

G�ðRÞ ¼ 1ffiffiffi
2

p ðEðRÞ � iZHðRÞÞ; ð8Þ

which describe the combined electromagnetic field of
chiral polarization and Z ¼ ðϵ0cÞ−1 is the vacuum imped-
ance. The absolute value of these quantities is plotted in
Figs. 1(b) and 1(c), for RCP light entering the cavity,
confirming that the cavity preserves the helicity while also
showing a strong field enhancement for this component
[62]. The cavity itself is, however, not chiral as any
elliptical input polarization is supported. The magnetic
fieldHðRÞ is determined via Maxwell’s equations from the
excitations of the electric dipoles on the metasurface as
detailed in the Supplemental Material [55].
The transmission profile around the cavity resonance is

illustrated in Fig. 1(d) for different cavity lengths for a
lattice spacing of a ¼ 0.8λ, where the dipole-induced
collective frequency shift is close to zero, i.e., Ω̃ð0Þ ≈ 0.
If the cavity length l exactly matches nλ=2 (n∈N), the

(a) (b) (c)

(d) (e)

FIG. 1. Helicity-preserving metasurface cavity. (a) A HP metasurface cavity can be constructed with composite mirrors of orthogonal
dipole orientation (e.g., along x and y), with an appropriate relative phase separation of ϕm ¼ kllm ¼ π=2þ 2πnm. (b),(c) Absolute
value squared of RS vectors G�ðRÞ for a cavity length l ¼ 12.505λ, lm ¼ 5λ=4, for square lattices with lattice spacing a ¼ 0.8λ

illuminated by RCP light with input polarization vector EðþÞ
in ¼ ð1; i; 0Þ⊤= ffiffiffi

2
p

close to the cavity resonance. The plots are normalized to

the input intensity Iin ¼ jEðþÞ
in j2. The metasurfaces are defined with a finite curvature radius, leading to Gaussian confinement of the

mode (beam waist w0 ¼ 8λ). (d) Cavity transmission jtcj2 as a function of the laser detuning Δ for different cavity lengths l. (e) Chiral
sensing with HP metasurface cavities: Ideal chiral scatterers passing through a cavity with the same handedness yield a phase shift in the
cavity transmission output which can be measured by homodyne detection [local oscillator (LO)] and leads to a phase detection
sequence as schematically illustrated in the diagram.
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cavity resonance coincides with the resonance of an
individual layer and no transmission is obtained as all
the light is reflected. If l becomes slightly larger, a narrow
transmission window opens up as the mirrors and the
cavity now possess different resonance frequencies.
Further increasing the cavity length leads to a strongly
asymmetric Fano-type profile with a larger linewidth and
the cavity resonance drifting towards infinity for
l → ðnþ 1

2
Þλ=2. Once the next multiple of λ=2 is

approached, the cavity linewidth becomes narrow again
and the cavity resonance shifts towards ων þ Ω̃ð0Þ as
tanðkllÞ → 0. The distance between the zero and the
maximum of the transmission can be used as a measure
for the cavity linewidth κ ¼ Γ̃ð0Þj tanðkllÞj. We present a
coupled-modes theory for the input-output description of
cavities made from quantum metasurface mirrors in the
Supplemental Material [55].
Chiral sensing.—We now consider the scenario depicted

in Fig. 1(e) where chiral scatterers with radiative linewidth γs
are sent through the cavity. We assume the resonance of the
scatterers ωs to be far-detuned from the cavity resonance
jΔsj ≫ jΔcj; γs with Δs=c ¼ ωl − ωs=c. In this case, the
effect of a scatterer with the same helicity as the cavity is
to increase the path length of light passing through the cavity
and thereby shift the cavity length by a small amount δls ¼
− arctanðγs=2ΔsÞ=kl (for derivation see Supplemental
Material [55]), such that the total effective cavity length is
now given by lþ δls. Because of the quick phase switch
around the cavity resonance for cavity lengths close to nλ=2,
a small perturbation of the cavity length can lead to a
considerable phase shift of the cavity transmission [see
Fig. 2(a)].
One can proceed to compute the relative phase change in

the cavity transmission between lengths l and lþ δls on
the cavity resonance (assuming l ≈ nλ=2)

φ ¼ arg
tcðlþ δlsÞ

tcðlÞ
����
res;l≈nλ

2

≈ arctan ðcotð2klδlsÞÞ; ð9Þ

which reaches a value of π½θðklδlsÞ − 1=2� as δls → 0,
implying a phase jump from −π=2 to π=2 around the cavity
resonance for lengths close to nλ=2 [θðxÞ is the Heaviside
function]. If the cavity length departs from nλ=2, the cavity
linewidth increases and the phase shift gets diminished, as
illustrated in Figs. 1(d) and 2(a).
An experimental setup to measure this phase is homo-

dyne detection as illustrated in Fig. 1(e), where the phase
between a local oscillator (for instance, obtained from beam
splitting the input field) is compared to the phase of the
output field. Suppose we consider a signal beam with
which we drive the cavity αðtÞ ¼ ffiffiffiffi

F
p

expð−iωltþ iθÞ and
the local oscillator field αLOðtÞ ¼

ffiffiffiffiffiffiffiffi
FLO

p
expð−iωltþ iθLOÞ

with intensities (number of photons per unit of time) F and
FLO. Then considering homodyne detection for a Fabry-
Pérot cavity leads to an uncertainty in the measured phase
for an integration time T of the measurement and a
quantum efficiency ηQ, which is encoded in the intensity
difference m− with variance ðΔm−Þ2res ¼ ηQTFLO and
expectation value (assuming the phase variation to happen
on a timescale much slower than the optical frequency)

hm−ðt; TÞi ¼ 2ηQ
ffiffiffiffiffiffiffiffiffiffiffiffi
FFLO

p
jtcj

Z
tþT

t
dt0 sin ðφðt0ÞÞ: ð10Þ

Here, we have approximated that FLO ≫ F and have taken
θ þ θLO ¼ 2πn, which can be obtained by phase matching
the local oscillator and the signal beam. Since the cavity is a
linear element, the resulting phase uncertainty [see Fig. 2(b)]
is independent of any cavity properties and only depends on
the properties of the state of the incoming beam, which is
assumed to be classical for this calculation.

(a) (b) (c)

FIG. 2. Chiral sensing.—(a) Cavity phase φc ¼ argðtcÞ versus small perturbations of the cavity length δls for different cavity lengths
l (square lattice, a ¼ 0.8λ). For each l, the resonance condition described by Eq. (7) is fulfilled. (b) Illustration of phase uncertainty in
phase space for a coherent state. (c) Homodyne detection signal hm−ðtÞi for (ideal) right- and left-handed chiral scatterers passing
through a RCP cavity with corresponding shot noise shown as shaded area. The dashed black line indicates the entry of a particle into the
cavity and the dotted red line indicates its exit. In addition, a rotational average was performed as detailed in the Supplemental Material
[55]. We have used Δs ¼ 10Γ0, γs ¼ Γ0, with an average of one photon within the time interval Γ−1

0 , i.e., F ¼ Γ0, an integration time of
TΓ0 ¼ 2000 and a detuning of Δ ¼ Γ0=100.
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As an alternative to describing the passage of particles
through the cavity with transfer matrix theory, the dipole
theory can be extended to include the presence of an
additional chiral scatterer which can be represented by
coupled electric and magnetic dipoles (see Supplemental
Material [55]). These equations of motion are simulated in
Fig. 2(c) for right- and left-handed scatterers (RHS and
LHS) entering a RCP cavity, showing a clear distinction in
the resulting signal. Here, the classical shot noise of a
coherent input field is used to estimate the phase error for a
homodyne detection.
Let us finally briefly discuss the applicability of the

chiral sensing scheme to the discrimination of molecular
enantiomers. Chiral molecules are, in general, not perfect
chiral scatterers. This is manifested in the fact that their
circular dichroism CD ¼ ðAþ − A−Þ=ðAþ þ A−Þ, i.e., the
difference in absorbance between RCP and LCP light, is
not unity but some small finite value. This implies that the
assumption of coupling to only a single polarization
component is unrealistic. Instead, both enantiomers will
lead to small differential shifts in optical path length.
Aside from the absolute magnitude of this change in path
length, however, the presented strategy retains generality
and the applicability is a question of detailed system
parameters.
Conclusions and outlook.—We have proposed a novel

approach for chiral sensing based on the interferometric
detection of phase shifts in HP metasurface cavities. In a
first step, we have shown that HP mirrors and cavities can
be created from stacked quantum metasurfaces with
orthogonal dipole orientation. We then proposed to use
these narrow-linewidth HP cavity modes for the optical
sensing of chiral scatterers by discussing how the phase of
the output field is modified by an off-resonant scatterer
passing through the cavity. We also discussed briefly the
applicability to the discrimination of molecular enantiomers.
Our approach constitutes a fully optical approach to chiral
sensing in the linear regime as compared to other approaches
relying on nonlinear techniques [20]. Furthermore, it does
not require strong coupling or resonance between the
scatterers and the cavity mode in contrast to other recent
treatments of cavity-based enantiomer discrimination [17].
We provide a discussion of possible errors leading to, e.g.,
mixing of helicities in the Supplemental Material [55].
We have previously discussed derogating effects such as
motion, vacancies, and nonlinearities for singlemetasurfaces
in Ref. [52].
We also remark that, in addition to the use proposed in

this Letter, layered metasurfaces can enable a host of other
applications. For instance, stacking many of these layers
leads to Bragg-mirror physics which could be used to tailor
the frequency windows of optical elements based on
quantum metasurfaces. Even more general polarization
structures of the cavity mode, such as Faraday cavities
[22], might also be implementable.

We acknowledge fruitful discussions with L. Mauro and
J. Fregoni which led to the initial idea for this project. This
work was supported by the Max Planck Society and the
Deutsche Forschungsgemeinschaft (DFG,GermanResearch
Foundation)—ID 429529648—TRR 306 QuCoLiMa
(“Quantum Cooperativity of Light and Matter”).
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