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We introduce crystal polaritons, hybrid excitations formed when the collective excitations of a periodic
quantum-emitter array strongly couple to the resonant Bloch modes of a metasurface. This realizes a
cavity-QED platform in which periodic light and periodic matter are treated on the same footing, allowing
strong collective light-matter coupling in an extended, lossy, and dispersive nanophotonic structure.
To describe this regime, we develop a reciprocal-space few-mode quantization based on macroscopic
quantum electrodynamics, which maps the metasurface resonances seen by the emitter array onto a cavity-
QED Hamiltonian at each in-plane momentum. We show that both plasmonic surface-lattice resonances
and dielectric bound states in the continuum can enter the strong-coupling regime with a single emitter per
unit cell. As a consequence of the resonant nonlinearities of the resulting crystal polaritons, the platform
enables quantum light generation with efficiencies orders of magnitude higher than those achieved in
conventional nonlinear metasurfaces.
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Confining photons in cavities can lead to strong coupling
of single or few photonic modes to quantum emitters. This
is at the heart of cavity quantum electrodynamics (QED),
with applications in the generation of nonclassical states of
light [1], quantum sensors [2], or in quantum information
science [3]. However, traditional wavelength-sized cavities
are restricted by the diffraction limit. While plasmonic
nanoparticles overcome this via subwavelength confine-
ment [4–6], they suffer from high losses that limit many
quantum optical applications.
An alternative is provided by two-dimensional periodi-

cally structured surfaces (metasurfaces). Because their
resonant modes extend over many unit cells, metasurfaces
can combine subwavelength field confinement with miti-
gated losses [7]. They offer many exciting design possibil-
ities to, e.g., support flat bands [8], topologically protected
states [9,10], and lasing [11–13], or bound states in the
continuum [14–17]. Consequently, they have become a
well-established tool for manipulating classical [18,19] and
quantum states of light [20,21], and have been used for
strong light-matter coupling to dense molecular ensembles
[22,23] leading to polariton lasing [24,25], polariton BECs
[26], and polaritonic chemistry [27].
Arrays of quantum emitters in free space—such as

cold atoms or molecules—have emerged as platforms
for cooperative optics with applications in classical
optics [28–30], nonlinear quantum optics [31–36], or

quantum information processing [37,38] and quantum
simulation [39].
Despite the versatility of these two periodic platforms,

their combination has largely been restricted to the weak
coupling regime [4,40], and previous ab initio frameworks
that can accurately determine the quantized resonant modes
of metasurfaces to which nearby emitters strongly couple
are limited to the coupled-dipole approximation and linear
response [41].
The regime we target here fundamentally differs from

standard cavity QED and strong coupling of dense molecu-
lar ensembles to resonances supported by periodic nano-
structures [22–27]. In a conventional cavity, a small number
of localized photonic modes couple to localized matter
excitations. By contrast, the relevant optical resonances in a
metasurface are extended Bloch modes. As a difference
also to dense ensembles of molecules, which behave
essentially as classical harmonic oscillators, the discrete
quantum emitters show much higher nonlinearities and
therefore bear the potential to enter a nonlinear cavity QED
regime. If a quantum-emitter array is made commensurable
with the metasurface (see Fig. 1), this opens the possibility
for coupling of collective spin-wave excitations of the
emitter array with metasurface resonances at well defined
Bloch momentum.
The central message of this Letter is that these two

extended, periodic degrees of freedom—photonic and
material—can hybridize strongly to form a new hybrid
light-matter state that we term crystal polaritons. By
identifying the coupled, lossy photonic modes of general
metasurfaces via macroscopic QED, we obtain a cavity
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QED-type Hamiltonian that gives full access to the quan-
tum dynamics in the strong-coupling regime. We find that
strong coupling is achievable with just a single emitter per
unit cell, coupling to either bound states in the continuum
of a dielectric array of nanoparticles or to surface lattice
resonances (SLRs) of a metallic array of nanoparticles. This
results in the hybridization of emitter spinwaves andmetasur-
face resonances into crystal polaritons. Furthermore,we show
that laser driving of these crystal polaritons yields resonant
quantum light generation with efficiencies many orders
of magnitude higher than state-of-the-art nonlinear metasur-
faces [42–45], reaching a strong nonlinear response with just
one crystal polariton per 10.7 μm2.
Collective light-matter coupling in reciprocal space—

The essential simplification of the commensurable quan-
tum metasurface (see Fig. 1) is that both subsystems share
the same periodicity. The electromagnetic resonances of the
metasurface are Bloch modes, and the collective excitations
of the emitter array are spin waves carrying the same in-
plane momentum. Strong coupling therefore does not occur
between a localized emitter and a localized cavity mode,
but between two extended Bloch-periodic degrees of free-
dom with the same Bloch momentum. The first task is to
identify, for each in-plane momentum kk inside the
Brillouin zone, which metasurface resonances are available
to hybridize with the corresponding emitter-array excita-
tion. As we show in the following, this information is
contained in a reciprocal-space spectral density. It plays the
same role as the local spectral density in ordinary cavity
QED [46,47], but resolved in Bloch momentum and in the
emitter positions within the unit cell. It determines the
complex resonant frequencies of the electromagnetic envi-
ronment seen by the spin wave and the strength with which
this spin wave couples to them.
We characterize the emitters by their dipole operator

d̂ðhÞi ¼ diðσ̂ðhÞi þ σ̂ðhÞ†i Þ and orientation nðhÞ, as well as their
position rðhÞi ¼ rðhÞ0 þRi, with r

ðhÞ
0 denoting the position of

the h th dipole in the reference unit cell and fRig being the
set of lattice vectors connecting the different unit cells.

As we derive in detail in Supplemental Material (SM) [48],
the Bloch-periodic spin-wave excitations of such emitter

arrays d̂ðhÞkk ¼ P
i d̂

ðhÞ
i e−ikk·r

ðhÞ
i couple to the continuum of

field modes via the reciprocal-space spectral density of the
metasurface

Jh;h0 ðkk;ωÞ ¼
μ0ω

2

πℏ
dhdh0e

−ikkðrðhÞ0
−rðh

0Þ
0

Þ

× nðhÞ · GAH

�
kk; r

ðhÞ
0 ; rðh

0Þ
0 ;ω

�
· nðh0Þ: ð1Þ

Here, GAH is the anti-Hermitian part of the Bloch-periodic
Green tensor Gðkk; r; r0;ωÞ ¼

P
i e

ikk·RiGðr; r0 þRi;ωÞ
[57,58] and dispersion and absorption was accounted for
via macroscopic quantum electrodynamics [59].
We have thus identified Jh;h0 ðkk;ωÞ as the key quantity

that fully determines the optical environment of the
metasurface seen by the emitter array and thus characterizes
the extended resonances of metasurfaces. To illustrate this
quantity, we consider a square array of silver nanospheres
with radius R ¼ 50 nm and lattice constant a ¼ 600 nm
that is coupled to an array of two-level emitters with a single
emitter per unit cell located at different positions within the
unit cell. The dipole moment of the two-level emitters is
given by d ¼ 10 D and the response of the silver spheres is
described by a Drude permittivity as in Refs. [60,61].
As shown in Fig. 2, the maxima of the reciprocal-space

spectral density J ≡ J1;1ðkk;ωÞ follow the usual dispersion
of the surface lattice resonances of the plasmonic array,
resulting from the coupling of diffractive orders (Rayleigh
anomalies) with the plasmonic resonance of the nano-
particles (here at 3.5 eV) [62]. Nevertheless, J differs
qualitatively from far-field observables such as reflectance,
transmittance, or extinction of the array, see Fig. 2(c). In
contrast to these quantities, J depends on where the emitter
sits inside the unit cell and on its dipole orientation, because
it describes the collective near-field optical environment
experienced by the matter excitation rather than the response
of the bare metasurface to an external probe [see Fig. 2(b)].
From the spectral density to a cavity-QED

Hamiltonian—The reciprocal-space spectral density iden-
tifies the optical resonances that the emitter-array spin
waves can see, which we now map to a set of coupled lossy
modes with spectral density identical to the ab initio result
via a recently developed few-mode quantization scheme
[63–68]. This step maps our setup to a typical cavity-QED
Hamiltonian, with photonic Bloch modes and material spin
waves appearing in equal terms.
The resulting few-mode Hamiltonian reads (ℏ ¼ 1):

Ĥkk ¼ Ĥe;kk þ
X
i;j

ωkk;ijâ
†
kk;iâkk;j

þ
X
i;h

�
gkk;ihd̂

ðhÞ†
kk âkk;i þ H:c:

�
: ð2Þ

FIG. 1. Concept of a polaritonic quantum metasurface hosting
crystal polaritons. A metasurface confines the light field in its
vicinity that is strongly coupled to collective excitations of a
quantum emitter array. Strong coupling of the quantized modes of
the metasurface to the emitter array excitations leads to the
formation of crystal polaritons.
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Here, Ĥe;kk is the bare emitter Hamiltonian. The operators
akk;i describe the effective lossy photonic modes of the

metasurface, while dðhÞkk describes the spin-wave excitations

of the emitter array. Losses are included through Lindblad
termswith rates κkk;i, seeSM[48].Thekeypoint is thatEq. (2)
is a cavity-QED Hamiltonian for an extended periodic plat-
form: the coupling conserves Bloch momentum and
hybridizes photonic and material excitations at the same kk.
The parameters of Hamiltonian (2) are not phenomeno-

logical. They are obtained by requiring the effective model
to reproduce the ab initio reciprocal-space spectral density,
Jmodðkk;ωÞ ¼ Jðkk;ωÞ, with

Jmodðkk;ωÞ ¼
1

π
gkk · Im

�
1

H̃kk − ω

�
· g†

kk ; ð3Þ

and H̃kk;ij ¼ ωkk;ij − iκkk;iδij=2. This can be achieved by
fitting the parameters of the few-mode model, namely the

mode frequencies ωkk;ii, the mode couplings ωkk;ij, and the
decay rates κkk;i, as well as the light-matter coupling con-
stants gkk;ih.
We apply this procedure to a representative SLR in the

plasmonic array considered above; see Fig. 2. Even when
the far-field spectrum suggests that SLRs are single-mode
resonances, we find that a naive single-mode picture of
SLRs can fail: the SLR line shape in the reciprocal-space
spectral density is asymmetric, in contrast to the symmetric
Lorentzian expected for a single mode [cf. Eq. (3)] [69].
Therefore, it cannot be reproduced by one Lorentzian
mode. Physically, the asymmetry—and hence the multi-
mode nature—can be attributed to the inherent asymmetry
of the Rayleigh anomalies, which our few-mode model is
able to fully capture, as seen in Fig. 2(d).
Crystal polaritons in a quantum metasurface—We now

use the developed framework to demonstrate our main
physical result: a commensurable emitter array and a
dielectric or plasmonic metasurface can enter a collective
strong-coupling regime in which the eigenmodes are hybrid
light-matter Bloch excitations. All elements of this exper-
imental setup can be achieved with state-of-the-art devices.
We consider dipole moments of 10D realized, e.g., with
quantum dots, defect emitters, or organic molecules, and
use metasurface resonances with quality factors compa-
rable to those found experimentally [42,48,70]. The main
experimental challenge is to place the emitters in an array
with fixed relative position to the nanoparticle. Promising
platforms to do so are carbon-based color centers in
hexagonal boron nitride films [23,71], atoms trapped by
Casimir-Polder forces of the metasurface [72,73], or
molecules placed via DNA origami [74,75].
For the plasmonic array considered above, we obtain the

cavity QED parameters of the quantized surface lattice
resonances from the fit of the few-mode model. We find
that with a single emitter per unit cell that has a dipole
moment of 10D, the setup is close but does not quite reach
the strong-coupling regime. As discussed in the SM [48],
the strong-coupling regime can be reached using slightly
larger lattice constants a > 615 nm, however, requiring
record high Q factors [70] for the SLRs.
Much higher quality factors than those of SLRs in

plasmonic systems can be achieved for bound states in the
continuum (BICs) in dielectric nanoparticle arrays [42].
Therefore, we next consider a square array of dielectric
(silicon) nanospheres and focus on a BIC originating from
the magnetic dipole resonance of the spheres [76], see
Fig. 3(a). We identify this BIC as an approximately
Lorentzian resonance in the reciprocal-space spectral
density, whose width narrows with decreasing in-plane
wave vector; compare Figs. 3(c) and 3(d). As expected,
the BIC resonance is much sharper than those of the
plasmonic array discussed above, yielding much smaller
decay rates, as we show below (see also the SM [48] for
further details).

FIG. 2. Optical environment seen by a collective emitter array
close to a square array of silver nanospheres. (a) Reciprocal
space spectral density J as a function of frequency and in-plane
wave vector along a path in reciprocal space as indicated by the
inset for an emitter array positioned in the center of the unit cell
[rk ¼ ð0; 0Þ] and 10 nm above the nanospheres with dipole
moment d ¼ 10 D and orientation n ¼ ez. (b) J at the Γ point
(kk ¼ 0) for different emitter positions indicated by the
colored rectangles in (b) [rk ¼ ð0; 0Þ, rk ¼ ð200; 0Þ nm,
rk ¼ ð300; 300Þ nm]. (c) Cut through J in (b) at three different
positions indicated by vertical lines in (b) (colored lines) and the
transmission through the array (black dashed line). (d) J for an
emitter at A and the Γ point shown in (c) together with the fitted
model spectral density Jmod [Eq. (3)] with different numbers of
modes.
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We find that the BIC resonance in the reciprocal-space
spectral density can be modeled by a single lossy mode for
each value of the in-plane wave vector; see Fig. 3(c). We
further obtain the decay rate and coupling strength of this
mode to an emitter with a dipole moment of 10D and a
frequency of ωE ¼ 1.749 eV by a single-mode fit and show
them as functions of in-plane momentum in Fig. 3(d).
Although the decay rate vanishes when approaching the Γ
point at kk ¼ 0, leading to a divergent quality factor, we
find that the coupling strength remains finite and essentially
constant over the resolved wave-vector range. Clearly, we
find g > κ, such that the system operates in the strong-
coupling regime. To confirm this, we show the electric field
at the position of the emitter under plane-wave driving with
different in-plane momenta and frequencies in Fig. 3(b);
see SM for details [48]. A clear anticrossing can be found
that indicates the strong-coupling regime. The dispersion of
these polariton modes can be obtained by diagonalizing the
single excitation manifold of the few-mode Hamiltonian
[white dashed line in Fig. 3(b)]. This offers a highly tunable
strong-coupling platform, as many different crystal polar-
itons can be realized depending on the lattice geometry and
the position of the emitter.

Resonant quantum nonlinear optics with crystal
polaritons—The high Q resonances of dielectric metasur-
faces have already been shown to boost nonlinear light
conversion in a series of experimental works relying on off-
resonant light-matter interactions [42–45]. Because the
matter component of crystal polaritons is composed of
two-level excitations, these hybrid modes inherit a strong
quantum nonlinearity. As a first application of crystal
polaritons, we therefore show how driving them with a
laser can lead to resonant nonlinear light generation with an
increase in the nonlinear light conversion by many orders of
magnitude compared to conventional platforms based on
bulk nonlinearities [42–45].
In the low-excitation regime, we can approximate the

two-level emitters by harmonic oscillators with annihilation
operators b̂kk . As a result, kk is conserved on the single
particle level. We introduce the nonlinearity of the two-
level emitters via the resummation of the Holstein-
Primakoff expansion [77,78] of σ̂kk in terms of b̂kk ,

resulting in a polariton-polariton scattering term in the
Hamiltonian [48]. A strong nonlinear response with just
one excitation in the system arises when this term induces a
frequency shift of the two-polariton state that is larger than
its linewidth [79–81]. For our system, we find that this is
satisfied for polariton densities as low as one polariton per
10.7 μm2 (¼ 67 unit cells) [48], and should also be
compared to the free-space wavelength of 0.71 μm of
the laser driving. This demonstrates the potential of our
setup for quantum optical applications, which we will
explicitly demonstrate using the example of the efficient
generation of directionally emitted entangled photon pairs
[see Fig. 4(a)].
To this end, we introduce laser driving with fixed

frequency ωL and in-plane momentum kL, see Fig. 4(a),
accounting for light scattering at the metasurface self-
consistently following Refs. [82,83], as outlined in the SM
[48]. In the low-excitation regime and in the steady state the
laser driving coherently displaces the modes and the
emitters with momentum kL byakL;i and bkL

, respectively,
while all emitter and photon states with kk ≠ kL remain in
the ground state. Assuming that the nonlinearity is
weak, we find that the lowest-order correction affecting
modes with kk ≠ kL is given by a squeezing and a beam-
splitter contribution [48]. The beam-splitter contribution
leads to a negligible shift of the mode and emitter
frequencies, while the squeezing Hamiltonian leads to
the generation of entangled excitations and reads Ĥsq;kk ¼P

i g
�
kk;ib

2
kL
â†kk;ib̂

†
k̄k

þ ElocbkL
b̂†kk b̂

†
k̄k

þ ðkk ↔ k̄kÞ þ H:c.,

where ðkk ↔ k̄kÞ denotes adding the preceding terms
subject to the replacement kk ↔ k̄k with k̄k ≡ 2kL − kk.
Allowing for up to two excitations in the system,
we can numerically identify the steady-state two-
photon emission rate at a fixed wave vector kk defined

FIG. 3. Crystal-polariton formation with a bound state in the
continuum. (a) Dispersion of the reciprocal-space spectral density
J for a square array of dielectric (silicon) nanospheres with radius
R ¼ 100 nm, refractive index n ¼ 3.5, lattice constant
a ¼ 400 nm, kk ¼ kkey, and the emitter array is positioned at
ð0; 105 nm; 0Þ in the unit cell with frequency ωE ¼ 1.749 eV,
dipole moment d ¼ 10 D, and orientation n ¼ ex. (b) Local field
strength Eloc at the position of the emitter as a function of the
frequency ωL and in-plane momentum kL ¼ kLey of the plane-
wave laser driving with amplitude Ein and polarization ex. The
dispersion of the crystal polaritons is shown by the dashed lines.
(c) Exemplary single-mode fit of J at kk ¼ 6.4 × 10−3π=a.
(d) Coupling strength g and decay rate κ of the bound state in
the continuum obtained from fitting a single-mode model to J at
different in-plane momenta.
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by γkk ¼
P

i;jðκkk;i þ κk̄k;jÞhâ†kk;iâ
†
k̄k;j

âkk;iâk̄k;jiss. Here,

h…iss is the steady-state expectation value. The two-
photon emission rate density per unit area into a certain
range of wave vectors kk ∈Vd is defined by ΓVd

¼
1=ð4π2Þ RVd

d2kkγkk and can be approximated by Γkk ¼
Vd=ð4π2Þγkk for small Vd. Note that since the squeezing

Hamiltonian Ĥsq;kk alwaysgenerates pairs of excitations atkk
and k̄k, the emitted photons are strongly entangled and we
only have to integrate over a single wave vectorkk, while the
wavevectorof theother emittedphoton is fixedbymomentum
conservation to 2kL − kk.
In Fig. 4(b), we plot Γkk for kL ¼ 6.4 × 10−3π=a as a

function of the laser driving frequency ωL and the in-plane
momentum of one of the emitted photons kk. The maxima
in the two-photon emission rates can be understood as a
result of two resonant conditions: (i) the laser driving has to
be resonant with one of the polaritonic modes ωUP and ωLP
at kL [the maxima in Fig. 4(b) are clearly centered around
ωUP and ωLP]; (ii) and momentum (phase matching) and
energy must be conserved, i.e., there must be polaritonic
modes with frequencies ωðkkÞ and ωðk̄kÞ satisfying
ωðkkÞþωðk̄kÞ¼2ωL. These conditions are plotted by the
white dashed lines in Fig. 4(b). As a result of both resonant
conditions, we see maxima in the two-photon emission
rate when the dashed lines cross ωLP or ωUP in Fig. 4(b). We
find that the normalized two-photon emission rate Γkk=Φ

2
in

emitted into a narrow fraction Vd=VB ¼ 1.6 × 10−5 of the
Brillouin zone VB ¼ ð2π=aÞ2 can reach values up to
10−2 cm2 fs. This means that for an incoming laser power
density of, e.g., just P ¼ 10 μW=cm2 the conversion
efficiency into that narrow range of wave vectors is

Γkk=Φin ¼ 3.6 × 10−4 and for P > 28 mW=cm2 the system
would already be far in the nonperturbative regime (pertur-
bative conversion efficiency > 1). Nonlinear metasurfaces
with dielectric nanoparticles based on off-resonant bulk
nonlinearities [42–45] have experimentally reached conver-
sion efficiencies of 10−6 at laser powers of 60 MW=cm2,
which makes our platform theoretically more efficient by 14
orders of magnitude within the narrow resonant frequency
window. While practical limitations like fabrication disorder
or finite size effects will moderate this theoretical value, it
still illustrates the fundamental enhancement.
Conclusion and outlook—In summary, we have shown

that metasurfaces can be promoted from classical wave-
shaping elements to a tunable cavity-QED platform for
periodic quantum matter. Treating photonic Bloch reso-
nancesandemitter-arrayspinwavesonequal footing,wehave
shown that they can hybridize into crystal polaritons with a
nonlinear optical response that can be used for efficient
quantum light generation. The complete setup can be seen
as a polaritonic quantum metasurface with many different
design possibilities. Here, we have focused on wavelength-
sized arrays, but subwavelength arrays are also expected to
offer great potential for quantum optics [28–35,37,38,40].
Moreover, chiral electromagnetic modes, whose design in
typical cavity QED platforms is challenging and which
are of particular interest in chiral sensing and nonreciprocal
quantum devices, as well as topologically nontrivial states
of finite-sized metasurfaces, could be harnessed in the
future by the proposed polaritonic quantum metasurface.
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