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Moiré lattices created in two-dimensional heterostructures exhibit rich many-body physics of interacting
electrons and excitons and, at the same time, suggest promising optoelectronic applications. Here, we study
the cooperative radiance of moiré excitons that is demonstrated to emerge from the deep subwavelength
nature of the moir€ lattice and the strong excitonic on-site interaction. In particular, we show that the static
dipole-dipole interaction between interlayer excitons can strongly affect their cooperative optical proper-
ties, suppressing superradiance of disordered states while enhancing superradiance of ordered phases of
moiré excitons. Moreover, we show that doping permits direct control of optical cooperativity, e.g., by
generating superradiant dynamics of otherwise subradiant states of excitons. Our results show that
interlayer moiré excitons offer a unique platform for exploring cooperative optical phenomena in strongly
interacting many-body systems, thus holding promise for applications in quantum nonlinear optics.

DOI: 10.1103/PhysRevLett.134.126901

Two-dimensional semiconductors such as atomically thin
transition-metal dichalcogenides (TMDCs) and their moiré
heterostructures have recently emerged as a platform to
realize strongly correlated electronic phases [1-8]. Excitons
in these heterostructures have played a crucial role in
unveiling elusive correlated electronic phases [9-12].
Moreover, the possibility to couple photons and moiré
superlattices has ushered in broad explorations of photonic
and optoelectronic phenomena and applications [13-20].

However, their optical properties beyond the physics of
local light-matter coupling has remained relatively unex-
plored. While most studies focused on electrostatic inter-
actions between moiré excitons [21-23], their mutual
coupling via the electromagnetic vacuum can result in
collective optical effects [24-31] that are particularly
pronounced in the deep subwavelength limit of typical
moiré lattice spacings.

In this Letter, we describe how the combination of
collective light-matter coupling and strong exciton-exciton
interactions gives rise to quantum many-body dynamics
and cooperative optics—and, most prominently, super-
radiant photon emission [32-34]. More generally, the
interplay of strong on-site repulsion, electrostatic dipolar
interactions, long-range light-induced excitation hopping,
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and long-range dissipation suggests moiré excitons as an
interesting open many-body system. Here, we explore this
interplay and its effect on cooperative superradiant emis-
sion processes. We reveal pronounced effects of static
dipole interactions and show that it suppresses the other-
wise strong superradiance of fully excited lattices, while it
can generate superradiance by ordered arrays of partially
filled lattices that may form due to dipolar repulsion
between excitons [35]. Electron doping is also found to
have remarkably strong effects on cooperative decay, with
the formation of generalized Wigner crystals of electrons
inducing superradiant emission from otherwise slowly
decaying exciton lattices. Our findings highlight the role
of static particle interactions in controlling cooperative
radiance and contribute to understanding the optical proper-
ties of moiré quantum materials as well as their use to
probe many-body phenomena of interacting excitons and
electrons.

We consider interlayer excitons formed by an electron-
hole pair that are located in separate layers of a two-
dimensional heterostructure, realized by two stacked
TMDC monolayers (e.g., WS,/WSe,) as sketched in
Fig. 1(a) [14,36]. A small lattice mismatch or a finite twist
angle between the monolayers generates a slowly varying
moiré pattern of the potential for electrons and holes
[37,38]. As the excitons localize in the minima of this
potential they form an array with a moiré lattice constant
a ~ 10 nm [35], which is orders of magnitude larger than
that of the underlying atomic crystal but lies well below the
optical wavelength A of the excitonic transition. As a result,
moiré lattices constitute a subwavelength array in which
exciton-photon interactions can be highly collective,

Published by the American Physical Society
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FIG. 1. (a) Mlustration of a moiré potential in layered TMDC
heterostructures. Interlayer excitons have strong dipolar inter-
actions V;; and undergo long-range photon-mediated hopping
with amplitudes J;; unless the site is already occupied by
an exciton. Their collective decay is described by distance-
dependent rates y;; according to Eqgs. (2)~(4), with y;; = y, shown
in (b). (¢) Distance dependence of J;; and V; for a relative dipolar
interaction strength of 44 = 5.

whereby emitted photons can be reabsorbed at other lattice
sites. This vacuum-mediated photon exchange generates a
long-range coupling between distant moiré sites and results
in collective photon emission associated with the formation
of super- and subradiant states. The deep subwavelength
nature of the system, a < 4, results in a collective coupling
that can be orders of magnitude larger than the single-site
emission rate and is expected to further enhance such
collective effects, e.g., compared to neutral atoms in optical
lattices [34,39-54], where typically a < 4.

However, strong exciton-exciton interactions are
required to create conditions for cooperative optical phe-
nomena beyond the linear physics of collectively coupled
classical dipoles. Recently, it was observed that forcing two
excitons to occupy the same moiré site gives rise to a large
Coulomb repulsion energy resulting in an excitonic Mott
insulator [21-23,35], with a single exciton per moiré site.
This exclusion of double occupation permits treating
interlayer excitons as spin-1/2 degrees of freedom,
whereby the raising and lowering operators 6, and 67
describe the creation and recombination of an exciton at the
ith site of the moiré lattice. It is this phase-space filling
effect at each lattice site that leads to cooperative photon
emission as opposed to collective exponential decay of
noninteracting excitons. In addition, the electron-hole
separation of the interlayer excitons in different layers
implies a sizable static, out-of-plane electric dipole moment
d that is controlled by the distance between the two layers
[55,56]. For a dipole orientation orthogonal to the 2D layer,
this leads to isotropic long-range interactions

< . W)

Vir,r)=————
( “ j) 47[80€,|1',~—rj -

between excitons in different (i # j) moiré sites with
positions r; and r;. Here, ¢, is the relative permittivity

that accounts for the polarization in the material for a given
host medium such as h-BN. Beyond electrostatic two-body
interactions, the excitons’ oscillating in-plane dipoles
couple via vacuum-mediated interactions. The resulting
unitary dynamics is determined by the Hamiltonian
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where ; = 6 67 gives the exciton occupation at site i and
N denotes the number of lattice sites. The two-body terms
Jij=J(r;=r;) and V;; = V(|r; —r;|) describe the pho-
ton-mediated hopping of excitons and their static dipole-
dipole interaction. The tunneling of excitons between
neighboring sites with an amplitude ¢ adds to the pho-
ton-induced exchange processes. While ¢ decays exponen-
tially with the lattice constant [57], J(a) only decreases
algebraically as J(a) ~ (A4/a)?, such that the value of a
controls the relative contribution from each process. For
simplicity, we focus here on conditions where direct
exciton tunneling plays a minor role, but an extension to
finite values of ¢ is straightforward without further com-
plications. Finally, one can incorporate radiative recombi-
nation of the excitons based on the Lindbladian master
equation [24]

1T B . na |
op = ih™" [p,H] +Zrij<0,/)0?—§{0,-+ ,,ﬂ}> (3)

for the many-body density matrix p of the system. Here, the
two-body decay terms y;; account for the collective photon
emission by the exciton array, whereby the diagonal
element y;; = y corresponds to the bare one-body emission
rate due to recombination of a single localized exciton at a
given moiré site i. The corresponding decay rates along
with the photon-mediated exchange amplitude are deter-
mined as [24]

3
gy il 3
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by the dyadic Green’s tensor G of the electromagnetic field
[58], the exciton resonance frequency @ = c/(,/€,4), and
the unit vector p = p/ p of the transition-dipole moment p.
Since the optical transition in TMDC bilayer structures is
valley selective, only a single circular polarization is
relevant for a valley-polarized initial state of the excitons.
Figures 1(b) and 1(c) show the dependence of y;;, J;;, and
V;; on the distance between excitons. The strength of the
static dipole-dipole interactions relative to the dipolar
exchange of excitons can be quantified by the parameter
€4qa = 2d*/p*. For small distances r < A, the photon-
mediated exciton hopping is determined by near-field
transition-dipole interactions J(r) = —3y/8(kr)?, such that
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the parameter e4q ~ V(a)/h|J(a)| directly gives the ratio of
the nearest-neighbor dipole interactions for the typical
lattice constants @ < A considered in this work.

In order to obtain an intuitive picture of the resulting
cooperative decay dynamics, we first consider a small
triangular lattice with a spacing of @ = 1/20 in the absence
of static dipole-dipole interactions. For the chosen param-
eters and small system size, the decay rates y;; R y; =7
are nearly homogeneous across the lattice. Such a system
displays Dicke superradiance above half filling [32,33],
where a short, intense light pulse emerges from the
synchronized decay of multiple excitons through stimu-
lated emission, in contrast to the exponentially decaying
fluorescence of independent excitons. One can analyze this
process using the effective non-Hermitian Hamiltonian

Tt==iy yi6l6; (%)
ij

that follows from Eq. (3) and its eigenvalues I", yield the
collective decay rates of the system. We diagonalize Eq. (5)
for a small number N of lattice sites in a given subspace of
N, excitons. The resulting spectrum of collective decay
rates is shown in Figs. 2(b) and 2(c). Additionally, we
simulate the cooperative decay dynamics of an initially unit
filled lattice and determine the time-integrated population
P, of the collective eigenstates with decay rates I",. For
noninteracting excitons [Fig. 2(b)], €44 = 0, one observes

44(a)
<
~ 27
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10°? 107! 10°
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FIG. 2. (a) The time-dependent cooperative emission rate I"

demonstrates strong suppression of superradiance by static
dipole-dipole interactions, quantified by the dimensionless inter-
action strength gqq. The spectrum of collective decay rates is
shown in (b) and (c) for a 3 x 3 triangular lattice (N = 9) with
a/A=0.05 and for different numbers N, of excitons in the
lattice. States to the right of the dashed line are superradiant,
while those to the left are subradiant. The color code shows their
the time-integrated population P, during the cooperative decay of
an initially fully excited lattice (N, ), and the solid lines show the
time-evolving decay rates of (a). The gray dashed lines corre-
spond to independent photon emission as N, = N exp(—y1).

expectedly that the system predominantly evolves along the
most superradiant states as it decays with a rapid burst of
emitted photons.

However, as Fig. 2(c) illustrates, this behavior is altered
significantly by the dipole-dipole interaction V;; between
excitons. The caused phase rotations of excitonic Fock
states, generate a coupling in the basis of the collective
eigenstates of Eq. (5). As a result, it transfers population out
of the most superradiant states toward lower decay rates
and thereby suppresses superradiance during photon emis-
sion. The effect can also be understood by noting that the
most superradiant eigenstate of Eq. (5), from which all
excitons emit in synchrony, is the most symmetric super-
position state of delocalized excitons. The dipole-dipole
interaction breaks this symmetry for any lattice filling
N/N < 1such that the phase fluctuations generated by V;;
simultaneously suppress superradiance.

In order to analyze this effect for larger lattices, we use a
third-order cumulant expansion [59,60], which was pre-
viously found to yield a reliable description of superradiant
decay dynamics in noninteracting (e4q = 0) systems
[61-63]. The simulations are performed for lattices with
6 x 6 sites, which resembles qualitatively the behavior of
larger systems and in the thermodynamic limit
(Supplemental Material [64]). The total rate of photon
emission is obtained from

00 == S ) = Soneier). (O

X l]
Starting from a state with no spatial coherence,
(6767) = 6;;(n;), the initial fluorescence signal simply
arises from the independent photon emission of each
exciton with a rate I'(0) = y that is given by the sum of
the one-body decay rates y =y;; over all N, = > (@;)
initially prepared excitons. As the system evolves, the rate
changes, leading to either subradiant (I' < y) or super-
radiant (I" > y) decay. In order to quantify the effects of the
static dipole-dipole interactions, we record the maximum
emission rate I',,, during the decay dynamics and calculate
the relative enhancement or suppression

1—‘max (de)

]’I = ——
l—‘max (de = 0)

(7)
of this rate compared to the noninteracting case £4q = 0.
Figure 3 shows this ratio as a function of the initial exciton
density, f, = N, (¢ = 0)/N, for a randomly filled lattice. In
the absence of interactions superradiance sets in for initial
filling fractions of f, = 1/2, and we indeed find a reduction
of the maximum rate by dipole-dipole interactions above
this value. The suppression of the superradiant burst
increases both with the strength £44 of the dipole-dipole
interaction and with the initial exciton density f,. The
absolute effect on superradiance is quantified in Fig. 3(b)
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FIG. 3. (a) Relative enhancement or suppression of the superradiant peak [cf. Eq. (7)] due to static dipole-dipole interactions for two

interaction strengths €44 and different initial filling fractions f. The solid lines show results for random initial configurations. The
orange crosses show the enhancement for £4q4 = 5 and ordered configurations at filling fractions f, = 1/4,1/3,1/2,2/3, shown in (c)—
(f) along with the decay dynamics of these ordered states for 44 = 0 (black line), €44 = 1 (blue line), and 44 = 5 (orange line). (b) The
dependence of the superradiant-peak maximum as a function of f, and 44 for random initial configurations.

showing the maximum emission rate as a function of &44
and f,. The superradiant burst is strongly diminished by the
dipole-dipole interaction and eventually vanishes with
increasing interaction strength, even at the maximum initial
exciton density of f, = 1.

Remarkably, this effect can be reversed for ordered initial
states, which may be prepared as low-energy states of the
interacting dipolar excitons at sufficiently low temperatures.
Different examples for specific commensurate lattice fillings
are shown in Fig. 3. For initial densities f, < 1/2, the
noninteracting decay dynamics is subradiant and predomi-
nantly populates collective eigenstates of Eq. (5) with
[, <y during the decay of the ordered initial exciton
configuration. Consequently, the coupling between the
collective eigenstates that is induced by the dipole-dipole
interaction can, in this case, transfer population to states with
larger decay rates. As demonstrated in Figs. 3(c)-3(e) for
different ordered configurations, this coupling is indeed
strong enough to generate or enhance superradiance.

In contrast to atomic systems, it is not straightforward to
compare the collective decay dynamics to the one-body
decay of isolated emitters, as excitons are typically gen-
erated as collective excitations in the semiconducting
material. However, exploiting the moiré lattice structure
this may be possible by electron doping. Electrically
injected charge carriers also localize in the minima of
the periodic moiré potential forming an insulating phase at
unit filling and arranging in generalized Wigner crystals
(GWCs) for lower commensurate electron filling fractions
fe [1]. In WS,/WSe, heterostructures, it was observed
that the generation of an exciton at the same site as a
doped charge carrier is avoided below a total filling

fioo = fe + fx =1 [21,23,65]. Thus, electrons and exci-
tons occupy complementary moiré sites below f,,, < 1 and
reconfigurable excitonic crystals are expected when elec-
trons form GWCs. Generating excitons in a doped material
just below unit electron filling would quench collective
interactions and thus allow preparation of localized and
isolated excitons that individually undergo exponential
decay and independently emit photons. Strong electron
doping in moiré lattices thus offers a way to turn off coope-
rative radiance and measure the one-body emission rate y.

More surprisingly, one finds that electron doping can
also generate a superradiant burst. In order to see this, let us
consider an ordered initial state of the excitons with a filling
fraction f, =1/3, as depicted in the lower inset of
Fig. 4(a). As discussed above, such a filling fraction will
undergo subradiant decay [see Fig. 4(a)] since the initial
exciton density is well below f, < 1/2. The decay dynam-
ics changes dramatically when doping the system with
fe = 2/3 such that electrons form a GWC as illustrated in
the upper inset of Fig. 4(a). While this neither affects the
initial density f, nor the spatial configuration of the
excitons, it generates a significant superradiant burst.
The effects of doping on the decay dynamics are summa-
rized in Fig. 4(b), where we show the ratio

. Fmax(fe =1 _fx)
‘= rmax(fe = 0) (8)

of the maximum emission rate I',, of a maximally doped
lattice and without electron doping. For vanishing dipole-
dipole interactions (e49 = 0), electron doping with f, =
1 — f consistently increases the superradiant decay rate of
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FIG. 4. (a) Cooperative decay dynamics of an ordered initial

state at f, = 1/3 without interactions (e4q = 0) for no electron
doping (f. = 0, blue curve) and finite electron doping (f, = 2/3,
orange curve). Doping with f. = 1— f, can generate super-
radiance. (b) The interplay of electron doping (f.) and excitonic
dipole-dipole interactions (e4q) can, however, also suppress
cooperative decay (see text for details) The initial exciton filling

is f, = 1— f. in (b).

the system. Compared to the undoped system, the immobile
electrons of the formed Wigner crystal persistently block all
unoccupied lattice sites, effectively increasing the excitonic
filling fraction of the remaining moiré sites to unity and
generating a superradiant burst. Interestingly, the effect of
doping can even reverse for strong exciton interactions and
fx» where the static dipole-dipole interactions tend to gene-
rate superradiance in the undoped case [cf. Figs. 3(c)-3(e)],
but strongly suppress superradiance for maximal doping
where the effective exciton density is increased to unity.
This illustrates that electron doping can induce super-
radiance even at relatively small exciton filling fractions
and modify the emission properties of the system.
Heterobilayer materials have moiré lattice constants in
the range of a ~ 10-50 nm and typical transition energies
of Aiw ~ 1 eV. Their corresponding lattice spacings, there-
fore, occupy the deep subwavelength regime of
a/A~ 1072 — 107", considered in this work. The radiative
lifetime of moiré excitons, which determines the strength
J(r) of the photon-mediated exciton hopping, can be as
short as ™! ~ 1 ns and as long as y~! ~ 100 ns [36,66].
Given typical layer spacings, static dipolar interactions
reach values of V(a)=0.1-1 meV, corresponding to
interaction strengths of up to ggq ~ 10. Similar lattice
constants and static dipole-dipole interactions are found
for field-polarized excitons in homobilayer systems,
where periodic potentials are created via a twisted substrate
[67-69]. Naturally, however, excitons in such settings make
it possible to reach stronger light-matter coupling than for
interlayer excitons in heterobilayer materials. Dipolar
excitons with strong static interactions can also be realized
in double quantum wells, where lattice potentials are
engineered via electric fields generated by periodic arrange-
ments of surface electrodes [70-72]. While this yields
larger lattice constants of @ ~ 250 nm, such values remain
in the subwavelength regime. While spatial variations of

the lattice potential and disorder are generally expected to
counteract superradiance in all these settings, spatial
homogeneity over only a few lattice sites is sufficient to
observe the superradiant decay dynamics discussed in this
Letter. Similarly, our simulations for relatively small lattice
indicate that inevitable decoherence processes will not
diminish the superradiant signal as long as spatial coher-
ence is maintained over a few lattice sites. Indeed, recent
experiments on double quantum wells report signatures of
cooperative photon emission from 2D lattices of excitons
[72], suggesting an exciting outlook for experimental
studies of dipolar-interaction effects on superradiance.

In conclusion, the results of this work suggest moiré
quantum materials as a promising platform to study many-
body cooperative optics of strongly interacting quantum
emitters. While we have focused on cooperative decay,
exploring the driven-dissipative many-body dynamics and
emerging nonequilibrium steady states would present an
interesting extension. Here, the doping with electrons at
filling fractions away from the Wigner crystalline phases
considered in this Letter is appealing for studying driven-
dissipative phases of strongly interacting moiré electrons
and optically pumped moiré excitons [73]. Moreover, the
inclusion of spin-valley degrees of freedom [74] would
permit optical probing of quantum magnetism in a driven-
dissipative setting, whereby the possibility of initializing
exciton spins could allow for optical control of electronic
spin order [75]. Given the expectedly correlated nature of
the excitonic states that form dynamically during their
cooperative decay, understanding the nonclassical statistics
and emerging photon correlations in the emitted light
present another important question for future work.
Effects of static particle interactions on cooperative optical
processes, as studied in this Letter, may also become
relevant in optical-lattice experiments [41,44,76,77] with
magnetic atoms [78,79].
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