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Abstract

Sections

The preparation and control of quantum states lie at the heart

of quantum information science. Recent advances in solid-state
quantum emitters (QEs) and nanophotonics have transformed the
landscape of quantum photonic technologies, enabling scalable
generation of quantum states of light and matter. A new frontier

in solid-state quantum photonics is the engineering of many-body
interactions between QEs and photons to achieve robust coherence
and controllable many-body entanglement. These entangled states,
including photonic graph and cluster states, superradiant emission and
emergent quantum phases, are promising for quantum computation,
sensing and simulation. However, intrinsicinhomogeneities and
decoherenceinsolid-state platforms pose considerable challenges
inrealizing such complex entangled states. This Review provides an
overview of fundamental many-body interactions and dynamics at

the light-matter interfaces of solid-state QEs and discusses recent
advances in mitigating decoherence and harnessing robust many-body
coherence.
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Introduction

Harnessing the power of quantum information science now depends
onbuilding entanglement between many quantum bits (qubits) while
maintaining their coherence’. Despite exquisite control of individual
qubits, the field faces a critical challenge: generating robust and effi-
cient many-body entanglement at scale. Although many foundational
demonstrations of quantum information have focused on atoms and
ions, solid-state platforms offer distinct advantages for scaling tomany
qubits through their ability to be miniaturized and integrated on-chip®.
Beyond scalability, solid-state quantum emitters (QEs) offer novel
functionality, for example large dipole moments, strong nonlinear
interactions or accessible spin registers. Such enhanced interactions
open up new regimes of correlated dynamics, aiding the creation of
large-scale entangled states. Moreover, solid-state platforms have
natural compatibility with integrated photonics, enabling a full suite
of on-chip capabilities such as optical manipulation, photon detection
and electronic control (Fig. 1, left). By tailoring the interactions of
solid-state QEs — whether through photonic modes or direct
dipole-dipole couplingin hybrid light-matter systems — one cangen-
erate a wide range of many-body entangled states®’. These include

Solid-state quantum emitters

metrological states in which signal-to-noise ratio scales with photon
number N rather than the classical /N limit, cluster states for
measurement-based quantum computation, and states with built-in
error correction or resilience to photon loss for entanglement distri-
bution (Fig. 1, right). Looking forward, solid-state platforms with tun-
ableinteractions will allow the exploration of new classes of photonic
states that could transform the practicality of quantum photonic
technologies.

Important advances have been made in both solid-state QEs and
nanophotonics (Fig. 1). Various solid-state systems, including col-
our centres in wide-bandgap materials, epitaxial and colloidal quan-
tum dots (QDs), molecules and 2D materials, have been harnessed as
QEs'°2, In parallel, advancements in nanophotonics have enabled
the production and manipulation of light on a chip* . Despite these
advances, achieving robust many-body entanglement in solid-state
emitters remains a central challenge. This challenge arises fromintrin-
sicinhomogeneities and dephasingin QEs, which limit the coherence
required for robust and scalable entanglement, as well as from diffi-
cultiesinintegrating QEs with high-quality photonics. A central open
question is how to engineer light-matter interactions and collective
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Fig.1| Overview of achieving many-body entanglement with solid-state quantum
emittersintegrated in nanophotonics. Representative quantum emitter platforms,
including vacancies in wide-bandgap crystals, epitaxial quantum dots, molecules,
hexagonal boron nitride (hBN) defects, 2D excitons and Rydberg excitons, cate-
gorized by their complementary strengths in properties such as coherence, scalability
and intrinsic nonlinearity (top left). Photonic interfaces, which enhance light-matter
coupling and mediate long-range emitter-emitter interactions through coupling
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toshared modes (middle left). Nanophotonic systems, including photonic crystal
cavities and waveguides, plasmonic structures, hybrid devices and inverse design,
that enable programmable photon-mediated couplings (bottom left). These
capabilities yield quantum-optical resources (superradiance, multiphoton cluster
orgraphstates, and quantum phase transitions) and enable interacting many-body
states (right). Left panel quantum-dot image reprinted fromref. 19, Springer Nature
Limited. 2D exciton image reprinted fromref. 22, Springer Nature Limited.

Nature Reviews Materials


http://www.nature.com/natrevmats

Review article

emitter dynamics to enable not only generation of more photons but
also controllable many-body entangled states that are resilient against
disorder and noise, and can thus maintain coherence over meaningful
timescales.

In this Review, we focus on the emerging frontier of many-body
effects in solid-state quantum photonics. Specifically, we highlight
strategies for designing and controlling collective interactions, both
between emitters and between photons, to realize complex quantum
states such as graph and cluster states, correlated phases and super-
radiant emission. Emitter-emitter and light-matter interactions
enable the creation of controllable entangled many-body states in
a variety of systems (Fig. 1). We begin by addressing coherence and
control at the single-emitter level, discussing the fundamental limits
of optical and spin coherence as well as strategies for stabilization.
We then examine mechanisms for realizing many-body interactions
between QEs and explore how coupling to nanophotonic structures
canbeusedtoengineer, mediate and protect these interactions from
decoherence. Next, we consider approaches to achieving strong pho-
tonnonlinearities and review deterministic protocols for generating
complex multiphoton entangled states, such as cluster and graph
states. We conclude with an outlook on applicationsin quantum sens-
ing, metrology, computation and simulation, and highlight promising
directions for future research.

Coherence and control at the single-emitter level
Solid-state QEs now span several distinct material platforms (Fig. 1,
top), each offering complementary strengths for quantum photonic
applications. Defect centres in wide-bandgap crystals, for example
nitrogen-vacancy (N-V) and silicon-vacancy (Si-V) centres in dia-
mond, silicon-vacancy (V) centresinsilicon carbide, and emittersin
hexagonal boron nitride (hBN), provide stable, atom-like QEs. Epitaxi-
ally grown semiconductor QDs and their colloidal counterparts offer
strong optical transitions and near-unity quantum efficiencies through
bandgap engineering. Two-dimensional materials host tightly bound
excitons with large oscillator strengths, enabling room-temperature
operation and novel moiré-engineered interactions. Rare-earth ions
embedded in crystalline hosts combine narrow optical transitions
with exceptionally long-lived spin states. Organic moleculesin organic
matrices achieve lifetime-limited emission with high photostability.
For comprehensive discussion of these various classes of solid-state
QEs, readers are directed to recent specialized reviews® >, A major
challengeinsolid-state QEsis maintaining optical and spin coherence
inthe presence of environmental interactions (Box 1). Phononsin the
lattice, stray charges, surface effects and nuclear spins all undermine
the ideal two-level character of the system.

Optical coherence

Photonindistinguishability — having identical frequency, polarization
and temporal profiles — is essential for quantum interference effects:
when twoindistinguishable single photons arrive simultaneously ata
50:50 beamsplitter, they bosonically coalesce and exit the same port,
producing a dip in two-detector coincidences, the Hong-Ou-Man-
del dip. This indistinguishability enables interference both between
consecutive photons from a single emitter and, critically, between
photons from multiple emitters to generate entanglement. The degree
ofindistinguishability directly depends on the emitter’s optical coher-
ence. Photon emission arises from a cycle of excitation and emission,
including radiative and non-radiative decay pathways (Box 1). The
coherence of the emitted photon is fundamentally related to the

optical transition linewidth, which in turn depends on both popula-
tiondecay time (7;) and total dephasing time (7). As dephasing is typi-
cally fast in the solid state owing to interactions between the QE and
its environment, a key challenge for photon indistinguishability is to
achieveamuchhigher radiative emission rate than the dephasing rate.
Near-lifetime-limited linewidths (where pure dephasing approaches
zero) have been achievedinafew classes of QE systems, including Si-V
centresin diamond***, self-assembled QDs**** and organic molecular
emitters such as dibenzoterrylene (DBT)'**.

The zero-phononline (ZPL) emission s typically accompanied by
broad phonon sidebands at room temperature, evidencing consider-
able phonon coupling. For example, the N-V centre in diamond has
a prominent phonon sideband (only ~3% of its emission decays into
the ZPL atroom temperature); the Si-V centre’s inversion-symmetric
structure leads to alarger Debye-Waller factor (-70% of photons decay
intothe ZPL at cryogenic temperatures) and reduced spectral diffusion.
Optical coherence measurements of shallow Si-V centres in nanodia-
monds have achieved nearly lifetime-limited linewidths of ~-100 MHz
(ref. 34). Epitaxial QDs typically have fast radiative rates and can also
approach transform-limited emission under resonant excitation at low
temperature, promising highly indistinguishable photons*’, although
they remain susceptible to dephasing. InIlI-V QDs, for example, slow
chargenoise in the surrounding semiconductor produces spectral dif-
fusion andincreases the homogeneous linewidth beyond the transform
limit (-160 MHz for a 1-ns radiative lifetime), degrading two-photon
interference and complicating multiemitter protocols™*.

Two-dimensional materials such as hBN"** and transition metal
dichalcogenides (TMDs)** have attracted considerable research
interest, primarily owing to their low fabrication cost, engineerable
optical properties, and relative ease of integration with photonic
structures>***>, However, in 2D QEs, coherence times are limited by
strong coupling to phonons and susceptibility to spectral diffusion,
owing to local charge fluctuations and strain fields*. For instance,
hBN-based emitters frequently show broad linewidths (several giga-
hertz) at room temperature, largely attributed to phonon sidebands
and to the fluctuating electrostatic environment arising from sur-
face contaminants and intrinsic charge noise*”*8. Homogeneous
linewidths down to tens of megahertz have been achieved at cryogenic
temperatures (-5 K) under resonant excitation*’, corresponding to
coherence times approaching tens of nanoseconds — although sub-
stantial emitter-to-emitter variation remains. Similarly, TMD-based
QEs, such as localized excitons in WS, or WSe, monolayers, typically
show linewidths broadened by acoustic phonon coupling, spectral
wandering and environmental fluctuations'~°. Consequently, achiev-
ing transform-limited lines in 2D QEs remains a central challenge in
obtaining indistinguishable photons. For example, photon indistin-
guishability from hBN defects remains limited: an interference vis-
ibility of -58% has been reported at 4 K (refs. 51,52), whereas near-unity
indistinguishability has been demonstrated for QDs****.

Coherence at the spin-photoninterface

Many QEs, such as the N-V centre in diamond and the Vg in silicon
carbide, have an optically addressable spin degree of freedom that
enables entanglement of multiple spin qubits. These experiments
entail the generation of a spin-photon entangled state, followed by
the detection of clicks at one detector, heralding the formation of
remote spin-spin entanglement. The spin coherence time is gener-
allymuch longer than the optical coherence time, but it too is limited
by environmental noise. Spin dephasing is primarily due to magnetic
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Box 1| Properties of solid-state quantum emitters

Localized single-photon emitters
In an ideal two-level system, the excited-state
decay rate I' depends on frequency (w) and

degrees of freedom partitions optical
emission into distinct spectral components
(see the figure, panels a and b). The
zero-phonon line (ZPL) represents direct
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decay pathways include phonon-assisted
transitions that create a redshifted phonon
sideband (PSB). Molecular species may also
decay into their vibrational manifold. The
Debye-Waller factor quantifies the fraction
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This ranges from ~3% for nitrogen-vacancy
centres to ~70% for silicon-vacancy (Si-V)
centres and to >95% for epitaxial quantum
dots. Low ZPL emission may be mitigated
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by coupling to optical cavities, where the
Purcell effect can preferentially enhance
decay into the ZPL.

Dephasing and spectral wandering
Lifetime-limited emission occurs when
photon linewidth is determined solely
by the emitter’s natural lifetime: Av =1/
(2nT,). In solid-state systems, interactions with the environment
introduce dephasing mechanisms that cause the transition energy
to fluctuate, destroying coherence and broadening spectral lines.
The optical coherence time T, is given by 1/T, =1/2T, +1/T,, where
1/T, is the pure dephasing time. Fast elastic phonon scattering
causes homogeneous broadening (see the figure, panel c)

that increases rapidly with temperature and can be enhanced

by low orbital symmetry. Slower processes such as stochastic
fluctuations, drift or random telegraph switching from charge
fluctuations, and discrete charge-state conversion or shelving

in dark states cause spectral diffusion and degrade long-term
stability (see the figure, panel d).

Wavelength

Inhomogeneous broadening

Solid-state quantum emitters (QEs) also suffer from inhomogeneous
broadening (see the figure, panel ) — emitter-to-emitter variations
arising from strain fields, local electric fields and compositional
differences that broaden ensemble spectra. Strategies to overcome
inhomogeneous broadening include improved sample preparation,
post-selection of spectrally matched emitters, and active tuning
through electric fields or strain (see the figure, panel f) to achieve
spectral alignment (see the figure, panel g).

Wavelength

Spin coherence

Many QEs also host an optically addressable spin that can serve as a
long-lived quantum memory*??%%, The fine structure of the ground
and excited-state manifolds is governed by crystal-field symmetry,
spin-orbit coupling and spin-spin interactions. Spin coherence, the
ability of a spin to preserve quantum phase relationships over time,

is quantified by the longitudinal relaxation time (T, 4,) and the
transverse coherence time (T,,,) describing the persistence of

the spin population and the phase coherence of the superposition
states, respectively. Spin dephasing describes the degradation of this
coherence, primarily due to magnetic noise from nuclear spin baths,
paramagnetic impurities and spin-phonon processes. Processes such
as spin-orbit coupling can dually affect spin and optical coherence.

Delocalized emitters

In addition to localized emitters, excitons in 2D transition metal
dichalcogenides and other semiconductors can act as QEs whose
wavefunctions extend and remain mobile over tens of nanometres to
micrometres®**?%, Although typically less coherent, their interactions
are long range and can exhibit van der Waals-type or dipolar scaling
depending on excitation configuration. Overlapping excitons enable
collective phenomena even without precise positional control*°.
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noise coupling to the emitter’s spin, including interactions with nuclear
and undesired electronic spin baths, spin-orbit coupling to lattice
vibrations, and fluctuations in external magnetic and electric fields
(Box 1). Single N-V centre electron spins can maintain coherence for
afew milliseconds at room temperature®. This remarkable baseline is
due to diamond’s stiff lattice (weak spin-phonon coupling) and low
nuclear spin density, and can be further extended using dynamical
decoupling sequences. The Si-V centre indiamond offers a contrasting
case study; its ground-state spinis strongly coupled to orbital degrees
of freedom, making it sensitive to lattice vibrations*®. At liquid-helium
temperatures (-4 K), Si-V spins suffer rapid dephasing, of the order of
tens of nanoseconds in natural diamond*"*%,

Discoveries of spin-active defects in hBN**°"' have established
itasaplatform for spin-based quantum functionalities. However, spin
coherence times (75) for these defects remain limited by hyperfine
interactions with abundant nuclear spins, charge noise and lattice
vibrations. Initial coherence measurements revealed very short spin
coherence times (T <100 ns) at room temperature®>®, In epitaxial
semiconductor QDs, spins (typically anelectron or hole spin confined
inthe dot) experience adense nuclear spinenvironment that tends to
limit coherence. Hyperfineinteractions with nuclear spins cause rapid
dephasing of an electron spin’s precession, giving a free induction of
only afew nanoseconds®. Continued efforts in nuclear spin bath con-
trol through techniques such as nuclear spin polarization or feedback,
together with material engineering strategies such asisotopic purifica-
tion of semiconductors, aimto extend QD spin coherence close to the
millisecond range®>°°,

Suppression of dephasing

Recent advances have substantially improved the suppression of
phonon-induced dephasing in QEs (Box 1). One notable approach
involves coherent two-colour excitation of InAs/GaAs QDs, which
effectively decouples the exciton from its phonon bath®’. Another
promising strategy involves embedding QEs within phononic band-
gap structures. By engineering the host semiconductor into a pho-
nonic crystal, abandgap in the phonon density of states at targeted
frequencies can be achieved. If the primary phonon coupling of the
QE — typically in the gigahertz range for acoustic phonons — aligns
with this bandgap, spontaneous emission of these phonons can be
greatly suppressed®®®’, Additionally, nanomechanical strain engineer-
ing strategies, such as creating aspatially varying straingradient, could
localize phonons away from emitter regions, acting as aphonon ‘focus-
inglens”°. Another established approach consists in coupling QEs to
high-finesse optical cavities, preferentially enhancing ZPL emission
(discussed below).

In addition to optical techniques, dynamical decoupling and
strain engineering have considerably enhanced spin coherence
times. For instance, recent experiments using dynamical decoupling
pulse sequences such as Carr-Purcell-Meiboom-Gill (CPMG) or
XY8, applied to ensembles of negatively charged boron vacancies
in hBN, have demonstrated an 100-fold increase in spin coherence
time®*”". Si-V centres in diamond represent another example. By
applyingstrain, the orbital degeneracy in Si-V centres can be lifted,
substantially suppressing phonon-induced decoherence without
requiring ultralow temperatures’. Another alternative is to identify
colour centres with stronger spin-orbit coupling that remain robust
atelevated temperatures, such as the tin-vacancy centre indiamond,
which has recently been shown to host a high-quality spin-photon
interface”.

Inhomogeneity and spectral tuning

Inhomogeneous broadening (Box 1) is amajor obstacle that arises from
fabrication-induced disorder, strain fields, and fluctuationsin thelocal
electrostatic environment. This inhomogeneous broadening limits
photonindistinguishability in emitter ensembles and complicates the
creation of entanglement across multiple emitters. Therefore, the spec-
tral tunability of QEs is crucial to enabling many-body entanglement.
A widely used approach is electrostatic Stark tuning, implemented
with microfabricated diode or gate electrodes that shift an emitter’s
transition through the quantum-confined Stark effect. This technique
is well established for epitaxial QDs and routinely delivers tuning on
the scale of millielectronvolts. For instance, single InGaAs/GaAs QDs
show giant Stark shifts of several millielectronvolts under applied
fields’”. Lateral and vertical field configurations have been used to
fine-tune excitonic transitions and even the exciton fine structure”™”.
Analogous Stark control has been demonstrated for DBT molecules
embedded in anthracene through permanent laser-induced tuning’®,
with electrode integration enabling precise bidirectional control of
molecular frequencies’.

Many-body interactions, collective photon
emission and quantum phase transition

Achieving entanglement among solid-state QEs requires engineering
inter-emitter couplings that can withstand inhomogeneous broadening
and environmental dephasing. Solid-state platforms offer akey advan-
tage over cold atomsinthisrespect; the much higher emitter density can
enhanceinteractionstrengths by orders of magnitude, enabling a full
hierarchy of collective phenomena, from entangled two-emitter states
to mesoscopic ensembles exhibiting superradiant bursts and quan-
tum phase transitions. These phenomena arise from the underlying
mechanisms governing emitter-emitter interactions (Box 2).

Collective emission and entanglement in small emitter arrays
When the number of emittersis small and each emitter canbeindividu-
ally controlled, one candirectly characterize the emergence of entan-
gled states through their collective photon emission. In the simplest
case of N=2 emitters, dispersive couplinginduces a coherent flip-flop
interaction between the emitters, under which the single-excitation
manifold splitsinto two entangled eigenstates: asymmetric ‘bright’ or
‘superradiant’ state and an antisymmetric ‘dark’ or ‘subradiant’ state®.
Thebright state carries an enhanced dipole moment and radiativerate,
whereas destructive interference in the emission pathways of the dark
stateresultsin asuppressed decay rate (Box 2).

Spectroscopically, signatures of the entangled states therefore
appearasasplitting of the optical resonance peak: the bright state typi-
cally shows abroadened, moreintense spectralline, whereas the dark
state appears as a narrower, weaker peak, withasplitting between them
of the order of 2/ (refs. 5,81,82) (Fig. 2a). Multidimensional ultrafast
spectroscopy hasalso been used to directly probe multiexciton collec-
tive states, and oscillations inthe interaction signal were observed as a
function of pulse area, providing clear evidence of coherent exchange
dynamics among Si-Vs in diamond®. Alternatively, the modified decay
rates of the collective single-excitation states can also be observed
directly from time-resolved emission dynamics®>*,

Akeyrequirement for the observation of these collective effects
isnearly resonant emitters whose coupling/exceeds any differencein
transition frequency or linewidth. Bringing multiple solid-state QEs
intoresonance is experimentally challenging because of inhomoge-
neous broadening (Box 1) (discussed above), but recent advances
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Box 2 | Emitter interactions

Interactions in free space
Quantum emitters (QEs) in solids interact through distinct mechanisms
depending on their separation. At very short distances below 1Tnm,
direct wavefunction overlap leads to exchange interactions and
Coulomb repulsion (see the figure, panel a). At larger separations,
emitters interact through their dipole moments via the electromagnetic
field (see the figure, panels b and c). At separations less than the
transition wavelength, near-field dipole-dipole interactions, which
scale with 1/r°, dominate. The far-field radiative coupling between
emitters is highly tunable through the electromagnetic environment
(see the figure, panels d and e), from the extreme confinement of
plasmonic structures to the high-Q enhancement of dielectric cavities.
Together, these photon-mediated processes are captured by an
effective master equation, where Hy is the effective hamiltonian, p is
the density operator and o* are Pauli operators®”’:

.
thq
7

dp . _ 1 _
—— == ilHe, p1+ Y Tj(07 o0 — 5{070,'» P3}), Hett = (1)
ij

dt ~

Both the coherent J; and dissipative I; coupling strengths are
determined by the electromagnetic Green'’s function G(r,r), which
describes the field at position r; due to a dipole source at r; (see the
figure, panel f). The coherent coupling is given by the real part
J;j=Re[G(r;, r)]and enables excitation exchange between emitters
through virtual photon exchange (see the figure, panel b). The dissipative
coupling is given by the imaginary part[; = Im[G(r;, r;)]and describes

correlated spontaneous emission through real photon exchange,
giving rise to collective superradiant and subradiant states (see the
figure, panel c).

Interactions in a cavity

Structuring the electromagnetic field environment allows

for the spatial tailoring of the Green’s function. Photonic cavities
enhance the couplings by concentrating the electromagnetic
field, which can also be understood as modifying the local density
of optical states. For a single QE, this enhancement is quantified by
the Purcell factor Fp = ., /lee. Where [ is the free-space emission
rate and I, is the emission rate into the cavity mode. Multiple
emitters can interact through a cavity mode, leading to all-to-all
connectivity.

Many-body effects from QE interactions

Interactions between QEs can lead to a multitude of many-body
effects, including quantum phase transitions, effective nonlinearities
and correlated photon emission. On-site interactions in lattices

of QEs can realize Bose-Hubbard models (see the figure, panel g),
leading to strongly correlated phenomena including quantum
phase transitions arising from the competition between kinetic

and interaction energies®***®, Strong photon-mediated near-field
dipole-dipole interactions can also lead to the Rydberg blockade
effect (see the figure, panel h), whereby the simultaneous excitation
of multiple QEs to Rydberg states is suppressed across longer
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(continued from previous page)

distances®®. Finally, dissipative interactions result in collective
excitation structures of QE ensembles comprising both ‘bright’
states, displaying collectively enhanced coupling to the field, and

have demonstrated its feasibility. One approach is to use electro-
static Stark tuning, for example by applying nanoscale electrodes
to finely adjust the transition energies of pairs of organic emittersin
a crystal®. Another approach is all-optical tuning, in which intense
laserillumination canbe used toinduce local charge rearrangement
and Stark shifts in organic nanocrystals to bring two embedded
molecules into resonance® (Fig. 2a-d). In semiconductor systems,
highly coherent epitaxial QDs can be tuned into resonance using
magnetic fields®.

An exciting frontier is controlling larger clusters of individually
addressable emitters (N > 2) to explore richer many-body quantum
dynamics. For N =3, the permutationally symmetric subspace of col-
lective states (Dicke manifold) already includes states with multiple
excitations delocalized over the ensemble. By dynamically tuning one
emitter inand out of resonance with others, one could drive transitions
between Dicke states on demand. This capability could enable the reali-
zation of proposed tunable multiphoton emission schemes that rely
on controlled coupling between collective bright and dark states®¢ ™.
Although a fully entangled state of N =3 solid-state QEs has yet to be
observed, aclear pathway requires the combination of precision tuning
(toachieve spectral indistinguishability) and strong common coupling
(through near-field or cavity mediation) (Box 2), followed by the use
of coherent pulse sequences to navigate the multi-excitation state
space. Another promising avenue of researchis to build complexity by
adding tunable disorder to the system, while retaining single-emitter
control. For instance, few-emitter ensembles have been shown to
displayintriguing collective emission properties stemming from their
coupling to multiple modes and the interplay between spectral and
positional disorder?®?",

Entanglement verification and coherent control

Harnessing the entanglement of aquantum many-body state requires
accurate characterization methods. Quantum-state tomographyisan
experimental procedure to determine the amplitudes of a quantum
state, fromwhich a desired entanglement measure can be evaluated®>”.
Although thismethod provides complete informationabout the state,
the number of samples required for state tomography grows expo-
nentially with the number of emitters, making it unsuitable for the
many-body regime. Randomized measurement techniques’* allow
the study of mixed-state entanglement with far fewer samples™?°,
In fact, they can provide a classical shadow” of the state: an approxi-
mate classical representation of the state from which properties such
as entanglement entropies, expectation values of local observables
and quantum fidelities can be obtained efficiently.

Under Markovian noise models, one can learn the quantum
channel representing the noisy preparation using quantum process
tomography®®®’. This complete description of the channel again
requiresanumber of samples that scales exponentially with the number
of emitters. Acommon technique for state preparation s tostart with
aneasy-to-prepare unentangled state and evolve it under aHamiltonian
or Lindbladian that can be written as asum of local interaction terms.

‘dark’ states, for which emission can be strongly suppressed or
eliminated entirely™ (see the figure, panel i).

Recently, it has been shown that the Hamiltonian'® or Lindbladian™
coefficients can be inferred with a number of samples scaling only
logarithmically with the number of emitters. Such scaling makes it
possible to verify efficiently whether each local interaction term is
beingimplemented to the desired precision.

Although these methods provide very fine-grained information,
they require sample sizes or levels of experimental control that lie
beyond the present capabilities of many platforms. Instead, several
diagnostics of quantum behaviour have been developed that are cur-
rently broadly feasible toimplement. Various experimental techniques
can be used to confirm that few-emitter systems are indeed forming
non-classical correlations and characterize their coherence. The most
common approach is to use photon correlation measurements, as
emitted photons statistics, characterized by the second-order cor-
relation function g®(1), change markedly under collective emission.
Specifically, an anti-dip at zero delay time that violates the upper bound
22(0) < (N-1)/N for emission from independent emitters provides a
direct confirmation of inter-emitter correlations'®*'%, This feature
has already been observed in several systems with N =2,3 solid-state
QEs*?%1°*1%7 However, recent theoretical work has shown that
the observation of an anti-dip alone does not always constitute a reli-
able signature of superradiant behaviour, as qualitatively similar fea-
tures can also be observed from ensembles of non-interacting QEs
under realistic experimental conditions'®®, Nonetheless, two-photon
correlation measurements still signal non-classical light and can even
quantify how much improvement quantum-enhanced interferom-
etry would offer compared with interferometry using a classical light
source, as they allow the efficient computing of the quantum Fisher
information of the emitted photons®.

Hong-Ou-Mandel interference is the benchmark for verifying
mutual coherence between distinct emitters. Ithasbeen used to verify
coherence between remote and independent QDs: for example, two
separate QDs can be tuned into resonance using strain'® or electri-
cal Stark tuning"®. Applying sequences of ultrafast pulses enables
probing of the phase coherence and manipulation of the joint state
of the coupled emitters. Ramsey interference experiments, in which
two 11/2 pulses separated by a variable delay are applied, can reveal
coherent oscillations between the collective eigenstates (superradi-
ant versus subradiant) as an oscillatory modulation in emission or
absorption™"2, Such experiments are analogous to optical Ramsey
control and confirm that the two-emitter system retains quantum
phase coherence.

Collective phenomenainlarge ensembles

Even when dealing with large numbers of solid-state emitters that are
not individually addressable, striking many-body effects can emerge
from their mutual interactions. In the many-body regime, highly
excited ensembles of interacting QEs are predicted to display Dicke
superradiance™, whereby an ensemble of N QEs emits ashort burst of
radiation with a peak intensity «N2 Extending this proposal, numerous
theoretical works have demonstrated thatlong-range photon-mediated
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interactions can be used to engineer many-body superradiance in
extended systems, such as subwavelength free-space QE arrays™> "
(Fig. 2e) or QE ensembles coupled to low-dimensional fields"®. Nota-
bly, the hallmark feature of the superradiant burst is robust in such
settings, evenin the presence of multiple competing collective decay
channels and positional disorder (Fig. 2e), and it can be predicted solely
fromthe coherence properties of the systemin theinitial stages of the
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collective decay"*'?°. Dense solid-state QE arrays, including molecules,
colloidal QDs and 2D TMDs, are ideal platforms to experimentally test
these predictions. For example, 3D superlattices of nanocrystals have
beenshown to supportsuperradiance emission and form many-body
excitonic states™ ' (Fig. 2f,g).

The key challenge in the many-body regime is the characterization
ofthe emergent entanglement structure and the understanding of how
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Fig.2|Many-body entanglement and collective emissioninsolid-state
quantum emitter systems. a, Spectra of the superradiant [+) and subradiant |-)
single-excitation states of two subwavelength-spaced organic molecules, showing
an extinguishing of the subradiant linewidth as the molecules are tuned into
resonance. b, Associated fluorescence spectrum, displaying an additional two-
photon peak at sufficiently large excitation power associated with the fully excited
two-emitter state. ¢, Ratio of the heights of the subradiant (R_) and superradiant
(R,) peaks for varied detuning. d, Photon correlation functions for the states |+),
displaying modified Rabi frequencies and lifetimes. e, Theoretical prediction of
many-body superradiance in 2D subwavelength quantum emitter (QE) arrays with
interatomic spacings above (blue) and below (red) the critical threshold for super-
radiance. The emergence of a superradiant burstas d > 0 is found to be robust
against positional disorder and experimental imperfections, such as below-unity

filling fraction () of the array. f, Electron micrograph of a 3D perovskite quantum-
dot superlattice. g, Photon correlation function g®(1), showing photon bunching
atzero delay as asignature of superradiance in the system shownin panel f.

h, Moiré excitons in a WSe,/WS, bilayer mapped to an extended Bose-Hubbard
model with strong on-site exciton-exciton interaction U, and long-range dipolar
coupling V;p. i,§, Schematic potential (panel i) and time-resolved transport of the
system at various injected exciton densities (<N,>=3 (blue), <N,>=1(pink) and
<Ny,>=0.4 (yellow)) (panelj) reveal a crossover to a correlated (Mott-insulating)
phase at high filling v, 21, evidenced by a suppressed mean-squared displacement
(MSD) and aturning pointin the dynamics, as described by a piecewise linear
(PWL) fit. Panels a-d adapted fromref. 82, Springer Nature Limited. Panel e
reprinted fromref. 115, CC BY 4.0. Panels fand g adapted fromref. 121, Springer
Nature Limited. Panels h-jadapted from ref. 143, Springer Nature Limited.

itcanbe harnessed asaresource. For example, distinguishing genuine
many-body correlations from pairwise correlations remains an experi-
mental hurdle. On the theoretical side, extensive work has been dedi-
cated to characterizing the correlation structure that emerges in the
photonic state emitted by asuperradiantly decaying QE ensemble®*®’.
Superradiance generates photonic many-body states that achieve
Heisenberg scaling of the quantum Fisher information®*'*°, thereby
constituting a valuable potential resource for quantum-enhanced
interferometry. Suitably tailored collective light-matter coupling
allows, in principle, for the realization of large decoherence-free sub-
spaces, spanned by collective states decoupled from the field'*"'%,
providing a promising setting for the storage'”*' and processing'**'**
of quantuminformation. However, although such subspaces are natu-
rally protected against collective dissipation, dark states may still be
subject to other decoherence mechanisms, such as local radiative or
non-radiative decay.

Quantum phase transitions

With stronginteractions, adense ensemble of QEs canenable investiga-
tions of quantum phase transitions and quantum simulation**'¥’, A par-
ticularly exciting platform for exploring strongly correlated many-body
states of light and matter is moiré excitons in van der Waals hetero-
structures because of their strong exciton-exciton interactions*',
For example, when two semiconducting monolayers (such as WSe,
and WS,) are stacked with aslight twist or lattice mismatch, they form
along-period moiré pattern that creates an array of localized moiré
excitons. The moiré potential and the excitoninteraction canbe tuned
by modifying the twist angle and materials combination to realize
different regimes of Bose-Hubbard physics (Box 2). Individual moiré
exciton traps have already shown single-photon emission, confirm-
ing that they behave as quantized emitters'°. Bose-Hubbard model
physics has also been realized using moiré excitons, and recent experi-
ments have begun to reveal new many-body phases driven by their
mutual interactions''*, Long-range dipolar repulsion freezes the
motion of the Mott insulator phase for more than 70 ns (Fig. 2h-j).
This frozen-dynamics behaviour, arising from strong repulsive interac-
tions, is characteristic of highly coherent systems and was previously
realized exclusively in ultracold gases'. Compared with cold-atom
quantumsimulation platforms'**, solid-state QEs canrealize stronger,
longer-range interactions. For future studies, a priority is to control
many-body interactions (Box 2) to realize diverse quantum phases.
Atthe sametime, it will be crucial to quantify and mitigate dephasing,
such as phonon coupling, to determine how these dynamics affect
phase diagrams and collective behaviours.

Photon-mediated many-body interactions

A corerequirement for entangled states of light and matter is efficient
coupling between QEs and well-defined photon modes. Nanophotonic
integration offers the capability to engineer light-matter interactions
toachievescalable distributed entanglement**”'*'*¢, Magnified cou-
pling toaspecificmode canbe achieved either by increasing spontane-
ous emission into the desired mode or by suppressing spontaneous
decayinto free-space modes. If the total decay rateisincreased, radia-
tive decoherence can be accelerated to exceed dephasing from other
sources, increasing the optical coherence of the emitter'¥”. When emit-
ters are coupled to a guided mode, the total collection efficiency of
photons from the emitter can be enhanced"**°. This enhancement is
crucially important for generating entangled light, which is sensitive
to photon loss. In the strong-coupling limit, a QE becomes a strong
nonlinear element even at the single-photon level> >3,

In the multiemitter regime, coherent exchange of excitations
throughashared cavity mode mediates effective emitter-emitter cou-
pling, extending theinteraction length scale from near-field nanometres
to micrometres (and even beyond along guided modes) (Box 2). By
optically exciting the superradiant mode of multiple QEs and project-
ing onto their two-spin ground states, one can prepare an entangled
spin-spin state. This approach is analogous to cavity-mediated gates
demonstrated in atomic systems and is a promising route towards
deterministic multiqubit logic in solid-state devices. Driving the
two-photon transition of two non-identical QEs can dissipatively sta-
bilize the system into nearly maximally entangled stationary states™*.
Asnanofabricationand control continue toimprove, direct entangling
gatesbetween solid-state qubitsin aphotonic cavity or waveguide will
become feasible.

Nanophotonic resonators and waveguides

Inthe fast cavity regime, theenhancement of the light-matterinterac-
tion is quantified by the Purcell factor f,= >3 (2)*2, where Ais the
resonance wavelength, nis the refractive ind‘g&, Qis the cavity quality
factor and Vis the mode volume. The quality factor is proportional to
the photon lifetime in the cavity. The mode volume is a measure of the
confinement of a photon in the cavity, with a smaller Vresultingin a
higher emitter-photon interaction strength. Ring resonators and disk
resonators rely on highly symmetric circular geometries to achieve
exceptionally high quality factors reaching the hundreds of millionsin
silicon nitride platforms™* ™%, The trade-off for these high Qvalues is a
higher mode volume, which is generally tens of cubic wavelengths or
larger. Photonic crystal cavities use photonic bandgaps combined with
total internal reflection to confine light, allowing both high Q factors
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from low-loss dielectric mirrors and very small mode volumes.
One-dimensional photonic crystal cavities confine light using a periodic
structure along one axis (ananobeam or nanopillar) combined with total
internalreflectionin the other two directions. Two-dimensional photonic
crystal cavities use a 2D lattice of holes in a membrane slab to provide
in-plane confinement through a photonic bandgap, whereas vertical
confinement comes fromtotal internal reflection. Defectsin the perio-
dicity canlocalize the photonic mode and concentrate the electromag-
netic field within a small mode volume. Photonic crystal cavities with
Q>100,000 and mode volumes of the order of a cubic wavelength have
been demonstrated™’. Importantly, photonic crystal cavities such as
nanobeam cavities can be strongly coupled to guided modes for efficient
outcoupling of light while maintaining high Q factors.

Light-matter interactions can be enhanced by slowing the group
velocity using photonic crystal waveguides, with demonstrated slow-
down factors up to 300 (ref. 160). For a photonic crystal waveguide
constructed with aline defectina2D photonic crystal, emitters expe-
rience strong suppression of free-space emission, leading to high
collection efficiency even with modest increases of emission rate.
Photonic crystal waveguides also offer broadband operation, pro-
viding versatility across different wavelength ranges. Furthermore,
they can be engineered to support chiral light-matter interactions
in which light propagation becomes unidirectional owing to optical
spin-orbit coupling'"'®>. Such chiral coupling enables applicationsin
non-reciprocal photonic devices (such asin opticalisolators and circu-
lators) and establishes directional coupling between multiple emitters
embeddedinthe same waveguide, forming cascaded quantumsystems.

Plasmonic structures exploit collective oscillations of surface
electrons in metallic nanostructures to confine electromagnetic
energy below the diffraction limit and produce strong, localized field
enhancements'®, Purcell factors upward of 10,000 are achievable in
structures such as nanoparticle-on-mirror cavities or nanoparticle
antennas'®*'*, Amajor limitation of localized plasmonic systems is that
muchofthe Purcell enhancementis non-radiative: energy stored in plas-
monic modesis often converted into heat through ohmiclosses instead
ofbeing emitted as photons. One strategy to mitigate this effectistouse
hybrid dielectric-plasmonic cavities, which combine the high Purcell
factors of plasmonicresonances with low-loss dielectric structures, ena-
bling efficient photon outcoupling before energy is dissipated as heat'".
Another approachinvolves plasmonic nanoparticle lattices, where local-
ized surface plasmon resonances are coupled to the diffractive orders.
Inaddition, careful material choices, such as using low-loss metals'**'*’,
can further mitigate material instability and thermal dissipation.

Modified dielectric cavities can also achieve extreme confine-
ment, reaching mode volumes as low as 7 x1075(A/n)? (ref.170). Another
emerging approach generates photonic structures through global
topological optimization, in contrast to adiabatic modifications of
photonic crystals used to create defect states. Topology-optimized (or
inversely designed) cavities have demonstrated similar mode volumes
of 3x107*(A/n)> with small device footprints'”.

Across all platforms, materials and integration are of critical
importance. High-index-contrast materials tighten confinement but
may increase loss; embedding the emitter during growth maximizes
light-matter coupling but restricts the choice and density of QEs,
whereas hybrid integration eases assembly at the expense of position-
ing accuracy and coupling strength. The optimal choice depends on
targetapplications, uniform coupling across many emitters, bandwidth
versus coherence, and the required degree of programmability for
many-body interactions.

Cavity quantum electrodynamics with multiple emitters
Cavity quantum electrodynamics (QED) with multiple QEs coupled
to acommon photonic mode unlocks collective phenomena central
to many-body quantum optics. A remarkable feature of cavity and
waveguide QED is that QEs can interact coherently without requiring
nanometre-scale separations (Box 2). The resulting photon-mediated
interactions, described by the Tavis—-Cummings model, give rise to
collective eigenstates and modified decay rates. These effects were
initially observed in atomic ensembles and have now been realized in
solid-state platforms as well*?*7>777,

The behaviour of two emitters in a cavity can be classified into
three regimes (Fig. 3a): first, when the emitters are detuned from
each other but near resonant with the cavity, they actindependently
and each experiences ordinary Purcell enhancement; second, when
the emitters are resonant with each other and the cavity, they form
symmetric (superradiant) and antisymmetric (subradiant) collective
states, with the superradiant state decaying at an enhanced Purcell
rate while the subradiant state decouples from the cavity mode; and
third, when the emitters are resonant with each other but detuned
from the cavity, they couple dispersively through a virtual photon
exchange, leading to a dipole-dipole interaction that shifts the sym-
metric and antisymmetric states by the exchange rate t/,,, producing
asplitting of 2/,,.

Solid-state demonstrations of radiative emitter-emitter coupling
in cavity QED were initially achieved using Si-V centres in diamond.
For example, two Si-V centres embedded inananophotonic diamond
cavity were each strongly coupled to the high-Q cavity mode’® (Fig. 3b).
The common cavity modeinduced a coherentinteractionbetween the
emitters, manifesting as a pronounced splitting in the optical spectrum
owingto coherent dipole-dipole coupling mediated by cavity photons.
By using the electronic spin of each Si-V as a controllable qubit, the
interaction could be turned on and off by tuning one emitter in and
out of resonance. Vg centres have also been integrated into thin-film
silicon carbide microdisk resonators fabricated on SiC-on-insulator
platforms’°. The high-Q whispering-gallery modes of these micro-
disks provided strong Purcell enhancement, yielding single-emitter
cooperativities up to 0.8. When two V; centres were coupled to the
same resonator mode, their joint emission exhibited superradiant
bunchingin photon correlation measurements, confirming collective
radiative decay (Fig. 3c).

Cavity QED with two epitaxial QDs has also been demonstrated.
Afoundational step towards multiemitter applications was the observa-
tion of coherent coupling and collective superradiant and subradiant
emission from deterministically positioned QDs in a nanophotonic
waveguide® (Fig. 3d). These experiments showed clear signatures of
photon-mediatedinteractions, including enhanced collective emission
rates (superradiance). By tuning individual QD emission wavelengths
through electrostatic gating, magnetic field or strain engineering, it
becomes possible to map out interaction-driven transitions between
collective eigenstates. Steady-state subradiant emission from two InAs
QDs embedded in alow-Q, highly directional circular grating Bragg
cavity has also been achieved, where the subradiant-state population
dominated the steady state with a highly negative cooperativity'’®.
Long-range energy transfer between two InAs QDs embedded ina
photonic crystal waveguide has further been demonstrated by tuning
the emittersinto resonance and measuring intensity autocorrelation,
yieldingg®(0) = 0.94 (ref.179).

Inadditiontocolour centresand QDs, recent work has demonstrated
the compatibility of organic molecules with nanophotonic resonators.
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Fig.3| Collective interactions of multiple solid-state quantum emitters in
nanophotonic environments observed across molecular, quantum-dot and
colour-centre platforms. a, Schematic cavity transmission spectraand energy-
level diagramsillustrating three regimes: two emitters off resonance with

each other but near-resonant with the cavity, decaying independently (left);
emitters resonant with each other and with the cavity (dissipative regime),
where superradiant and subradiant collective states form (middle); and
emitters resonant with each other but detuned from the cavity (dispersive
regime), where coherent dipole-dipole interactions split the symmetric

and antisymmetric states (right). b, Cavity-mediated interaction of two
silicon-vacancy (Si-V) centres in adiamond nanocavity with emitter—cavity
detuning, showing formation of bright |+) (superradiant, |+)) and dark
(subradiant|-)) collective states. ¢, Superradiant emission observed from

two Vg; centres in a thin-film SiC microdisk cavity manifested through bunching
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in photon correlation measurements. d, Observation of superradiant and
subradiant emission from pairs of quantum dots (QDs) deterministically
positioned in ananophotonic waveguide (separated by X;, and X,;, respectively),
mediated by long-range radiative coupling. Superradiant and subradiant
dynamics are reflected in the decay rates I, and I, respectively. e, Two
dibenzoterrylene (DBT) molecules coupled to a 1D photonic crystal cavity,
interacting either dissipatively through the cavity mode (/7,) or dispersively
through dipole-dipole coupling (/ ,,). f, Long-range dipole-dipole interactions
mediated by a plasmonic nanoparticle lattice, manifested through decay
lifetime y of donor molecules in the presence (yp,) and absence (yp) of acceptors.
Acceptor concentration was tuned through the dilution factor C/C,. QE, quantum
emitter. Panel b reprinted with permission fromref. 5, AAAS. Panel c reprinted
fromref. 90, CC BY 4.0. Panel d reprinted with permission from ref. 84, AAAS.
Panel freprinted with permission from ref. 189, ACS.

Forexample, lifetime-limited DBT molecules embedded in polyethylene
films have been tunedinto resonance while coupled to discresonators,

by using electrodes to control their transition energies'®’. DBT mol-
ecules in anthracene crystals have also been coupled to nanobeam

Nature Reviews Materials


http://www.nature.com/natrevmats
https://creativecommons.org/licenses/by/4.0/

Review article

cavities, where permanent optically induced Stark shifts gave rise to
resonant couplinginboth dissipative and dispersive regimes™ (Fig. 3e).
The high density achievable with molecular emitters can, in principle,
enable coherent coupling among large ensembles of emitters (>3).

Finally, plasmonic cavities have also been used to mediate many-
bodyentanglement.Anisolated nanoparticleantennacantightly confine
thelight field and support pairwise or small-scale entanglement among
afewemitters, although the efficiency depends heavily on emitter num-
ber and position owing to rapid near-field decay'®*"**, The uniformity of
the field distribution can be improved by using nanoparticle-on-mirror
cavities with nanoscale dielectric gaps that produce spatially homo-
geneous fields™>'®, Such designs enable multiple QEs to experience
comparable coupling conditions and consequently enhanced overall
coherence™"*%, Plasmonic nanoparticle lattices support delocalized
surface lattice resonances to facilitate coherent interactions across
many unit cellsand over hundreds of nanometres. For instance, silver
nanoparticle arrays coupled to donor and acceptor dye molecules
exhibited resonance energy transfer that persisted up to about 800 nm
of meandonor-acceptor separation —nearly two orders of magnitude
larger than free space' (Fig. 3f). Such long-range dipole-dipole cou-
pling mediated by surface lattice resonances open up opportunities for
exploring collective phenomenasuchas superradiance and correlated
photon emissions'’. Moreover, when the lattices are strongly coupled
with emitters, the formed exciton-polaritons inherit the nonlinearity
of excitons and can achieve polariton lasing and condensation at room
temperature'® %,

Collectively, these results demonstrate that, with nanophotonic
integration, even solid-state emitters separated by many wavelengths
caninteractstrongly'"¢ (Fig.3). In future studies, pushing cavity QED
from pairs to larger ensembles of solid-state QEs hinges on making
the collective Hamiltonian programmable and homogeneous while
keeping each emitter transform-limited. Reaching thatlevel of control
willrequire further developmentsin deterministic emitter placement,
active frequency tuning and nanophotonic strategies that enhance
light-matter coupling and collection efficiencies.

Photon nonlinearity

In addition to serving as mediators of entanglement between emit-
ters, photons canalso carry quantum entanglement as resource states
themselves. Therefore, strong photon-photon interactions at the
single-photon or few-photon level represent a milestone in quan-
tum optics. Achieving strong photon-photon interactions enables
all-optical analogues of transistors and logic gates at the quantum evel,
as well as deterministic entangling operations between photons'"'*,
Photons do not naturally interact with each other in free space or
linear media, so achieving photon nonlinearities requires mediating
interactions through matter. Early theoretical proposals showed that
embedding resonant emitters or nonlinear media in optical systems
could induce an effective photon-photon interaction'””"”, The main
underlying mechanism is an excitation blockade that can originate
either fromthe saturation of asingle or afew two-level emitters, or from
strong and long-ranged interactions, as can be mediated by Rydberg
states (Rydberg blockade) (Box 2). In the strong light-matter cou-
pling limit, the nonlinearity of the emitters can be translated into a
photon-photoninteraction that can even give rise to a photon block-
ade, in which one photon in a nonlinear medium prevents a second
photon from entering'***°°, These ideas have laid the groundwork for
quantum nonlinear optics, suggesting that asingle photon could switch
or modulate another.

Large photon nonlinearities require both a strong light-matter
interaction that maps each photon onto a matter excitationandastrong
matter-matter interaction so that one excitation can considerably shift
or block asecond. By simultaneously engineering high-cooperativity
photon coupling (using microcavities, waveguides or plasmonic
confinement as discussed in the previous section) and enhancing
emitter-emitter interactions (through Rydberg excitation, moiré
trapping or dipole-dipole coupling) (Box 2), recent experiments have
pushed nonlinear responses into regimes previously accessible only

201

withintense light fields*"".

Polaritons with Rydberg excitons

One of the most advanced platforms for single-photon-level non-
linearity is based on ultracold atomic ensembles with Rydberg
excitations”**, In this approach, photons are coupled using electro-
magneticallyinduced transparency to highly excited Rydberg states of
atoms, forming Rydberg polaritons. When one photon excitesaRydberg
atom, it can block the excitation of nearby Rydberg atoms within a
‘blockade radius’, effectively causing two photons within that range to
interact strongly. This mapping of Rydberg-atom interactions onto pho-
tons has enabled a host of quantum nonlinear optical effects. Notably,
itallows single photons to phase-shift or attenuate other photons?*****
and even implement two-photon gates?*>?°°, The trade-off, however,
is that such experiments typically require ultracold temperatures or
vacuum systems and precise control of atomic states®” 2%,

In the solid-state realm, an exciting development is the use of
Rydberg exciton-polaritons in semiconducting materials to achieve
photon nonlinearity (Fig. 4a,b). Exciton-polaritons arise in semicon-
ductors or 2D materials when an exciton strongly couples to a cavity
photon, forming a hybrid quasiparticle. Polaritons caninteract with
each other through their excitonic component, and if these interac-
tions are strong enough, quantum nonlinear effects analogous to
those in atomic systems can emerge. Figure 4b shows a small experi-
mental dip in g () at 7= 0 (g¥(0) <1), demonstrating the onset of a
polaritonic excitation suppressioninasemiconductor quantum-well
microcavity?°. Rydberg excitons in bulk semiconductors have been
pursued as an analogue to atomic Rydberg gases, where the excita-
tion suppression can potentially be greatly enhanced”". Cuprous
oxide (Cu,0) has emerged as one of the most successful material
candidates: it supports Rydberg excitons with principal quantum
numbers up to n =30, whose diameters can approach 1 um (Fig. 4c).
These Rydberg excitons in Cu,O have extremely large electric tran-
sition dipole moments, leading to exciton-exciton interaction
strengths orders of magnitude larger than those of ground-state
excitons. Giant Rydberg excitons in Cu,0 have been experimentally
demonstrated in bulk crystals®***, synthetic thin films?**¢ and 2D
arrays””. Their power and temperature-dependent characteristics,
aswell as their controllability through microwave fields*® have been
investigated””*, providing important insights into the linear and
nonlinear optical properties of this system. Strong light coupling
to Cu,O Rydberg excitons up to n = 6 has been achieved, creating
Rydberg exciton-polaritons (Fig. 4d). Kerr-type optical nonlinearities
arising from the Rydberg blockade effect in a Cu,0 microcavity have
also been demonstrated®??. The polariton resonance frequency was
found to shift depending on the polariton density (Fig. 4e), an effect
attributed to the Rydberg exciton blockade.

Monolayered TMDs host tightly bound excitons with large
binding energies, and they can sustain polaritons even at room
temperature’*>?**, Although larger binding energies are typically
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associated with smaller interaction strengths, the 2D material geom-
etry offers unique opportunities for the realization of photon-photon
interactions. Combining monolayer TMD excitons witha microcavity**
or a two-colour excitation scheme?® has been proposed as a way to
exploit the material structure to produce light with quantum mechani-
cal statistics. The formation of polaritons based on the 2s exciton in
monolayer WSe, has been experimentally demonstrated, and their
nonlinear properties have been compared with those of polaritons
formed from the ground 1s exciton’”. Because excited-state excitons
arelargerinsize, their mutualinteractions are stronger. However, the
enhanced nonlinearity of the 2s state still falls short of the ‘quantum
blockade’ regime. Rapid dephasing and strong phonon scattering
in TMDs pose considerable challenges in accessing higher Rydberg
states, representing a major obstacle to achieving single-photon
nonlinearity.

Dipolar and moiré exciton-polaritons

Another promising strategy to strengthen exciton-exciton interac-
tions is to use excitons with a permanent electric dipole moment,
enabling dipolarinteractions. One such exampleisinterlayer excitons,
which canform in van der Waals bilayers of TMDs owing to the sepa-
ration of an electron-hole pair across the layer interface. Large non-
linear interactions between interlayer exciton-polaritons have been
demonstrated with bilayer MoS, (ref. 228) (Fig. 4f-h). As described
previously, moiré excitons feature reduced bandwidth and very large
nonlinearity because of spatial localization, strong on-site interac-
tions and long-range dipolar coupling. Moiré exciton-polaritons also
exhibit enhanced and electrically tunable nonlinearities®’ (Fig. 4i,j).
The moiré approach offers a promising route towards scalable quan-
tum nonlinear optics on a chip with an array of interacting polariton
sites that could mimic a strongly correlated photonic lattice, allin a
2D solid.

Strategies to further enhance interactions

Taking inspiration from ultracold atomic gases, researchers have
sought Feshbachresonancesin excitonic systems, where atwo-particle
scatteringinteractionis greatly enhanced by the presence of abound
state at nearly the same energy**°. A bound state of two excitons is
known as a biexciton, and a bound state of an exciton and an extra
charge is known as a trion. In GaAs quantum wells, when two polari-
tons with opposite spin are tuned into resonance with the biexciton
energy by adjusting the cavity detuning, their effective interaction
switch from weakly repulsive to strongly attractive and then back to
repulsive as the resonance is crossed”°. In TMD monolayers, biexci-
tons with binding energies of the order of 20-40 meV exist as well,
soin principle, a similar tuning could be achieved by bringing the
polariton or two-exciton energy near the biexciton state. Owing to
the larger binding energy, the resonance conditionin TMDs might be
achieved at higher temperatures or with smaller detunings. Moreover,
recent theoretical proposals suggest using trion statesinacontrolled
way toinduce Feshbach-like tunability?***2, To enhance light-matter
interaction, using photonic structure to further confine the photons
or slow down photon propagation would be desirable. TMDs could
offer asimpler route toimplement such structures, as their atomically
thin nature means they canbe transferred onto virtually any photonic
platform without perturbing the mode structure. This 2D flexibility
has enabled TMD strong coupling in a wide variety of architectures,
from planar cavities and waveguides to nanogaps and plasmonic
antennas®>>*,

Generation and characterization of cluster and
graph states

Graph states are special types of entangled quantum states that can
be visualized as graphs, with the vertices representing the qubits and
the edges between connected qubits representing entanglement
links (reviewed previously®*) (Fig. 2). In particular, the collection of
nodes and edges mathematically describes acomplete set of correla-
tion observables that uniquely determine the corresponding graph
state. The best-known graph state is the ‘cluster state’, a 2D square
graph, whichwas showntobe auniversal resource for quantum comput-
ingin the seminal paper by Raussendorfand Briegel**°. Photonicgraph
and cluster states could overcome challenges associated with photonic
quantum computing and quantum repeaters. Generating large pho-
toniccluster or graph states has been difficult to scale. The conventional
approachuses probabilisticlinear-optical methods; independent single
photons or entangled photon pairs, typically generated through non-
linear processes such as spontaneous parametric down-conversion or
spontaneous four-wave mixing, are interfered, and a subset of them
measured, to ‘stitch’ photonsinto a cluster state””. Standard objections
tothe probabilisticapproach have beenrelated to, first, the intrinsically
low efficiency of these entangled photon pair sources, and second,
the probabilistic nature of the approach (the protocol succeeds con-
ditional on certain low-probability measurement outcomes); related
to this, the fusion gates for photons are themselves probabilistic*”.
These challenges are in part addressed by pumping the sources with
anultrafast pump laser, whichincreases the entangled pair generation
rate”*®, as well as by reusing the contracted graph states following a
failed fusion gate allowing the gate to be reattempted, which reduces
the resource requirements (in terms of entangled photon pairs) for a
successful fusion event. Although it has enabled pioneering demon-
strations of photon cluster states®*’, this approach remains difficult to
scale?***"' without combining it with deterministic methods, as done
in recent experiments**?*, Recent research has therefore turned to
acombination of probabilistic and deterministic protocols®** or fully
deterministic sources: solid-state QEs with spin-photoninterfaces that
can emit or mediate entanglement on demand®* %, In principle, such
anapproach could be done with single or multiple QEs.

Generation of cluster states at the spin—-photoninterface
Experiments with atomic emitters have improved the quality of the
gates and have demonstrated arecord number of photonsinlinear clus-
ter states** and Greenberger-Horne-Zeilinger (GHZ) states. However,
the naturally longer timescales and technically challenging operation of
atomic systems limit their generation rate and scalability. Later experi-
ments with QDs improved on these limitations’ (Fig. 5a—f), includ-
ing recent work with a cavity that enhances emission efficiency®**°
(Fig. 5a-d). These results provide clear evidence that solid-state QEs
canrapidly generate photonic graph states while offering the potential
for device integration.

Aside from epitaxial QDs, colour centres are particularly well
suited for generating graph states beyond a1D cluster state owing tothe
presence of nearby nuclear spins with optically accessible initialization,
controland readout, all mediated through the defect spin. In addition,
the ability to perform conditional gates between the spin defect and
nearby nuclear spins has been demonstrated both for strongly and
weakly coupled nuclear spins. The nearby strongly coupled nuclei can
beaddressed directly by using the Overhauser shift of the defect energy
levels, resulting in relatively fast entangling gate times. By contrast,

entangling gates with weakly coupled nuclei®**"*? requires applying a
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Fig. 4| Pathways to achieve strong photon nonlinearity through exciton-
polaritons. a, Excitation and re-emission of an exciton-polariton by a single
photon. Interactions shift the mode off resonance, suppressing multiphoton
transmission (known as the polariton blockade). b, Detuning-dependent
coincidence counts and the corresponding non-classical correlations of polaritons
inaquantum-well microcavity. ¢, Absorption inanatural Cu,O crystal resolving
excitonic resonances for large principal quantum numbers. d, Formation

of Rydberg exciton-polaritons under strong-coupling regime forn=3,..., 6.

e, Rabi splitting versus exciton density and pump fluence for different principal
quantum numbers n, revealing an increase in n-dependent nonlinear coefficient.
f, Abilayer MoS, coupled to a Fabry-Perot microcavity and the possible exciton
configurations between layers L, and L, (with no external field applied). These
interlayer excitons have permanent out-of-plane dipoles and strong, long-range

interactions. g, Polariton dispersion showing multiple coupled excitonic species,
showing the polariton eigenvalues (yellow lines) and the exciton and cavity

modes (brownlines). h, Interlayer (dipolar) polaritons (green) showing enhanced
nonlinearity compared with neutral exciton-polaritons (orange), evidentin
low-density reduction of apparent Rabi splitting. i, Moiré polariton system

formed by an exciton confined in a moiré lattice, coupled to a cavity. j, Nonlinear
enhancement of moiré excitons (orange) over intralayer exciton-polaritons (blue).
I, polariton linewidth. Panel areprinted from ref. 289, Springer Nature Limited.
Panel breprinted fromref. 210, Springer Nature Limited. Panels cand d adapted
fromref.290, Springer Nature Limited. Panel e reprinted from ref. 222, Springer
Nature Limited. Panels f-hadapted fromref. 228, CCBY 4.0. Panelsiandjreprinted
fromref. 229, Springer Nature Limited.

sequence of pulses with an interpulse delay chosen to allow selective
coupling with nuclei of particular hyperfine coupling strengths. This
protocol leads to relatively long entangling gate times but allows for
the possibility of multiqubit entangling gates®***, which can perform
better —as also shown experimentally* — than sequential nuclear spin
entangling gates”, The latter approach is not well suited for a dense
nuclear spinbath, suchasin QDs, and performsbetter with sparse baths
inwhichthe number of nuclear spins of a particular hyperfine strength
isrelatively low, reducing the number of unwanted interactions. Such
baths are characteristic of diamond and silicon, which have a natural
abundance of nuclear spin isotopes *C and ¥Si, respectively, and the
different nuclear spin species can be beneficial bothin terms of coher-
ence times?*® and gate fidelities*. Conditional gates between the
defect electronic spin and nearby as well as distant nuclear spin gates
have been demonstrated experimentally for N-V centres. However,
owingtotheir small Debye-Waller factor of -3%, they are not best suited
for operation as QEs. By contrast, recent interest has been increasing
for defects in silicon, such as T and G centres?° 2>, which emit in the
telecommunication band, making them optimal for fibre-optic com-
munication. These emitters also show small Debye-Waller factors
(approximately 23% and 18%, respectively), but recent experiments
have demonstrated improvements when embedded in cavities, for
example for T centres®**** and G centres®*>**°, By using spin defects as
QEs and the surrounding nuclear spins as qubits, the latter can tempo-
rarily store the entanglement with already emitted photons, whereas
the former generates new parts of the graph state*”’. For example, the
presence of anuclear spin near asolid-state defect emitter suffices to
generate resource states for quantum networks®’, and, at the protocol
level, amethod for the generation of arbitrary photonic graph states
has also been developed®.

Characterization of entanglement structure

Verifying that one has indeed generated the desired cluster or graph
state —and characterizingits entanglement structure — is anon-trivial
task that generally becomes more challenging as the number of photons
increases. The ‘gold standard’ method is quantum-state tomography,
wherein a large set of measurements in different bases is collected
to reconstruct the full multiqubit density matrix. Tomography pro-
vides complete information, allowing one to compute state fidelity
and entanglement measures, and to directly observe the exact struc-
ture of entanglement (such as which qubits are pairwise entangled).
However, its large measurement overhead makesitimpractical in the
many-body setting. Instead, specialized measures that leverage the
stabilizer structure of graph states can be estimated more efficiently.

Two common strategies to verify entanglement in a state are esti-
matingthefidelity betweenthe experimental state and the desired graph
state, and estimating an entanglement witness. For GHZ, graph and
cluster states, lower bounds on the fidelity can be efficiently estimated
using local measurements of a small set of stabilizer generators* "2,
Under realistic noise models, the lower bound on the fidelity can be
improved substantially while requiring anumber of samples that scales
only linearly with the number of qubits?>. The fidelity withan entangled
stabilizer state is intimately linked to the verification of entanglement
using an entanglement witness W, defined as an operator whose expec-
tation value satisfies Tr(Wp) > O for all states that are separable across
some bipartition. Thus, if one finds Tr(Wp) < 0, the state p exhibits
genuine multipartite entanglement. The expectation value can be esti-
mated using the same stabilizer measurements as used for the fidelity
lowerbound, sonoextraoverheadisincurred. This kind of entanglement
witness has been used to certify the multipartite entanglement in
14-photon GHZ states and 12-photon linear cluster states**.

Although these strategies provide a lower bound on the fidelity,
thisboundis not necessarily tight. Instead, one might want to estimate
the infidelity to a desired precision with high confidence. Such an
estimate can be achieved through random sequences of local Pauli
measurements”*?”*, The number of sequences is independent on
the size of the system and depends only weakly on the precision and
confidence.

Outlook and future perspectives

Many-body entanglement in emitter arrays and their emitted pho-
tons constitute a fundamental resource for all three main quantum
technologies: quantum computation, communication and sensing
(Fig. 5g-i). In sensing applications (Fig. 5g), twin Fock states***"’
and NOON states”’**” have long been known to be optimal for phase
estimation, as measured by the Heisenberg scaling of the estimation
mean-squared error (NOON states are also commonly known as GHZ
states in quantum information theory literature)****°, Photonic states
generated in superradiant bursts in both waveguide QED and cavity
QED systems can also achieve Heisenberg scaling®'* (Fig. 5g). A key
advantage of this approachis that, unlike graph-state generation, pro-
ducing superradiant bursts does not require full coherent control over
the QEs>72 174176172281 and thus may be more straightforward to realize
insolid-state QEs. However, the direct usefulness of the superradiant
states to quantum sensing remains an open problem. In particular, the
impact of experimental non-idealities, such as emitter inhomogenei-
ties, photon loss and dephasing, on the metrological potential of the
superradiantly emitted photons remains to be understood. Moreover,
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optimal measurement protocols that actually attain the Heisenberg
limit with such states need to be identified. The optimal measurement
scheme would require either the generation of optical nonlinearities,
as theoretically proposed®, or a case-by-case development of simple
observables (such as anoptical analogue of spin squeezing parameter)
that can be easily measured.

For optical quantum computing (Fig. 5h), the state-of-the-art
strategy involves generating specific cluster states which are compu-
tationally universal. This universality means that, given this resource

state, a quantum circuit can be effectively implemented with a spe-
cific sequence of measurements and feedback?*?%*. Furthermore,
fusion-based quantum computation has been introduced in recent
proposals®, where constant-size, independent of the target algorithm,
graph states (such as four-ring or six-ring graphs) are generated and
consumed as anelementary resource for computation. However, build-
ing anend-to-end quantum computation scheme with QEs, especially
while also using fusion measurements, requires high photon indistin-
guishability for high fidelities. Correlated errors are an unavoidable
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Fig. 5| Generation of graph states and applications of many-body
entanglement. a-d, Quantum-dot (QD) platforms for cluster and graph-state
generation. Negatively charged QD in the centre of a connected pillar optical
cavity (panel a); single InGaAs QD with GaAs barriers (panel b); representative QD
emission spectrum obtained through reflectivity measurements (black dashed
lines) (panel ¢); energy levels and optical selection rules of a negatively charged
QDinthe presence of asmall (<100 mT) transverse magnetic field (panel d). Blue-
detuned excitation enables phonon-assisted excitation by longitudinal acoustic
(LA) phonons. e-h, Deterministic cluster-state generation. Cluster-state generation
using sequential Hadamard and CNOT gates (panel e); experimental set-up for
QD-based cluster-state generation with a dichroic mirror (DM) and magnetic field
along thexaxis, where the states refer to the hole, trion and excited trion states

(panelf); applications of many-body entangled states: quantum-enhanced phase
sensing™ (top left); superradiant emission surpassing shot-noise limit (right); graph
states generated by specialized quantum emitters, such as QDs, as resource states for
quantum communication and quantum computation (bottom left) (panel g). Panel h
shows the protocol for aquantum repeater to establish entanglement between

two observers (green blocks) via a series of repeater nodes (blue blocks) and source
nodes (yellow blocks). Repeater graphs are shown with core (orange circles) and

arm (bluecircles) nodes, where the connecting black lines denote entanglement.

i, Long-range qubitinteractions enabling quantum simulation of complex many-
body systems. Panels a-d reprinted from ref. 8, Springer Nature Limited. Panels e
and freprinted fromref. 7, Springer Nature Limited. Panel g right image adapted with
permission fromref.126, APS. Panel hadapted fromref. 291, CCBY 4.0.

part of photonic graph-state generation, as asingle QE error can propa-
gate to some of the emitted photons following the error. The correla-
tiontimeis given by the duration between two measurements of the QE
state during the graph-state generation protocol. Although the impact
of various sources of noise has been considered for fault-tolerance
quantum computation with cluster states?***¢, a current focus of ongo-
ing research is to understand how fault tolerance can be maintained
under temporally correlated noise.

Graph states have also found important utility in all-photonic
quantum networks?’. This application relies on generating repeater
graphstates atsource nodes before distributing them to intermediate
nodes and performing entanglement swapping. Therefore, similarly to
fusion-based quantum computation, this application also requires high
photon indistinguishability. The generation of repeater graph states
withaminimal number of QEs has been discussed elsewhere”*®, When
working with quantum defectsinsolids, an alternativeis touse asingle
QE and multiple nuclear spins that can be addressed using the defect
spin*’.Improvementsin the Debye-Waller factor and advancementsin
the nuclear spin control pulses for these defects will beimportant mile-
stonesinthe generation of repeater-type graph states. Solid-state emit-
ters are additionally well suited for applications in one-way quantum
repeaters®s,

Finally, in addition to being used as light sources, QEs coupled
to nanophotonic structures can also be a testbed for simulating
many-body physics™*"’ (Fig. 5i). The ability to tune the electromag-
netic Green’s function with nanophotonic structures opens up the pos-
sibility of engineering long-range coherent and dissipative interaction
between QEs (Box 2). These systems could thus potentially be used as
quantum simulators for studying the physics of all-to-all models that
arise routinely in quantum optics, condensed matter physics and
quantum chemistry.

To realize these potential applications in quantum sensing,
computation, communication and simulation, further advances in
solid-state QEs are essential. For more established platforms such
as self-assembled IlI-V quantum dots, colour centres in diamond,
and DBT molecules in organic crystals, the next key step is to scale
coherent control beyond the few-emitter limit. Nanophotonicintegra-
tion, emitter tuning, active stabilization against spectral diffusion,
and high-efficiency collection offer routes to achieving this control.
For emitters hosted in 2D materials, parallel progress must come
from improved material growth and a deeper microscopic under-
standing of coherence. In TMDs and their heterostructures, strong
exciton-exciton interactions and moiré engineering make this plat-
form especially promising for optical nonlinearities, but pushing
towards the single-photon nonlinearity regime will require higher

cooperativity and longer exciton coherence. In hBN, the open chal-
lenge is to achieve simultaneous spin and optical coherence so that a
single defect can serve as both a high-quality spin qubit and a source
of indistinguishable photons for entanglement generation. For col-
loidal QDs, encouraging demonstrations of many-body coherence
in large ensembles have emerged, but deterministic integration with
nanophotonics and individual emitter control are still at an earlier
stage of development. Meeting these targets would unlock many-body
entanglement fromlarge QE arraysin the solid state, with directimpact
on quantum technologies.

Published online: 17 February 2026
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