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Abstract Sections
Nanophotonics offers opportunities for engineering and exploiting Introduction

the quantum properties of light by integrating quantum emitters into Light and matter in quantum
nanostructures, and offering reliable paths to quantum technology nanophotonics
applications such as sources of quantum light or new quantum Individual emitter phenomena
simulators, among many others. In this Review, we discuss common Collective effects

nanophotonic platforms for studying light-matter interactions,
explaining their strengths and experimental state-of-the-art.

Each platform works at a differentinteraction regime: from standard
cavity quantum electrodynamics (QED) setups to unique quantum
nanophotonic devices, such as chiral and non-chiral waveguide QED
experiments. When several quantum emitters are integrated into
nanophotonic systems, collective interactions emerge, enabling
miniaturized, versatile and fast-operating quantum devices.

We conclude with a perspective on the near-term opportunities
offered by nanophotonicsin the context of quantum technologies.
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Key points

o Nanophotonics is the field that studies how to control the properties
of light at the nanoscale.

o |t began in the late 1980s with the discovery of photonic crystals,
followed by subsequent waves that harnessed metals and
metamaterials to engineer unique photon flows at the (semi)classical
level.

e Current experimental efforts aim at integrating these setups with
natural and artificial atoms to control the light properties at the
quantum level.

o Apart from reducing the mode volume of light and thus enhancing
light-matter interactions, nanophotonic setups allow the exploration
of new regimes that exploit non-trivial energy dispersions and
polarization patterns.

e Quantum nanophotonics creates unique opportunities to develop a
new generation of miniaturized, versatile and fast-operating quantum
technologies.

Introduction

Inquantumtechnologies, light —and itsinteraction with matter — plays
apivotalrole. At present, optical photons are the only viable candidate
forlong-distance quantum communication, thanks to their long coher-
ence times'. These photons can protect the transmission of informa-
tionagainst eavesdropping attacks by using quantumkey distribution
protocols?but also connect different quantum nodes for performing
distributed quantum algorithms'. In the latter case, cavity quantum
electrodynamics (QED)?, that is, the interaction between emitters and
localized photonic modes, provides alink between propagating qubits
encodedinthelight and the stationary qubits encoded inthe emitters.
Beyond providing this link, the exchange of photons between emit-
ters can also lead to photon-mediated interactions between them,
which can be harnessed for building two-qubit entangling gates
or, in a more passive role, for inducing optical trapping potentials
to generate ordered atomic arrays that can serve as a basis of new
analog quantum simulators*, Last but not least, the interaction of
light and matter can induce strong interactions between light fields
at the single-photon level. These interactions are instrumental in
generating non-classical states of light with the potential to surpass
classical metrological limits®, to create quantum-error-corrected bos-
onic codes™ or to implement general-purpose measurement-based
quantum computing’.

These applications demand efficient light-matter interfaces
connecting seemingly disparate quantum objects: particles propa-
gating at the fastest possible speed with no interactions (light) and
stationary quantum systems interacting strongly at short distances
(matter). Intuitively, efficiency means here that the probability that a
single photoninteracts with asingle emitter must be significant. Infree
space, this probability depends on the ratio between the scattering
cross-section of the emitter and the mode area of the light impinging
on it. It is thus strongly limited by diffraction, which sets a minimum
light confinement for a given wavelength. Diffraction also limits the
probability that aphoton created at one emitter is absorbed by another

atadifferent position, as light spreadsinall directions. This diffraction
makes the photon-mediated interactions induced by these processes
decay rapidly with distance, precluding the observation of quantum
cooperative phenomena. Several strategies have been pursued in the
past 20 years to overcome these limitations. Some of them involve
confining the emitters among highly reflecting mirrors to increase
the number of times that a photon passes a single emitter'’, placing
more emittersinagivenregiontoincrease the probability thataphoton
interacts with atleast one of them", or using highly excited (Rydberg)
atomic states to increase the emitters’ dipole moments' and thus the
light-matter interaction strength. However, in all these platforms,
diffraction will ultimately dictate the strength and spatial nature of
theinteractions.

Over the past 15 years, an alternative approach has emerged
that can overcome these limitations: quantum nanophotonics™".
The idea is to interface emitters with photons, or photon-like exci-
tations, confined in subwavelength-engineered materials such as
dielectrics or metals. Unlike free space, nanophotonic devices can
confine photons on subwavelength scales. This enables device min-
iaturization, stronger light-matter interactions and, consequently,
faster dynamics and operation speed of the resulting quantum
technologies. Moreover, this confinement allows for qualitatively
different light-matter interaction regimes, such as chiral ones”,
thanksto the longitudinal component of the electric field when con-
fined to subwavelength scales. Beyond single-emitter phenomena,
the propagation of photonsin1D or 2D geometries also enhances the
probability that the photons created by one emitter are absorbed by
a different one, enabling long-range photon-mediated interactions
between emitters and their application to create entanglement'*".
Finally, asuitable design of the photonic metamaterial enables both
the engineering of photonic energy dispersion and the establishment
of sophisticated connectivities between tunable emitters, with no
analogue in other quantum optical setups, such as topologically
protected models'®. In summary, quantum nanophotonics provides
faster and smaller light-matter interfaces and enables access to
qualitatively new physics.

In this Review, we discuss the theory, state-of-the-art and future
applications of such quantum nanophotonic devices. As a comple-
ment to earlier reviews covering quantum dots”, atomic systems'*,
waveguide QED", quantum plasmonics® or chiral photonic devices",
ourgoalistoprovide abroad and high-level perspective of allnanopho-
tonic platforms. We thus begin by introducing the various candidates
for matter and light degrees of freedom, discussing the state-of-the-art
nanophotoniclight-matterinterfaces that they enable. We thenexplain
the variety of phenomena in the single- and many-emitter scenarios,
bothin confined cavity QED and open waveguide QED environments.
Here, we cover work from the semiclassical Purcell regime, asinother
existing reviews”, to the purely quantum nonlinear behaviour. We con-
clude with a selection of experimental challenges and opportunities
for quantum nanophotonicsin the near term.

Light and matter in quantum nanophotonics
Theterm‘light-matterinterface’ describes a plethora of physical sys-
tems combining a finite number of emitters (the matter part) each
with (at least) an optical transition that interacts with discrete or
continuous photonic degrees of freedom. In what follows, we review
the state-of-the-art quantum nanophotonic platforms and explain the
advantages and disadvantages of the different types of emitters and
photonic degrees of freedom considered.
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Matter

Several types of emitters can be coupled to nanophotonic struc-
tures (Fig. 1). These include quantum dots”, defect centres in
semiconductors® ¥, excitonsin 2D materials®®?, individual molecules
inacrystalline host*, as well as atoms trapped in vacuum® . For all of
these coupled emitters, the interaction with light is described either
through the polarizability of the emitter in semiclassical descrip-
tions, or throughiits dipole transition matrix elementin fully quantum
mechanical treatments. The larger the polarizability or dipole matrix
element, the stronger the light-matter interaction. Typically, each emit-
ter hosts an optically active electronic excitation such that the tighter
the potential that confines the electron, the lower the polarizability or
dipole element, and the weaker the light-matter interaction. Quantum
dots are the fastest emitters because the electron is loosely confined
by a semiconductor band structure® that enables typical radiative
decay rates on asubnanosecond timescale. Molecules®’, atoms>®, and
defects in semiconductors®?**? exhibit a typical emissionin the range
of afew nanoseconds when considering dipole-allowed transitions.
Other emitters with first-order forbidden transitions decay much more
slowly.Suchis the case for rare-earth dopants, where the electronisin
aninner 4f-shell tightly confined to the nucleus, leading to decay rates
from 0.2 ms (ref. 25) up to tens of milliseconds”. However, the decay
rateisonly one of the many figures of merit to consider whenintegrat-
ing emitters into nanophotonic structures. Other equally important
concerns are how to place the emitters in (or by) the nanostructures,
how to keep the coherence of the emitters and their interaction with
light, the spectral homogeneity of the emission, and the possibility
of having multiple field-coupled ground states to enable quantum
memories or to engineer Raman-assisted transitions.

Cold atoms® ™ can achieve excellent coherence and spectral
homogeneities. Besides this, they typically exhibit several hyperfine
ground states where quantum information can be stored. However,
when integrating them with nanophotonic structures, one faces the
experimental overhead of trapping the atoms near the nanostructures
and coolingthemtotheir ground state. Trapping is challenging because
decreasing the distance to the material enhances the surface-induced
noise and the vander Waals forces thatattract the atoms to the surface.
To prevent both problems, trapping potentials are generally deeper
than free-space optical potentials, which implies using larger laser
intensities. This is why experiments should involve nanophotonic
materials with low absorption, such as glass® or silicon nitride®**, Typi-
cal trapping configurations use two-colour traps via guided modes of
optical nanofibres*** *°and photonic-crystal waveguides®>*"*2, This
isavery robustapproach that hasreliably trapped thousands of atoms
near optical fibres®*. The main drawbacks are that the trapping occurs
far from the surface, which limits the emitter-photon interaction
strength, and that the process is still probabilistic (only has a certain
probability of success). Optical tweezers are a promising alternative
to improve loading efficiency, for example by using Laguerre-Gauss
beams®. Inthissetup, theinterference of alaserbeam withits reflection
from the nanostructure creates a deep trap close to the surface®** ¢,
Themainadvantage of using optical tweezersis the potential toscale up
tolarge and deterministic atom numbers with the methods developed
for free-space traps*~*°. However, work still needs to be done on how
to integrate these methods near nanophotonic structures so that the
atoms can be trapped close to the structure*®>°,

The trapping challenges of cold atom systems are avoided with
other emitters, such as self-assembled quantum dots", molecules
in dielectric matrices®, or defect centres in semiconductors®?*%,

In all these cases, the trapping occurs by embedding the emitterina
crystal, and the cooling is done by arefrigerator. The price to pay, how-
ever, is an often noisier environment and the spectralinhomogeneities
arising fromimperfect fabrications and charge fluctuations. The choice
ofthe emitter and host is crucial to avoid decoherence induced by the
environment. For example, emitters withaspin degree of freedomthat
can implement long-lived quantum memories are better integrated
into crystals containing no other magnetic moments. Moreover, the
decoherence induced by phonons radically decreases on working
at cryogenic temperatures ranging from a few millikelvin®>* up to a
few kelvin temperatures*>°, depending on the host and emitter.
Currently, the leading candidates are silicon, diamond and silicon
carbide™, all of which are transparent at the wavelength of interest and
offer a high refractive index enabling the tight confinement of light
fieldsin nanostructures.

Spectral inhomogeneities are the main challenge to observing
quantum effects with solid-state emitters, even when the structure-
induced decoherence is under control. Local controls, by electrical
fields or other means, can often correct static spectralinhomogeneities
arising, for example, fromlocal strainin defect centres and molecules,
or size fluctuations in quantum dots. However, dynamical frequency
fluctuations — known as dephasing or spectral diffusion when the
timescale is faster or slower than a radiative lifetime, respectively —
are much harder to correct. This decoherence originates in magnetic
and electric field fluctuations — ‘spin’ or ‘charge noise’, respectively.
To minimize these fluctuations, one can aimfor purer crystals without
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Fig.1|Schematic representation of emitters integrated with ananophotonic
structure (not toscale). a, Individual atoms can be trapped by laser light in

the structure’s proximity. Despite the technical overhead, this setup avoids
cryostats and supports emitters with a very small spectralinhomogeneity and
spin states with long coherence, for example hyperfine clock states. b, Quantum
dots can be generated by growing islands of semiconductors with a different
bandgap within the structure. They show fast radiative emission but large
spectral inhomogeneity because of unavoidable size fluctuations and spectral
diffusion caused by charge noise. The Overhauser field typically also limits spin
coherence. ¢, Optically active dopants and colour centres can be included in

the nanostructure during growth or by implantation. Their spectral and spin
coherence properties strongly depend on the host and emitter. Good spectral
stability can be obtained for inversion-symmetric emitters, and very long
coherence can be obtained using nuclear spins. d, Individual molecules can be
deposited individually or in thin films onto the nanostructure. Although they are
chemically identical, their unavoidable proximity to interfaces typically leads to
inhomogeneity and spectral diffusion.
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paramagnetic impurities and charge traps, try to freeze magnetic
impurities and charge traps with strong magnetic or electric fields,
and keep the emitters separated frominterfaces. These strategies have
led to considerable progress in the stability of the quantum emitters’
transitions in recent decades. Quantum dots were the first to demon-
strate radiatively limited coherence®, and their main challenge is to
avoid the Overhauser field that spoils the coherence of their memory
levels (although it can reach 0.1 ms under dynamical decoupling®).
Molecules can also exhibit coherence in nanowaveguides® and
cavities™, but so far lack long-term memory”. Defect centres, in con-
trast, have demonstrated long-lived memory combined with Fourier-
limited emission and high-fidelity operations®>®°. Recently, they
also achieved single-emitter spectral diffusion linewidth as low as
<0.2 MHz, close to an interface — albeit not radiatively limited — by
using inversion-symmetric sites®.

Light

The seminal 1932 paper introducing Fermi’s golden rule® determined
thatanemitter’s decay rate grows with the dipole matrix elementand
depends on both the emitter’s properties and the available density
of photonic states®. The latter can be controlled by modifying the
environment around the emitter, using nanophotonic structures.
Macroscopic Maxwell equations describe light propagation in these
materials through the electrical permittivity € or refractive index n.
Theimaginary part of the permittivity determines the absorption of the
material, while the real part controls the refraction. Together, they
enable the confinement of light —the larger ¢, the tighter the possible
confinement. In what follows, we summarize the main available nano-
photonicstructuresin chronological order of discovery and describe
their main pros and cons.

Historically, the first nanophotonic modes to be studied described
photons confined within engineered dielectric materials and repre-
sented either localized photonic modes in defect photonic-crystal
cavities®** or propagating photons in 1D optical fibres*-***° and
photonic-crystal waveguides™****%, The great advantage of these
setups is that dielectrics can be engineered to have low absorptionin
the optical regime, yielding high-quality factors for the localized modes
and long propagation lengths for the propagating ones. The main
drawback is that the subwavelength confinement is generally limited
tothe enhancement provided by the refractive index. However, recent
work has shown that subwavelength material discontinuities®® %, which
can be created in engineered dielectric cavities, support confined
light modes at deep subwavelength scales of 10(A)> with high-quality
factors Q=10°-10°,

The next wave in nanophotonics harnessed metallic systems, in
the form of plasmonic cavities built from metallic nanoantennae and
plasmonic waveguides. In these materials, the bulk electron oscilla-
tions from the metal hybridize with the electromagnetic excitations,
forming surface plasmons that propagate along the metal-dielectric
interface®’’. These structures confine light at deeply subwavelength
scales”, sometimes reaching picometre mode sizes’?, thus boosting
single-photon coupling strengths. However, this confinement comes
atthe cost of severe absorptionlosses, yielding broad resonances with
poor quality factors and short propagation lengths. Hybrid metal-
dielectric cavities””” embody a strategy to overcome these limitations,
combining the deep subwavelength confinement of surface plasmons
with the low loss of the dielectrics. Despite recent proof-of-principle
realizations of this idea™ ", much work is needed to exploit this new
platform’s potential.

In addition, there are other avenues opened in nanophoton-
ics that are complementary and synergistic with the previous ones.
Metamaterials™ are subwavelength-periodically modulated structures
with exotic optical responses, such as negative refractive indices”’®.
Metamaterials have often been studied in the classical regime to obtain
perfectlensing or cloaking effects. However, there is agrowing interest
in using their properties also in the quantum regime, for tasks such
as engineering strongly correlated photonic states’ or obtaining
non-trivial emitter interactions due to the unconventional energy
dispersion of their excitations®*>®. The great challenge of metamaterials
liesin fabrication, especially in the optical regime, which requires the
control of structures at the nanometre scale.

Finally, another directionis exporting topological concepts from
condensed matter into photonics®. The study of topological effects
is not limited to electronic systems and can also be explored using
photons®’. A photonic equivalent of the quantum Hall effect can be
obtained using magneto-optical materials, which results in a bulk
band with a non-trivial topological invariant and the emergence of
chiral topological boundary modes propagating along the edge
ofthe device. The photonic quantum Hall effect, which has been dem-
onstrated in the microwave regime®, opened an exciting playground
inwhichtorealize unconventional photon flows, such as one-way and
robust-to-disorder photon propagation, among other phenomena®’,
However, magneto-optical effects are weak in the optical regime, and
the exploration of topological order requires different approaches
based on symmetry-protected phases.

Individual emitter phenomena

Whenasingle emitter couples to the electromagnetic modes confined
inphotonicstructures, there are anumber of light-matter interaction
regimes with different phenomenology. In general, the conserva-
tive part of the light-matter interaction Hamiltonian in quantum
nanophotonic devices is well described by the Hamiltonian
H=}; (gl.aﬁc +H.c.) (Box1).Thedipole operator of the emitter o
appears with the bosonic annihilation a; and creation g;' operators
for each photonic mode that couples to the optical transition of the
emitter. Its coupling strength g;is proportional to the scalar product
of the transition dipole of the emitter and the electric field at the
emitter’s position, whichisinversely proportional to the square root
of the mode volume of the associated light mode. This Hamiltonian
assumes the local-dipole and rotating wave approximations. The lat-
teris generally valid in the optical regime (independent of the size of
the emitter), while the former is violated only for small-scale devices®
or large emitter sizes®. If additional decay channels are included, one
must upgrade to adensity matrix description, whose effects enter as
Lindblad decay terms. Although the same model describes most
situations of interest in nanophotonics, the nature of the photonic
modes exposes qualitatively different physics. In what follows,
we describe the different light-matter interaction regimes, from
standard cavity QED for emitters in localized photonic modes to
waveguide QED or chiral or topological light-matter interfaces
enabled by nanophotonic devices.

Cavity QED

Cavity QED names a regime in which a single two-level emitter with
transitionfrequency w, interacts withasingle localized photonic mode
offrequency w,. Thisregime appearsin different nanophotonic setups,
suchaslocalized defectsin2D* and 1D* photonic-crystal waveguides, or
in plasmonic’”>or hybrid plasmon-dielectric nanoantennas® (Table 1).
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Box 1

Cavity versus waveguide quantum electrodynamics

Cavity quantum electrodynamics (QED) refers to the study of
light-matter interaction between quantum emitters and a localized
photonic mode. In its simplest instance, that is, when a two-level
emitter couples to a single-cavity mode, their dynamics is described
by the well-known Jaynes-Cummings model:

H:wego*o+waa*a+g(a*o+o*a), 1)

where w., and w, represent the frequency of the optical transition

of the emitter and cavity modes, respectively, and g is the coupling
strength. The latter has to be compared with the cavity losses, k, and
the decay of the emitter into other channels, y. When the coupling
strength overcomes the losses, g>k,y, the system is said to be in

the strong-coupling regime, in which the light-matter degrees of
freedom form new quasiparticles called polaritons. This regime leads
to nonlinear frequency shifts, which can be harnessed to induce
photon blockade or for guantum non-demolition measurements.
The opposite regime, that is, g <k,y, when the system is in the
weak-coupling regime, leads to purely dissipative dynamics,

and the cavity mostly renormalizes the lifetime of the emitter through
the Purcell enhancement: .,,=g*/k. An important parameter that
characterizes both cavity QED regimes is the ‘cooperativity’

that measures the ratio between the emission into the cavity

and into the other decay channels:

c=leav _9° )

Inthis limit, the coherent dynamic simplifies to the well-known Jaynes—
Cummings Hamiltonian®®, where g is the coupling strength between
the emitter and the cavity mode. This coherent exchange competes
with the decoherence mechanisms, which, in addition to the solid-state
decoherence sources introduced above, now also include the photon
loss from the cavity modes and the emitter decay into other channels,
denoted hereby kandy, respectively. The competition between coher-
entand dissipative dynamics separates the weak- and strong-coupling
cavity QED regimes.

The first experimental demonstrations of nanophotonics cavity
QED operated in the weak-coupling regime. This was owing to the
experimental challenges of achieving the strong-coupling regime,
which requires building cavities with high-quality factors (large Q,
low k) and deterministically positioning the emitters for a consistent,
large interaction strength g. In the weak-coupling limit, the emit-
ter experiences a mostly irreversible dynamics in which the cavity
becomes an additional decay channel (I,,). The first experimen-
tal signature of this regime with quantum dots in photonic-crystal
cavities®’? and with trapped atoms in photonic crystals®® was pre-
cisely an enhanced spontaneous emission decay rate I, =y + I,
measured through dynamical photoluminescence (Fig. 2a) or the
complementary linewidth broadening in the spectrum (Fig. 2b).
The weak-coupling regime may have various quantum technological
applications when the decay into the cavity channel exceeds other
channels —thatis, when the cooperativity parameteris greater than1

a b
r \ 4
| )
I'p

This Purcell regime is largely connected to the physics of
waveguide QED, that is, the interaction of emitters with 1D
propagating modes. In this system, the dynamics is generally
irreversible, as the photons generally are not reabsorbed by the
emitters. The lifetimes of the emitters are also renormalized by
the presence of the waveguide, owing to the mode transversal
confinement and potential reduction of the photon speed (slow
light). The typical figure of merit that characterizes how well the
emitters are coupled to the light mode is the 3-factor defined by
the ratio between the emission into the waveguide and into the rest
of the channels:

Iy ©
" Tpty C+1°

3)

where in the last equality we have made the connection to the
cooperativity.

(Box 1). An obvious application of this regime is in exploiting the emit-
ter’ssaturable character to engineer non-classical states of light, such
asindividual photons. Unlike the spectral and dynamical featuresin
photoluminescence, which also arise in entirely classical models,
these states appear only in the truly quantum nonlinear regime.
Two experimental signatures are non-classical intensity-intensity
correlation measurements exhibiting g?(0) =~ 0, the smoking gun
of single-photon physics, and Hong-Ou-Mandel interferometry
revealing photon indistinguishability, as shown with quantum
dots” and defect centres®****, Furthermore, using sequential driv-
ing, one can obtain multiphoton time-bin entangled states’, or, if
memory levels are available, photon-cluster states”°°, which are a
resource for measurement-based quantum computation’. Finally,
this high-cooperativity regime is also the basis for implementing
quantum phase switches as demonstrated for both trapped atoms®’
and solid-state emitters®®, which canbecome aresource in photonics
quantum technologies.

Inthe strong-coupling regime, when light-matter coupling over-
comes losses (g > k,y), the cavity modes strongly hybridize with the
emitter to formanew quasiparticle, called a polariton, withanonlin-
ear energy-level structure. This can be seen explicitly by diagonalizing
the Jaynes-Cummings Hamiltonian. Because the Hamiltonian con-
serves the total number of excitations n, its associated Hilbert space
separatesintoone 2 x 2block for each valueofn=0,1,2.... Each block
resultsintwo polaritonic branches with a Rabi splitting proportional
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Table 1| Comparison of cavity modes

Cavity (localized) modes Type V/A® Q
Dielectric 1 10*-10°
Defect cavity in 2D photonic
crystals
Metallic 107°-10° 1-10
Metallic bowtie nanoantenna
" Hybrid 10710 10%-10°
Metal-dielectric cavity
Dielectric 107 10°-10°

(1)

Subwavelength-variation
refractive index

Illustrative values are given here, using estimated orders of magnitude. Specific values for
different systems can be found in the primary literature.

to-/n, whichresultsinananharmonic spectrum. These anticrossings
are evidentin photoluminescence spectra (or their complementary
Rabi oscillations in the dynamics), as demonstrated in the first experi-
ments using quantum dots in microcavities” ' or moleculesin plas-
monic nanoantennas’ (Fig. 2¢). One can also certify the strong-
coupling regime with intensity correlation measurements®*'%2, These
reveal a photon-blockade effect wherein light that is resonant with
thefirst excited polariton mode isincapable of being absorbed (owing
to the anharmonicity of the spectrum) and inducing transitions to
further excited states, resulting in g?(0) < 1. At the complementary
regime, thatis, when the laser is resonant with some of the multipho-
ton transitions, the system can filter the multiphoton component of
the classical light pulses, as has been recently demonstrated in
measuring the bunching of higher-order intensity correlations
(Fig. 2d). Expected improvements in fabrication techniques and
designs may resultin anincrease of cooperativities, enabling applica-
tions of the strong-coupling regime, such as the generation of multi-
photon states of light'” or the implementation of quantum
non-demolition qubit readout and bosonic gates in the dispersive
regime (g < |, — 0,|) (ref. 104).

The main figure of merit that characterizes the potential of both
the weak- and strong-coupling regimes is the cooperativity C. Defect
centres coupled to nanophotonic cavities®*'%'% reach cooperativities
withinthe C~ 0(10-1000) range, expected toincrease with fabrication
improvements. Reaching such numbers withatomic systemsis gener-
ally harder asitinvolves trapping them close to the surface. However,
recent advances have shown that tweezers close to nanophotonic
cavities and optical guiding techniques near whispering-gallery-mode
resonators** may reach values of C= 70 and C = 7, respectively.

Waveguide QED

Waveguide QED refers to a setup in which quantum emitters interact
with a continuum of confined light modes propagating along one or
two dimensions”. When the emitter’s optical transition lies within the

band structure of the waveguide modes, the propagating nature of the
modesleadstoirreversible decay dynamics. Thus, the phenomenology,
figures of merit and applications emergent in this configuration are
very similar to those obtained in the weak-coupling regime of cavity
QED. Inthe single-emitter regime, waveguides have a built-in channel
toin/out-couple light, and the waveguide decay rate, I, is enhanced
not only by the subwavelength confinement of light but also through
the reduction of the group velocity of light (v,) due to the refractive
index of the material, ', > ¢/v,, which can be reduced by periodically
modulating the material. Furthermore, the propagation length of
waveguide modes — how much they can travel before decaying into
other modes — is also very long because of the reduced diffraction
and, in the case of dielectrics, low absorption of the material. These
conditions enable distant emitters tointeract by exchanging photonic
waveguide excitations.

Figure 3 shows several waveguide QED realizations and the experi-
mental signatures used to characterize them, such as emitter lifetime
reduction (Fig. 3a), light sub-Poissonian statistics (g®(0) <1) (Fig. 3b),
real-space photoluminescence (Fig. 3¢) or bunched multiphoton com-
ponents (G?(0) > G?(1)) (Fig. 3d). See also Table 2. Quantum dots®*'*”
and defect centres®'°® are the waveguide QED setups with the highest
cooperativities. The combination of the slow-light enhancement in
photonic-crystal waveguides and the emitter’s integration in the mate-
rialresultsin a cancellation of free-space emission, leading to C > 10 for
such setups. Pairing solid-state emitters with the strongly confined
light from plasmonic waveguides also results in high cooperativities
C=5-10(refs.109,110). However, owing to the surface plasmons’short
propagation length, it is challenging to connect multiple emitters
together. Finally, trapped atoms near nanostructures show smaller
cooperativities, with C= 0.05-0.1for optical fibres****"*°and C=1-2
for photonic-crystal waveguides®, mainly owing to the difficulty of
putting the atoms near the nanostructures. However, new waveguide
and trapping designs show that prospects of reaching C -~ O(10) are
realisticin the near term (see for example ref. 41). On the applications
side, waveguide QED’s main potential lies in generating non-classical
states, such as single-photons™"> or more complex states of light
exploiting multilevel structures'’. Waveguide QED setups canalsobe
used as quantum memories and as quantum links between quantum
processors.

Arelevant application of waveguide QED uses emitters to imprint
phases and perform quantum operations on the propagating photons.
Thisisbestimplemented inachiral waveguide configuration, where
the emitters absorb and emit photons preferably along the same
direction, affecting only their quantum state and not their direction
of motion. Nanophotonics enables the design of a chiral waveguide
QEDregimeintwo complementary ways (Fig. 4). The first exploits the
spin-orbit coupling of light'* emerging from the polarization pat-
terns of the subwavelength confined modes ", as demonstrated in
photonic crystal waveguides'” and optical fibres™>"¢ (Fig. 4a,b). The
second way requires engineering waveguide modes that propagate
only along one direction, as is the case for edge modes in a topo-
logical photonic insulator™® (Fig. 4c). Irrespective of the platform,
the asymmetric emission into left- and right-moving modes opens
a plethora of applications unavailable in standard waveguide QED
setups, such as deterministic quantum state transfer with fully direc-
tional couplings™’, or the passive quantum phase gates based on the
scattering with emitters introduced above™°. Besides, in systems
with multiple topological edge states ', one can perform such
operations within the topological protected channels.
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Fig.2|Nanophotonics cavity quantum electrodynamics (QED) realizations
and experimental signatures. a, Lifetime reduction of an emitter coupled to
the cavity when changing their relative detuning in different colours. b, Cavity
transmission line-broadening due to Purcell enhancement in the weak-coupling
regime, A being the cavity-emitter detuning. ¢, Spectrum for amolecular cavity
QED setup in a weakly (strongly) coupled situation in the upper (lower) panel,

200 300 400
respectively. d, Photon-photon correlations G¥(z), G®(1,7), G?(1,1), G®(7,1,1)
show the separation of the multiphoton components (outgoing wavepacket) of
acoherent pulse (incoming wavepacket) due to the interaction with a cavity QED
system. Panel a adapted fromref. 105, CC BY 4.0. Panel b adapted with permission
fromref. 33, AAAS. Panel c adapted fromref. 71, Springer Nature Limited. Panel d
isadapted fromref. 182, CCBY 4.0.
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Fig.3|Nanophotonic waveguide QED realizations and experimental
signatures. a, A single quantum dot coupled to adielectric photonic-crystal
waveguide features lifetime reduction close to band edges (from blue to red).

b, Analternative signature to demonstrate the coupling of an emitter (an atom,
depictedinblue, thatis trapped in the gap of a slow-light waveguide) is to measure
the broadening of the linewidth in transmission (t) or reflection (r) as a function

of thedetuningA,. ¢, Asingle Nitrogen Vacancy centre coupled toa V-groove,
metallic waveguide whose emission into the waveguide modes was evidenced

by far-field imaging. Here, the yellow (red) arrow represents the excitation
(collection) polarization. The circles indicate the ends of the waveguide.
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d, Temporal correlations induced by photon-photon emitter-mediated
interactions. The schematic picture depicts two incoming separable photonic
wavepackets becoming entangled after their scattering with the emitter. The plots
represent the measured time-resolved second-order correlation functions

CcP(t,, t,)for various pulse durations 6t in the different columns relative to the QD
lifetime and for two single photons from subsequently scattered pulses (upper
row) and two photons contained in the same pulse (lower row). Panel aadapted
with permission from ref. 107, APS. Panel b adapted from ref. 32, Springer Nature
Limited. Panel cis adapted fromref. 110, CC BY 4.0. Panel d adapted fromref. 183,
Springer Nature Limited.

Finally, let us mention another regime of photonic-crystal
waveguides®*'** that leads to qualitatively different phenomena.
It consists of tuning the emitter’s optical transition in one of the pho-
tonic bandgaps of the waveguide modes. Since the late 1990s, it has
been known that the presence of the band edges modifies spontane-
ous emission, leading to incomplete atomic relaxations'> — termed
fractional decay. Because the photons emittedin that scenario cannot
propagate, they localize around the emitter, forming atom-photon
bound states'***® that strongly renormalize the emitter’s frequency.
Such renormalization, which was the experimental smoking gun

demonstrating the atom-photon bound-state regime'**, canbe further
harnessed to engineer strong optical nonlinearities'”’.

Collective effects

Inthe collective regime, many emitters are placed controllably near the
photonic nanostructures, and the exchange of confined photons leads
to long-range and versatile photon-mediated interactions between
emitters. These interactions can be effectively controlled by engineer-
ing the nanostructures and tuning the coupling between the emitter
and light. Irrespective of the localized or propagating nature of the
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Table 2 | Comparison of waveguide modes

Waveguide (propagating) modes Type Looo/A
E = Dielectric 10°-10*
Optical fibre
VVVVVVVVVVVT Dielectric 10°-10*
AAAAAAAAAAAA
Photonic-crystal waveguide

Metallic 1-10

¥

V-groove plasmonic waveguide

Illustrative values are given here, using estimated orders of magnitude. Specific values for
different systems can be found in the primary literature.

photonic modes, the dynamics of the emitters separates into a coherent
andadissipative regime, depending on the relative detuning between
the emitters’ transition and the photonic modes (Box 2). Here, we use
this division to discuss the emergent collective phenomena that can
appear in these setups.

Coherent regime
The coherent regime arises when the emitters’ optical transitions are
off-resonant with either the cavity or the waveguide modes, and the
free-space decay does not dominate. In this situation, quantum emitters
may interact by exchanging off-resonant or virtual photons. This process
resultsinaperfectly coherentexchange ofexcitationsbetweenemittersat
rate J;;described by the Hamiltonianin Box 2. Evenifthe cavity or wave-
guide exhibits photonloss, the photon-mediated interactionis mainly
coherent, as the dissipative processes are strongly suppressed by the
small photonic population during the exchange of virtual excitations.
Theshape of the coherent photon-mediatedinteractions J; ;depends
on the photonic mode and the light-matter coupling. For example,
nanoscale single-mode cavities mediate naturally infinite-range

b Left-polarized Free-space Right-polarized
modes photon loss modes
PN

.

Fig. 4| Chiral quantum opticsin waveguide QED. a, Spin-orbit couplingin
photonic-crystal waveguides. A simulation of the electromagnetic field radiated by
aquantum dot shows that aleft-polarized dipole (c_) emits only into the left-moving
modes. b, Spin-orbit couplingin optical fibres. The left- (right-)polarized dipoles
(0_)) shown by yellow (blue) circular arrows are coupled to the right- (left-)moving

interactions® Sy g8 (X)) (wo - w,) where the only spatial depend-
ence comes from the individual coupling strength of each emitter. In
photonic-crystal waveguides, the photon-mediated interactions
acquire the shape of the atom-photon bound states forming in the
individual emitter case'*'?, Thus, for standard quadratic band-edge
dispersions™®"!, the photon-mediated interactions acquire an expo-
nential shape, ) o« Je W%l whose strength/and range (L) depends
on the distance between the optical transition and the band edge.
In contrast, singular bandgaps lead to power-law decays J; ;< 1/r"
(refs.132-134). Assuming access to additional emitter levels and laser-
induced Raman-type transitions, one may not only change / and
L dynamically®*3"1%51%¢ but also transform the interaction from a
spin-exchange to an Ising-type coupling, and thus engineer the cou-
plings between qudits. Suchinteractions enable the design of quantum
gates between emitters'”’, the simulation of frustrated spin Hamilto-
nians®, and more efficient variational quantum computing™’, among
other applications™. Although we only have indirect experimental evi-
dence of the coherent regime in nanophotonics'*, recent experi-
ments in microwave photonic setups exemplify the potential of
theseideas™ ™.,

Taking advantage of the fact that collective effects improve the
effective coupling strength of an ensemble of quantum emitters N.toa
cavity mode by a factor Jﬁe (ref. 142), collective strong light-matter
coupling has recently been used to manipulate matter excitations by
vacuumfields'****. Along thisline, it has been demonstrated that charge'*
and energy transport'*® can be enhanced in organic materials, that
site-selective chemical reactivity across a range of molecular systems
canbetuned'’, and thateven collective phenomena emerging in macro-
scopicsolid-state systems, such as superconductivity'*® and magnetic'*’
orelectric order™°, can be altered using cavity QED scenarios.

Dissipative regime

Inthe complementary regime, thatis, when the emitters’ optical transi-
tions are resonant either with the guided modes of the structure or with
lossy single-mode cavities, the emitters also experience coherent pho-
tonexchanges betweenthematrates/;;. However, as these photons will
eventually propagate away fromthe emitters, these coherent exchanges

emission into the nanofibres. ¢, Engineering chiral propagating modes exploiting
topological photonic structures. Here, the interface between the two photonic
crystals supports helical edge states with opposite circular polarization. Panel a
reprinted from ref. 117, Springer Nature Limited. Panel bis reprinted from ref. 115,
CCBY 4.0.Panel creprinted with permission fromref. 118, AAAS.
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are unavoidably accompanied by collective dissipative termsy;;. Such
dissipation results in the emitter’s non-unitary evolution, a process
that, inthe regime with no retardation or memory effects of the bath,
is captured by the Lindblad-type master equation in Box 2.

Again, the particular shape of the photon-mediated interactions,
bothJ;;and y;;, depends on the nature of the photonic mode and its
couplingtothe emitters. For example, if all emitters are coupled equally
to the lossy cavity, then/;;= 0 and y;;=I.,,. The same can be obtained
in waveguide QED setups if the emitters’ position is commensurate
with the wavelength of the photons mediating the interaction, since

+i);/2=1 peko%i=%l This situation in which all the emitters radiate
m phase to the environment is known as the pure Dicke model™, which
is the paradigm of collective dissipative effects. In this regime, the
interference between the radiation of the different emitters causes
certainstates, dubbed sub(super)radiant states, to completely decou-
ple (or decay with a collective factor) from (into) the cavity/waveguide
modes. These states are interesting because, despite their non-unitary
origin, they canstill be harnessed for quantum technological applica-
tions such as the generation of qubit entanglement”*>">?, the design
of quantum gatesin decoherence-free subspaces”*'>,and improving
the figures of merit in the generation of states with large and fixed
photon number*'’, among other applications. In fully asymmetric

Box 2

chiral waveguides™", the photon-mediated interactions combine
both a chiral coherent coupling J; ;= il and the fully collective dissi-
pative terms y;;=I'p, which captures the non-reciprocity of the
interactions™*", Combining such collective decays with judicious
driving schemes, one can obtain multipartite driven-dissipative
entangled states™>'**'*' in the stationary state of the evolution.
Experimentally, several platforms can already produce the experi-
mental signatures of this regime (Fig. 5). Such features can be the
enhancement of the linewidth broadening for an increasing number
of emitters due to the infinite-range collective dissipative couplings, or
theequivalentin the time domain, thatis, the acceleration of radiated
power dynamics. Bothfeatures have been observedinatoms coupledto
optical nanofibres, forexampleinref. 31 (Fig. 5a) and ref. 162 (Fig. 5b),
respectively. Inthelatter case, the acceleration has recently reached the
truly many-body regime'®,in which one observes the celebrated super-
radiant bursts in the radiative power dynamics'®. This is one of the
first manifestations of many-body collective dissipative phenomena™
beyondthelinear regime. Apart fromsuperradiant effects, anequally
important collective phenomenon is subradiance which manifestsasa
linewidth narrowing of certain entangled emitter states, as observed in
acavity QED setup with two Silicon Vacancy centres'** (Fig. 5¢c). Another
complementary manifestation of such subradiant statesis the lifetime

Coherent versus dissipative interactions

The coupling of quantum emitters to a common localized or
propagating photonic mode induces effective photon-mediated
interactions between them. The nature and shape of these interactions
depend strongly on the relative detuning between the optical
transition of the emitters and the energy of the photonic modes
mediating the interactions: off-resonant photons (in blue) lead to
coherent interactions between the emitters, whereas resonant ones
(in red) lead also to individual and collective decays (see parts a and

b of the figure). In free space, both of these appear simultaneously

and cannot be engineered. However, when the atoms are placed near
nanophotonic cavities or waveguides, such free-space interactions can
be further modified (and even neglect this channel if cooperativities
are large enough). In the coherent or dispersive regime (see part b

of the figure), that is, when the optical transition is very far from any
resonant photonic mode (|we,—,|>>g in cavity QED Of |ey=Weqqel>9
in waveguide QED setups, where g is the coupling strength), the
dynamics mediated by the off-resonant photons is purely coherent
and governed by a Hamiltonian:

eff_z-] olo' (4)

where J;; depends on the atomic position in cavity QED and on the
underlying photonic structure in waveguide QED. This coherent
regime is interesting because the couplings J;; can give rise to strong
optical nonlinearities, or induce multiqubit entangllng gates that
can be harnessed for quantum simulation or variational quantum
algorithms.

In the dissipative regime (see part d of the figure), which occurs
when the energy of the emitters lies close to the band or cavity

modes, the dynamics induced is non-unitary and can be described by
an effective master equation:

do . Y
d—f = {p, ) J,-,,«o,-’o,} +2 " (2000] - 0jop - poj0), ®)
1,] 1,]

Despite their dissipative nature, these collective decays y;; are
also the source of interesting phenomena such as the renormalization
of the lifetime of certain collective atomic states, the ‘super/subradiant
states. Counterintuitively, these states can be used to protect
quantum information in decoherence-free subspaces or enhance
the emission into certain channels.

’
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Fig. 5| Collective effectsin the dissipative regime. a, Attenuation of the
transmission due to collective effects with atoms trapped with red and blue detuned
(det) lasers near an optical nanofibre. Black dots correspond to the measurement
data, red line to a theoretical fit, and the green line is the measurement of the atomic
ensemble not coupled to the waveguide. b, Dynamics of the power of a fibre-guided,
resonant probe pulse transmitted through about 300 atoms. Red dots indicate the
measured data when atoms are coupled to the waveguide, whereas the blue line is
the reference measurement without atoms. The upper panelis aschematic figure
onthe propagation of the light asitinteracts with each atom until arriving to the

d QD1-QD2

10°

Delay (ns)

o Off-resonance
® On-resonance

photo-detector. ¢, Observation of photon-mediated interactions through the
anticrossing and linewidth changes of the symmetric, |S), and antisymmetric, |D),
statesinthe spectrum of two defect centres in a nanophotonic cavity as a function
ofthe probe detuning (v-v,). d, Lifetime modification due to the long-range
dissipative interactions measured with quantum dot (QD) emitters coupled to
photonic-crystal waveguides. /. corresponds to the lifetime of the super (sub)
radiant states. Panel aadapted with permission fromref. 31, APS. Panel b adapted
with permission fromref.162, APS. Panel cadapted with permission fromref. 164,
AAAS. Paneld adapted with permission fromref. 165, AAAS.

enhancement, as recently observed for pairs of quantum dots coupled
to photonic-crystal waveguides'® (Fig. 5d).

Outlook

The past decade has witnessed tremendous progress in the develop-
ment of quantum nanophotonic interfaces, motivated by outstand-
ing opportunities for quantum technological applications. This rapid
progress has enabled the field to demonstrate proof-of-principle
quantum cooperative phenomena in very different platforms*>6271,
Based on upcoming improvements in nanofabrication, design***and
trapping techniques*****!, we expect that the next decade will be the
one in which quantum nanophotonics will make breakthroughs in
specific quantum technological applications. At the forefront, rapidly
improving cooperativities shall enable the design of fast, deterministic
or probabilistic quantum gates in nanophotonic devices, enabling
the processing of quantum information. Combining these quantum

operations with the possibility of out-coupling propagating photonic
modes makes quantum nanophotonic devices arelevant candidate for
implementing nodes in quantum networks’® or establishing quantum
links between quantum processors. Other exciting directions to explore
in the following years involve designing nanophotonic devices that
simultaneously exploit superradiance and free-space subradiance. This
combination, termed ‘selective radiance’, willimprove the figures of
merit of single-photon emission and absorption'®, aiding the imple-
mentation of quantum memories and the generation of complex states
of light and matter for quantum metrological applications™*""'",
Furthermore, the shortening of timescales due to superradiance will
severely challenge the quantum optics Born-Markov approximation.
This regime may result in opportunities to obtain driven-dissipative
phases or transient evolutions impossible to obtain in non-retarded
situations'*®, The ultrastrong coupling regime'®*" is a different way
to challenge the existing approximations, pushing light-matter
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interaction to values at which the emitter and photonic degrees of
freedom hybridize. These situations enable new nonlinear phenomena
at the single-photon level”, or even new effective regimes of interac-
tion between emitters”>""”*, An alternative route for challenging the
standard approximations consists in coupling the nanophotonic struc-
tures to new matter and photonic quasiparticles, such as excitons or
phonons”™™, Another intriguing question is to explore whether one
can exploit topological photonic systems to preserve the entangle-
ment generation in such circuits"*7%, Finally, the improvements
in the confinement of light might make single-photon interactions
using bulk nonlinearities sizeable, avoiding the need for integrating
emittersto obtain quantum phenomena, and thus opening completely
new operating regimes'®’.
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