
Interactions between light and matter play a crucial role 
in science and technology. The emission and absorp-
tion of light — by electrons bound in atoms, molecules 
and solids, as well as by free electrons — form the basis 
of numerous technologies both mature and nascent. 
Examples include modern spectroscopy, lasers, X-​ray 
sources, light-​emitting diodes, photodiodes, solar cells, 
high-​energy particle detectors and advanced microscopy 
methods. Light–matter interactions are fundamentally 
quantum electrodynamical, and in many cases, are 
described as quantum transitions by electrons, accompa-
nied by the emission, absorption or scattering of quanta 
of the electromagnetic field in vacuum (photons). The 
theory describing photons and their interaction with 
electrons is nearly as old as quantum mechanics itself, 
and was first formulated by Paul Dirac in 1927 (ref.1), 
with an elegant re-​formulation (still used today) by 
Enrico Fermi in 1932 (ref.2). Traditionally, it has been 
sufficient to describe the electromagnetic quanta as 
composed of plane waves travelling at the speed of light 
and having a wavelength much longer than the typical 
size scales of electron wavefunctions in atoms, molecules 
and solids.

This traditional understanding is challenged by 
experiments using near-​field microscopes to couple 
photons to polaritons in van der Waals materials3–10, as 
well as experiments confining light in nanogaps between 
different metals11–13. In particular, it is now feasible to 

couple light to extremely well confined electromagnetic 
fields. Such fields — which can be plasmonic, phononic, 
excitonic or even magnonic — can be manipulated in 
many of the same ways as photons. The similarity of 
these fields to photons motivates their consideration as 
part of a more general concept, called photonic quasipar-
ticles (Fig. 1). A photonic quasiparticle, which arises as a 
quantized solution to Maxwell’s equations in a medium, 
is a broad concept that includes not only polaritons but 
also photons in vacuum and homogeneous media, pho-
tons in cavities and photonic crystals, and even, excita-
tions that seem fundamentally non-​photonic, such as 
bulk plasmons and bulk phonons. As such, these qua-
siparticles generally differ from photons in vacuum in 
several key respects such as polarization, confinement 
and dispersion. When considering how these excitations 
are absorbed and emitted by electrons — light–matter 
interactions — one finds that these differences enable 
many phenomena that are difficult or even impossible 
to realize with photons in free space.

Bound electrons
In bound-​electron systems, the confinement of pho-
tonic quasiparticles strongly enhances the intrinsic 
coupling between the electrons and the quantized 
electromagnetic field. This is because the energy of the 
quasiparticle, ħω (where ω is frequency), is confined 
over a very small volume, leading to strong, quantized 
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electric and magnetic fields. The enhanced coupling 
gives rise to enhanced spontaneous emission by excited 
electrons. For sufficiently confined photonic quasipar-
ticles, the enhanced coupling is strong enough to ena-
ble coherent and reversible energy exchange between 
the electron and the electromagnetic field. The other 
important effect arising from confinement is the possi-
bility of breaking conventional selection rules govern-
ing the types of electronic transitions that can occur. 
In sum, these effects may enable brighter single-​photon 
sources, highly sensitive sensing and spectroscopy plat-
forms, and potentially even new sources of entangled 
quasiparticles.

Free electrons
In free-​electron systems, the spectral and directional 
properties of spontaneously emitted photonic quasipar-
ticles are sensitive to the dispersion relation of the pho-
tonic quasiparticle. Controlling the dispersion relations 
by using structured media — such as photonic crystals, 
optical nanostructures or highly confined polaritons — 
enables the tuning of the properties of light emission 
based on the electron energy. The delocalized quantum 
wave nature of free electrons gives additional opportu-
nities to control light–matter interactions by shaping 
electron wavefunctions. For example, one can shape the 
wavefunction to display symmetries that are compatible 
(or incompatible) with the symmetry of the photonic 
quasiparticle field, thus leveraging selection rules to con-
trol the possible interactions14. Additional effects appear 
when electrons interact with strong fields of photonic 
quasiparticles, which enable coherent energy exchange 
by means of absorption and stimulated emission. In 
sum, these effects may enable new and enhanced parti-
cle detection schemes, compact light sources from infra-
red to even X-​ray frequencies, and new platforms for 
electron microscopy with nanometre and femtosecond 
resolution.

A unified view
Although free- and bound-​electron phenomena at first 
appear unrelated, and are typically connected to differ-
ent fields of research, it is possible, and even illuminat-
ing, to take a unified view of these phenomena. The crux 
of this unified view is a systematic classification of the 
types of interactions that can happen between arbitrary 
electronic systems and arbitrary photonic quasiparticles. 
This classification is shown in Fig. 1, which represents 
different types of elementary light–matter interaction 
processes between electrons and photonic quasiparti-
cles in terms of Feynman diagrams. These diagrammatic 
representations emerge naturally from macroscopic 
quantum electrodynamics (MQED), which describes 
the interaction of electrons with electromagnetic fields 
in materials. An especially useful contribution from 
MQED that we will present in this Review is the quan-
tization of the electromagnetic fields associated with 
photonic quasiparticles in terms of (classical) solutions 
of the macroscopic Maxwell equations in a medium.

Changing the type of electron or the type of pho-
tonic quasiparticle in a particular Feynman diagram 
leads to fundamentally different phenomena, often 
seen as disparate physical effects. For example, spon-
taneous emission by atoms and molecules is loosely 
analogous to the Cherenkov radiation by free electrons, 
both being single-​photonic-​quasiparticle spontaneous 
emission processes; the Cherenkov effect is analogous 
to phonon amplification phenomena by electrons in 
solids, being governed by similar energy-​momentum 
conservation rules; the phenomenon of photon-​induced 
near-​field electron microscopy is analogous to Rabi 
oscillations in cavity quantum electrodynamics (QED); 
high-​harmonic generation by bound electrons is analo-
gous to nonlinear Compton/Thomson scattering in free elec-
trons. This line of thinking enables knowledge transfer 
between different light–matter effects. Ultimately, this 
perspective enables the prediction and study of new 
types of interaction.

This Review aims to provide details to the picture 
painted above, by elaborating on the exciting theo-
retical and experimental developments in the field of 
light–matter interactions in nanophotonics, unify
ing the different phenomena when possible. The 
field of light–matter interactions in nanophotonics is  
broad in scope and involves many important topics  
that we touch on here only briefly, for which the fol-
lowing representative reviews provide further insight: 
polaritons in van der Waals materials3–5, plasmonic 
nanogaps13, quantum plasmonics15, enhanced spon-
taneous emission phenomena16, strong-​coupling 
physics17–19, electron-​beam spectroscopy20 and the  
theory of MQED21.

Photonic quasiparticles
A photonic quasiparticle is a quantized excitation of 
an electromagnetic mode also called ‘a photon of a 
medium’22,23. The mode is formally a time-​harmonic 
solution to Maxwell’s equations with frequency, ω, in 
an arbitrary medium, subject to boundary conditions. 
The electromagnetic mode corresponding to this quan-
tized excitation is normalized such that the energy in a 

Key points

•	Photonic quasiparticles are quantized time-​harmonic solutions of Maxwell’s 
equations in an arbitrary inhomogeneous, dispersive and possibly non-​local medium. 
Surface plasmon–polaritons, phonon–polaritons, exciton–polaritons and all other 
polaritons are examples of photonic quasiparticles. Moreover, photons in cavities, 
localized and bulk plasmons, and even acoustic phonons are also special cases of 
photonic quasiparticles.

•	Certain photonic quasiparticles can confine electromagnetic fields to dimensions 
much smaller than the wavelength of a photon. Specifically, polaritons in 2D 
materials, such as graphene and hexagonal boron nitride, allow simultaneously  
high confinement and low optical losses.

•	Macroscopic quantum electrodynamics prescribes the quantization of the photonic 
quasiparticles in an arbitrary medium, and can describe the interaction of any 
photonic quasiparticle with any type of quantum matter (for example, arbitrary 
emitters) in terms of elementary emission and absorption processes.

•	For bound-​electron emitters, the confinement of photonic quasiparticles enables 
ultrafast spontaneous emission and few-​molecule strong coupling, as well as  
possible new phenomena, such as forbidden transitions and multiphoton 
spontaneous emission.

•	For free-​electron emitters, photonic quasiparticles enable new applications of the 
Cherenkov effect in particle detectors, as well as new concepts for compact X-​ray 
sources and new applications in ultrafast electron microscopy.

Nonlinear Compton/
Thomson scattering
The scattering of multiple 
photons from a free electron, 
leading to many photons being 
converted into a single photon 
with a much higher frequency.
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Fig. 1 | Diagrammatic representation of physical processes contained 
within macroscopic quantum electrodynamics. Processes pertaining to 
different types of matter are presented. Each macroscopic quantum 
electrodynamic (MQED) diagram corresponds to a different, sometimes 
known phenomenon, while others correspond to phenomena that have thus 
far not been explored (marked with an asterisk). Note that although we 
represent mostly spontaneous emission effects here, all spontaneous 
processes also have stimulated processes, as well as absorption (inverse) 

processes associated with them. For example, corresponding to the 
Cherenkov effect is the inverse Cherenkov effect, where an emitter absorbs 
a photon in a medium instead of emitting it. We also note here that in some 
cases, the emitted quasiparticle has a vacuum far-​field component, leading 
to other effects. For example, a plasmon emitted by an electron can couple to  
the far field in nanoparticles, as a mechanism of cathodoluminescence. Also, 
a photon in medium associated with an interface can have a vacuum 
component, leading to transition radiation.
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single-​quasiparticle state is ħω, and its polarization and 
field distribution are governed solely by the response 
functions of the medium: the dielectric permittivity, ε, 
and magnetic permeability, μ. In Fig. 2 (top), we show 
some of the types of microscopic origins that can con-
tribute to the response functions, such as free electrons 
(in metals), bound electrons (in simple insulators such 
as glass), optical phonons (in polar dielectrics), magnons 
(in ferromagnets and antiferromagnets) and excitons (in 
semiconductors). These microscopic conditions define 
the frequency dependence of the macroscopic response 
functions of the material. Usually, photonic quasiparti-
cles contribute to the dielectric function, but some, such 
as excitons, also depend on the dielectric function. For 
example, excitonic properties depend on the screen-
ing encoded by the low-​frequency dielectric function. 
Different materials, as well as different geometries of 
the materials, lead to qualitatively different kinds of 
photonic quasiparticle, as shown in Fig. 2 (bottom).

Types of photonic quasiparticle
Let us now consider a systematic classification of the 
different types of photonic quasiparticle that exist, 
based on dimensionality, with an eye towards the effects 
in light–matter interactions enabled by each type of 
quasiparticle.

3D translationally invariant photonic quasiparti-
cles. The simplest examples of photonic quasiparticles 
are those in a 3D translation-​invariant bulk material, 
which supports propagating plane waves characterized 
by their frequency, momentum, propagation lifetime 
and polarization. The polarization is transverse to the 
electric displacement, D, or magnetic field, H, unless  
ε(k, ω) = 0 or μ(k, ω) = 0, respectively, with k the wave
vector. If ε(k, ω) = 0 or μ(k, ω) = 0, then longitudinal 
modes of Maxwell’s equations are allowed, like bulk plas-
mons and phonons, or bulk magnons in the magnetic 
case. Even in a homogeneous medium, there exist several 
distinct kinds of photonic quasiparticle, which include 
photons in vacuum, photons in a transparent medium 
(such as glass), bulk polaritons and their quasistatic 
analogues (such as bulk plasmons and bulk phonons). 
A key difference between these photonic quasiparticles 
and photons in vacuum is that some have phase veloci-
ties below the speed of light, c, with bulk plasmons and 
phonons having velocities far below the speed of light. 
These reduced phase velocities enable phenomena such 
as radiation from uniformly moving charges such as the 
Cherenkov effect in a dielectric medium24, bulk plasmon 
emission processes measured in electron-​energy loss 
spectroscopy25 and even phonon emission processes by 
electrons in solids26.

Examples of photonic quasiparticles
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Fig. 2 | Microscopic origin of photonic quasiparticles. The electromagnetic interactions of bound and free electrons 
with materials can be unified into a single framework. In this framework, the microscopic origin of the electromagnetic 
excitations (top) collapses into a spatially and temporally dispersive dielectric permittivity ε and magnetic permeability μ 
(middle), which is essentially a black box. The linear electromagnetic response functions can be calculated from the 
microscopic properties through linear response theory. The material properties, combined with material geometry, give 
rise to different types of photonic quasiparticle (bottom). Different types of photonic quasiparticle include photons in 
vacuum and homogeneous media, photonic-​crystal photons, cavity photons, surface polaritons and even bulk plasmon 
and phonon excitations. Here, r denotes position, ω denotes frequency, k denotes wavevector, and εk the corresponding 
polarization vector.
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2D and 1D translationally invariant photonic quasipar-
ticles. 2D translationally invariant systems include thin 
films, slabs, interfaces between two semi-​infinite mate-
rials, multilayer stacks and 2D materials. Such systems 
support several kinds of photonic quasiparticle, includ-
ing waveguide modes in dielectric slab waveguides and 
hyperbolic media (such as hexagonal boron nitride), 
and confined surface modes that evanescently decay 
from the surface (such as surface plasmon polaritons and 
surface phonon–polaritons in conventional media27,28). 
Because the class of 2D translationally invariant photonic 
quasiparticles includes both thick and thin films, some 
examples of photonic quasiparticles such as slab wave-
guide modes and hyperbolic surface phonon–polaritons 
could be considered as being both surface (due to their 
evanescent tails) and bulk (due to their propagation in 
the medium). 2D translationally invariant modes are 
characterized by their frequency, in-​plane momentum, 
propagation lifetime and polarization. Waveguide modes 
can further have a discrete mode order that determines 
their out-​of-​plane field distribution.

From the standpoint of light–matter interactions, the 
polarization and dispersion of 2D translationally invar-
iant systems lead to many effects that do not occur with 
photons in vacuum. For example, evanescent modes 
can have circular polarization in the plane perpendicu-
lar to their magnetic field. The chirality is locked to the 
direction of propagation (spin-​momentum locking29), so 
that right-​moving and left-​moving waves have opposite 
chirality. Thus, an emitter with a circularly polarized 
transition dipole moment can only emit waves in one 
direction, as waves in the opposite direction have zero 
overlap with the dipole30. Relatedly, we note that polar-
itons in some systems, such as exciton–polaritons31,32 
and plasmons33,34, can take on topological properties 
inherited from the matter part (in this case, the electron) 
of the quasiparticle. Such topological properties allow 
for robust unidirectional polaritonic modes, which in 
the presence of an emitter could lead to new routes for 
unidirectional light–matter coupling.

In addition, because the polarization of a surface 
mode is partially out of plane, a surface mode overlaps 
well with a vertically oriented transition dipole associ-
ated with a planar emitter such as excitons in a transition 
metal dichalcogenide35. In contrast, because of the trans-
versality of the electromagnetic wave, vertically oriented 
dipoles in free space cannot emit at normal incidence 
(owing to zero overlap between the emitter’s dipole 
moment and the polarization of wave), rendering them 
optically dark and difficult to detect in the far field. This 
enables one to perform spectroscopy with dark excitons 
based on surface plasmons35.

Another key difference in light–matter interactions 
comes from the fact that systems with negative per-
mittivity (polaritonic systems) support surface modes 
with wavelengths far smaller than that of a photon of 
the same frequency6–10,36–38, corresponding to a highly 
confined out-​of-​plane field. Such confinement leads to 
a very high local density of electromagnetic states, and 
consequently, quantum emitters in the vicinity of these 
modes can interact quite strongly with these states, man-
ifesting in enhanced spontaneous emission, as well as 

breakdown of selection rules associated with the dipole 
approximation. These effects are elaborated in the next 
section. Experimentally, such quasiparticles have been 
leveraged for high-​resolution nano-​imaging of electrons  
in solids3,39,40, sensitive sensors of vibrational transitions in  
molecules41,42 and enhanced interactions with quantum 
emitters43. Similar conclusions to those discussed for 
2D modes also apply in 1D translation-​invariant systems 
(such as fibres and other waveguides)44–46.

Importantly, the photonic quasiparticle concept also 
applies in systems with discrete translation invariance 
(periodic systems), in any dimension, where it includes 
photonic-​crystal modes (Bloch photons)47.

0D translationally invariant photonic quasiparticles. 
Systems with 0D translation invariance (that fully break 
translation invariance) support localized cavity modes, 
a distinct type of photonic quasiparticle characterized 
by its frequency, lifetime, polarization and field distri-
bution (setting its mode volume). In particular, cavities 
with high quality factors support photonic quasiparti-
cles such as whispering-​gallery modes48–50 and photonic-​
crystal defect modes51,52, used, for example, for enhanced 
sensors and for low-​threshold laser interactions. Of 
importance for this Review are cavities with ultrahigh 
quality factors and ultrasmall mode volumes, for exam-
ple, plasmonic and phonon–polaritonic cavities. Both 
these features can enable enhanced spontaneous emis-
sion owing to the concomitant enhancement of the local 
density of states11,12,53,54. This enhancement is similar to 
highly confined propagating quasiparticles in 1D and 
2D. One major difference in 0D systems is that bound-
ary conditions force a quasidiscrete spectrum for the 
modes, leading to sharp spectral peaks in the local den-
sity of states — in contrast to systems with propagating 
modes, whose spectrum is continuous. Qualitatively, the 
interaction of quantum emitters with a discrete mode is 
quite different from that with continuum modes. With a 
discrete mode, the system resembles two coupled oscil-
lators, allowing new normal modes of the emitter and 
cavity mode to form (strong coupling). With continuum 
modes, a discrete emitter undergoes irreversible decay 
into the continuum (enhanced spontaneous emission), 
provided that the coupling is not too strong.

Special types of photonic quasiparticle that do not 
fit as neatly into the above categorization can be con-
structed by a superposition of extended modes, which 
breaks their translation invariance and effectively local-
izes them. For example, a cylindrically symmetric super-
position of surface plasmons creates plasmon vortices 
characterized by an integral orbital angular momentum 
(OAM) quantum number. Such 2D vortices have been 
observed on various metal–insulator surfaces55–57 and 
predicted in graphene and hexagonal boron nitride58. 
More advanced superpositions can be used to create 
arrays of vortices with topological features59. From the 
standpoint of light–matter interactions, photonic qua-
siparticles with OAM are interesting because when an 
electron absorbs or emits such a quasiparticle, its angular 
momentum must change by the OAM of the quasiparti-
cle (provided the emitter and vortex are concentric)60–62. 
Controlling dynamics with OAM-​possessing photonic 
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quasiparticles also applies in the case of free-​electron 
absorption and stimulated emission63,64.

In this section, we have largely considered pho-
tonic quasiparticles in terms of the modes of the linear 
Maxwell equations: however, photonic quasiparticles 
are subject to nonlinearities. For example, exciton– 
polaritons have strong nonlinearities owing to Coulomb 
interactions between the excitons, leading to phenom-
ena like polariton–polariton scattering. These nonlinear-
ities lead to exciting phenomena such as Bose–Einstein  
condensation and superfluidity65–70, as has been demon
strated with exciton–polaritons, as well as with magnons71.  
For example, in the case of exciton–polariton conden-
sates formed by semiconductors in microcavities, leak-
age of the photonic part of the polariton from the cavity 
walls leads to emission in a coherent state (the coher-
ence is derived from that of the condensate), analogous 
to laser action, and termed accordingly, polariton lasing. 
Another interesting aspect of these polaritons is that 
their strong nonlinear interactions lead to intriguing 
effects such as polarization-​sensitive switching effects, 

which have been proposed for polarization-​dependent 
switches and transistors72–75.

Examples of photonic quasiparticles
Polaritons in van der Waals materials. An important 
example of photonic quasiparticles are polaritons in 
van der Waals and 2D materials — primarily plasmons 
and phonon–polaritons. They are of great recent interest 
because unlike photons in conventional dielectrics, they 
can be confined to volumes over a million times smaller 
than that of a diffraction-​limited photon in vacuum, 
which can enable many new effects in light–matter 
interactions, as well as enhanced sensors and enhanced 
optical nonlinearities. The basic physics of polaritons is 
well described in recent reviews3,4,76; our focus is on their 
unique light–matter interactions, emphasizing the key 
similarities and differences to free-​space photons.

Experiments probing polaritons in thin films and 2D 
materials demonstrate that optics can be performed with 
polaritons (Fig. 3). In planar slabs of polaritonic materials, 
the polariton has an in-​plane wavevector much larger 
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Fig. 3 | Photonic manipulations with highly confined polaritons.  
a | Propagation of plasmons in graphene at low temperatures, such that the 
plasmonic losses are low, as measured by scanning near-​field optical 
microscopy (left). The traces in the right panel feature many wavelengths of 
the plasmon electric field, a hallmark of low propagation loss. b | Left: 
schematic of newly discovered, in-​plane hyperbolic material molybdenum 
trioxide (MoO3). Right: propagation of phonon–polaritons in MoO3.  
c | Launching hyperbolic phonon–polariton waves by an antenna structure 
(left) and topographical image of the antenna-​grating structure (middle), 
which performs a similar role to the metallic tip in scanning probe 
microscopy, but allows strong control over the phase fronts of the 
polaritonic radiation. This control is evidenced in the scanning near-​field 
optical microscope signal (right), which shows the concave, hyperbolic 
wavefronts of polaritons emerging from the end of the antenna. Wavefront 
shapes are shown in the topographical image to guide the eye. d | Left: 

schematic of plasmons in a doped graphene situated a nanometre away 
from a gold grating structure, allowing for confinement of the 
electromagnetic field on the scale of a few atoms. Right: the calculated 
dispersion of a graphene/dielectric/gold structure, with local models (dots 
and solid line) of different dielectric spacer thicknesses to emulate the 
dispersion of the system taking into account non-​local response (blue). This 
shows how the effect of non-​locality can be modelled by an effectively 
thicker spacer in a local model. Here, s denotes signal amplitude;  
ω, frequency; L, distance; σ4, signal amplitude; t, time; U-​RB and L-​RB, upper 
and lower Reststrahlen bands; Ein, incident electric field; Ep, polariton 
electric field; λ0, free-​space photon wavelength; VBG, gate voltage; w, metal 
rod width; g, metal rod gap; h-​BN, hexagonal boron nitride; k wavenumber. 
Panel a adapted from ref.10, Springer Nature Limited. Panel b adapted from 
ref.84, Springer Nature Limited. Panel c adapted with permission from ref.85, 
AAAS. Panel d adapted with permission from ref.9, AAAS.
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than the wavevector of a photon at the same frequency. 
Owing to the continuous translational symmetry of the 
slab, photons incident from the far field cannot cou-
ple directly to the slab (ignoring the edges of the slab), 
necessitating the use of a coupling element that provides 
momentum to the incident photon, so that momentum 
is conserved. The most common examples are sharp tips 
and gratings. A sharp tip fully breaks in-​plane translation 
symmetry, allowing an optical far field to launch polari-
tonic waves from the tip, as is central to methods such as 
scanning near-​field optical microscopy (SNOM). Such 
methods are used extensively to measure the complex dis-
persion relation (wavenumber and propagation length), 
as well as the spatial distribution of the electric field, in 
various polaritonic systems: plasmons in graphene6,7,10,38,77, 
phonon–polaritons in hexagonal boron nitride (thin films 
and monolayers)8,78–80, exciton–polaritons in molybdenum 
selenide81,82 and newer materials such as hyperbolic 
phonon–polaritons in molybdenum trioxide83,84.

Figure 3a,b shows direct examples of the highly con-
fined nature of the polaritons. In Fig. 3a, the graphene 
plasmon is measured to have a wavelength over 100 
times smaller than the wavelength of a photon in vac-
uum. This is a key difference from photonic quasi-
particles in all-​dielectric systems. Figure 3a shows the 
exceptionally long lifetime that can be achieved with 
graphene plasmons (roughly 130 optical cycles), which 
was facilitated by operating at low temperature to sup-
press losses related to acoustic phonon coupling. The 
combination of high confinement and low loss is instru-
mental not only in envisioning optical components 
based on the propagation of plasmons but also more 
generally in enhancing light–matter interactions with 
quantum emitters. Such enhancements depend on the 
local density of optical states, which increases with high 
confinement and low loss. In Fig. 3b, we show SNOM 
of highly confined phonon–polaritons in molybdenum 
trioxide, whose wavefronts demonstrate the hyperbolic 
nature of the polaritons in this material84, potentially 
enabling new platforms for hyperbolic optics in the 
mid-​infrared spectral region.

Various antenna structures can also be used to assist 
the coupling of light into the photonic quasiparticle 
mode, as in Fig. 3c, where a gold rod is used to launch 
phonon–polaritons in gratings of hexagonal boron 
nitride, which act as a hyperbolic metasurface. Owing 
to the opposite signs of in- and out-​of-​plane permit-
tivities, wavefronts launched from the rod exhibit the 
spatial propagation profile shown in Fig. 3c, the curva-
ture of which shows a clear signature of hyperbolicity85, 
enabling one to study light–matter interactions between 
emitters and hyperbolic quasiparticles. Similar methods 
using antennas have also been used to launch graphene 
plasmons86. Recently, the reflection and refraction of 
these hyperbolic polaritons has also been observed87, 
at interfaces between hexagonal boron nitride and 
vanadium oxide (VO2), a phase change material. 
Such observations may enable planar demonstrations 
of phenomena such as lensing based on photonic 
quasiparticles.

The interaction with polaritons can also be facilitated 
with grating structures (Fig. 3d), where a grating cavity 

consisting of a gold grating atop a gold mirror sand-
wiches boron-​nitride-​encapsulated graphene9 (encap-
sulation improves the lifetime of the plasmon, owing 
to suppression of coupling to phonons88). The grating 
couples far-​field light into the graphene plasmons, 
which benefit from the very high reflectivity of gold at 
the mid-​infrared wavelength. Although the lifetime is 
modest, being on the order of ten optical cycles, this cav-
ity achieves out-​of-​plane confinement of the graphene 
plasmon to the scale of 1 nm, representing the smallest 
mode-​volume graphene plasmon ever measured, with an 
estimated mode volume on the order of 10 λ−9

0
3, with λ0  

the wavelength of a photon in free space at the same 
frequency. Such small volumes could enable extremely 
non-​perturbative interactions between light and matter, 
with emerging designs demonstrating potentially tighter 
confinement89.

Plasmons in metallic nanogaps. Another important class 
of photonic quasiparticle in this Review are plasmons 
in conventional noble metals such as gold and silver. 
Confined surface plasmons can be supported in these 
systems based on thin films and metal–insulator–metal 
structures. We focus particularly on localized plasmonic 
cavities as they have been the workhorse of recent exper-
iments in strong quantum light–matter interactions. We 
leave detailed discussion of the electromagnetic physics 
of these cavities to other dedicated reviews13. Plasmonic 
nanogaps typically involve the geometry of a metallic 
nanoparticle (such as a nanosphere or nanodisc) sepa-
rated from a planar metal film by a very small gap, which 
can be on the order of 1 nm. This geometry is referred 
to as a nanoparticle-​on-​mirror (sometimes abbreviated 
as NPoM) geometry or as a plasmonic nanogap cavity.

Recent experiments have demonstrated the exist-
ence of these strongly confined cavity modes based on 
nanogaps as large as 5 nm (ref.53), moving recently to 
subnanometre sizes11. A striking example of this geom-
etry at its ultimate limit is that of the picocavity12, which 
leads to strong field enhancements in a single-​atom 
protrusion from a nanoparticle, explained in terms of 
the lightning-​rod effect. It is instrumental to note the 
values of the polarization, lifetime and mode volume of 
these types of mode: the polarization is primarily per-
pendicular to the interfaces, the lifetimes tend to be one 
to ten optical cycles (with possible improvements com-
ing from hybrid dielectric–metal geometries90) and the 
mode volumes have been estimated to be below 1 nm3. 
The extreme confinement of such cavities makes effects 
related to spatial non-​locality particularly strong91; such 
effects are of considerable importance as they are likely 
to provide fundamental limitations on applications of 
nanophotonics and light–matter interactions.

Photonic quasiparticle QED
Although the examples above have been understandable 
from solutions of the classical Maxwell equations, exper-
iments have also demonstrated the underlying quantum 
nature of the electromagnetic fields of these photonic 
quasiparticles through quantum optical measurements. 
Many of these experiments have been in the context of 
plasmonics. For example, quantum statistics of plasmons 
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have been demonstrated92, along with plasmonic pres-
ervation of photon entanglement93 and two-​plasmon 
quantum interference in an experiment probing the 
Hong–Ou–Mandel effect94.

Perhaps more simply, phenomena such as sponta-
neous emission in any material system already call for 
a quantized description of the electromagnetic fields 
associated with each type of photonic quasiparticle. The 
key theoretical framework that prescribes the quantiza-
tion of any photonic quasiparticle and the interactions 
of these quasiparticles with emitters is MQED21,95,96. It 
is macroscopic because it treats the photonic quasipar-
ticles as being governed by the macroscopic Maxwell 
equations. MQED treats the medium in terms of per-
mittivities and permeabilities, taking the microscopic 
charges and currents in the medium as continuous. As 
an important point of terminology, as MQED handles 
the quantization of the electromagnetic field in any lin-
ear medium, its special cases cover all the effects of ‘other 

QEDs’ in the literature such as cavity, circuit, waveguide, 
photonic-​crystal and plasmonic QED.

The quantization of photonic quasiparticles. 
Pedagogically, it is useful to explain the quantization of 
the electromagnetic field in two steps: in the first, the 
fields are quantized in ideal, lossless materials, and in  
the second, they are quantized in arbitrary absorbing 
materials. Quantization of electromagnetic fields in 
lossless materials is long known97,98. For most cases of 
interest, the lossless case describes very well the essential 
physics of the emission and absorption of photonic qua-
siparticles by emitters, bound or free. With this in mind, 
we first describe the quantization in lossless materials 
in a constructive way that introduces the terminology 
to be used more generally later. The absorbing case is 
presented in Box 1.

In lossless and non-​dispersive materials, we may 
represent an electromagnetic field operator (such as 
the vector potential A(r, t) in the Heisenberg picture) 
in terms of an expansion over time-​harmonic modes 
F r( )en

iω t− n , with Fn(r) the mode profile of the nth mode 
with corresponding frequency ωn; r denotes position,  
t time. These modes capture all the details of the fre-
quency, polarization and field distributions of the 
photonic quasiparticles described in the previous sec-
tion. In this expansion, each mode, n, is associated 
with a quantum harmonic oscillator98, with associated 
creation ( †an ) and annihilation (an) operators, satis-
fying the canonical bosonic commutation relations: 
a a a a[ , ] = [ , ] = 0m n m n

† †  and a a δ[ , ] =m n mn
† , where m and 

n label modes. The resulting vector potential takes the 
form:

ħ .∗ †∑ ε ω
a aA r F r F r( ) =

2
( ( ) + ( ) ) (1)

n n
n n n n

0

For a non-​magnetic medium, the mode satisfies 
ε kF r r F r× × ( ) = ( ) ( )n n n

2∇ ∇ , with kn = ωn/c (ref.47) and is 
normalized such that | |∫ r ε r F rd ( ) ( ) = 1n

3 2 . This normal-
ization makes it so that a one-​photon state has an elec-
tromagnetic energy of ħω relative to the vacuum state. 
This mode expansion is immediately applicable to QED 
phenomena in low-​loss cavities, waveguides and pho-
tonic crystals. In practice, mode expansions can also be 
used in the case of dispersive materials, such as the polar-
itonic materials presented in Fig. 3 (provided the modes 
kept in the mode expansion are of low loss), by chang-
ing the normalization condition (Table 1). The adjusted 
normalization condition arises because the energy of the 
quanta in a dispersive system is governed by the Brillouin 
energy density formula for dispersive materials99,100. We 
mention here that these mode expansions are not valid 
at all frequencies in dispersive materials, because regions 
of high loss generally exist, particularly in polaritonic 
materials. The examples shown in Fig. 3 are chosen 
intentionally to coincide with low enough loss.

Quantum interactions between emitters and photonic 
quasiparticles. Having established the quantization of 
photonic quasiparticles, we now quantitatively describe 
how these quasiparticles interact with bound and free 

Box 1 | Macroscopic quantum electrodynamics in absorbing media

In any general material, including lossy ones, we may represent an electromagnetic field 
operator in terms of a ‘mode expansion’ that decomposes the electromagnetic field in 
terms of the fields of time-​harmonic point dipoles in the medium. These dipoles are 
parameterized by their location r, frequency ω and orientation k = 1, 2, 3 (or x, y, z).  
The quantization of the electromagnetic field proceeds by quantizing these dipoles, 
associating with each (rωk) a quantum harmonic oscillator with associated creation 

ω†f r( , )k
 and annihilation fk(r,ω) operators, satisfying f fr r[ ( , ), ( , )]k k

′ ′′ω ω , f fr r[ ( , ), ( , )] 0k k
′ ′′ω ω =† †   

and f fr r r r[ ( , ), ( , )] ( ) ( )k k kkω ω δ δ ω ω δ= − −† ′ ′ ′ ′′ ′ . Using these operators, the electromagnetic 
field Hamiltonian is given by

⋅H r f r f rd d ( , ) ( , ),em 0

3∫ ∫ω ħω ω ω=
∞ †

up to a zero-​point energy term.
The resulting vector potential takes the form:

∫ ∫ħ
ε

ω ω ε ω ω ω ω ω= +
∞ †

c
rA r r G r r f r G r r f r( ) d d Im ( , ) ( ( , , ) ( , ) ( , , ) ( , )),

0
0 2

3

π
′ ′ ′ ⋅ ′ ′ ⋅ ′∗

where ′ ωG r r( , , ) is the Green’s function of the Maxwell equations, which in a 
non-​magnetic medium satisfies k Ir G r r r r( ( , ) ) ( , , ) ( )2 ′ ′∇ ∇ ε ω ω δ× × − = − , with k = ω/c. 

r( , )ε ω  is the permittivity tensor in a general dispersive, local, anisotropic medium and I is 
the 3 × 3 identity matrix. The MQED vector potential for the non-​local case is shown in 
Table 1. This quantized field operator is a central result of MQED21, and all the previous 
expressions for the quantized fields in terms of mode expansions are special cases of 
this. Note that all of the cases represented in Table 1 assume non-​magnetic media.  
For magnetically polarizable media21, additional f operators must be introduced that 
correspond to magnetic dipole excitations, connected to the field operators through  
a magnetic Green’s function. Then, the field operators are a sum of terms from electric 
and magnetic dipoles.

The quantized field is connected to quantized dipoles through the classical  
Maxwell equations. We give a brief heuristic sketch of how these dipoles are  
quantized. For simplicity, we will do it here in an isotropic, local, lossy medium.  
The idea is to write a current field operator as a sum over bosonic degrees of  
freedom (point dipoles governed by position, frequency and direction): 

r N Nj r r f r r f r( ) d ( ( , ) ( , ) ( , ) ( , ))
0

d
2

3
π

∗∫ ∫ ω ω ω ω= +ω∞ † , with N(r,ω) a normalization constant. 
The normalization is prescribed by both the commutation relations between the  
f operators and the fact that the correlation functions must be in agreement with  
the fluctuation–dissipation theorem for a linear medium. In particular, for a linear  
medium, it must be the case that ω ω ε ħω ε ω δ= −ħω Ij r j r r r r( , ) ( , ) coth( )Im ( , ) ( )

kT0
2

2
′ ′⟨ ⊗ ⟩ , 

where T is temperature. Taking the expectation values at zero temperature yields 
πN r r( , ) 4 Im ( , )0

2ω ε ħω ε ω= . Plugging this in, and convolving the current operator with 
G r r( , , )0 ′μ ω , as per the classical Maxwell equation for the vector potential, gives exactly 

the quantized vector potential operator above.

Hong–Ou–Mandel effect
A quantum effect in which  
two indistinguishable  
photons, incident on a 50/50 
beamsplitter, never appear  
in different output ports of  
the beamsplitter, owing to 
quantum interference.
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electrons (collectively referred to as emitters). For this 
purpose, we consider transitions between electronic 
states of the emitter that are accompanied by the emission, 
absorption or scattering of single or multiple photonic 
quasiparticles (either real, as in spontaneous emission, or 
virtual, as in Lamb shifts/Casimir–Polder forces). Examples 
of these processes for bound and free electrons are 
shown in Fig. 1, with examples of the relevant photonic 
quasiparticles shown in Fig. 2.

In non-​relativistic bound-​electron systems, these 
transitions are described by the Pauli–Schrödinger 
Hamiltonian, or a suitably approximated version 
of it (see Box 1 in Supplementary information). In 
free-​electron systems (relativistic or non-​relativistic), 
the transitions are governed by the Dirac Hamiltonian, 
in cases where electron spin is important, or the Klein–
Gordon Hamiltonian, where it is not (see Box 2 in 
Supplementary information). In both cases, the transi-
tions are described by a term proportional to A · v, with v 
the electron velocity, provided that the electron does not 
change its energy significantly upon emission or absorp-
tion. This term couples the quantized vector potential 
to the velocity of the electron, described in terms of its 
momentum, p, by v = (p − qA)/m, with q the electric 
charge and m the mass of the electron.

The key element in any calculation of light–matter 
processes with photonic quasiparticles is the rate of 
transition between some initial quantum state i and 
some final quantum state f. See Fig. 1 for examples 
of initial and final states corresponding to known 
light–matter interaction processes. This rate of tran-
sitions at arbitrary order in the perturbation can be 
found by an iterative procedure101. The most com-
monly occurring cases are the transition rates at 
first (1) and second (2) order in QED, which are  
resp ec t ive ly  g iven  as  ħ ∣ ∣Γ V E E= (2π/ ) δ( − )fi f i

(1) 2 ,  
a n d  ∑Γ E E= (2π/ )lim δ( − )

η n
V V

E E iη f i
(2)

0 − +
2fn ni

i n
ħ ∣ ∣ .

→
 H e r e  

≡V a V bab , (where a and b represent arbitrary 

quantum energy eigenstates), with V = −qA · v being 
the interaction Hamiltonian of QED, and n denotes an 
intermediate (virtual) state to be summed over. Here,  
η is a formal infinitesimal complex energy which captures  
effects from resonant (real) intermediate states. The 
energies of the various eigenstates, n, are denoted as En. 
The delta functions express the conservation of energy 
between initial and final states. Energy shifts associated 
with emission and re-​absorption of virtual photonic 
quasiparticles (Lamb shifts, Casimir–Polder forces) can 
be described by time-​independent perturbation theory, 
with the shift in energy δEi of quantum state i given as 

.
→

∣ ∣∑Eδ = limi
η n

V
E E iη0 − +

ni

i n

2

So far, the principles of MQED in its lossless and its 
lossy varieties have been used with the interaction terms 
above to describe numerous phenomena: atomic sponta-
neous emission of one and two photons21,98,102–107, emis-
sion from extended emitters in solids such as quantum 
wells108, strong-​coupling effects in bound emitters21,109, 
various QED phenomena (including cavity, circuit, 
waveguide, plasmonic, photonic crystal)110–117, energy 
shifts due to virtual photon emission and absorption 
such as Lamb shifts and/or Casimir–Polder forces118,119, 
Casimir forces21,120,121 and even phenomena associated 
with emission of photonic quasiparticles by ultrarelativ-
istic electrons122,123, as well as electrons driven by strong 
external fields124. In general, it can be used to describe 
any of the processes illustrated in Fig. 1.

Bound-​electron systems
The bulk of the Review discusses how the photonic 
quasiparticles described above are used to enhance and 
control the classical and quantum interactions of electro
magnetic fields with electrons in atoms, molecules, 
solids and even with free electrons — these are all collec-
tively referred to as emitters. For each type of emitter, it is 
useful to further divide the interactions by whether they 
are weak-​coupling effects, such as emission, absorption 

Lamb shifts
Shifts in the energy levels of a 
quantum emitter, due to virtual 
absorption and re-​emission of 
photons, or more generally, 
photonic quasiparticles 
(Fig. 1).

Casimir–Polder forces
Forces on an emitter in the 
vicinity of an inhomogeneous 
optical structure, arising  
from the spatial inhomogeneity 
of the Lamb shift.

Table 1 | Levels of quantization of the electromagnetic field

Type of medium Vector potential Conditions on vector potential

Vacuum ( )a ae e
V

i i t i i t
k

k r
k k

k r
k k, 2 , ,

k k

k k k k0

∗⋅ ⋅∑ ε ε+ε
ħ

ε ω
ω

ε
ω

ε
− − + † k 0;kε =⋅  ωk = ck

Homogeneous, lossless, 
non-​dispersive, isotropic ( )a ae e

n V

i i t i i t
k

k r
k k

k r
k k, 2 , ,

k k

k k
k k

0
2∑ ε ε+ε

ħ
ε ω

ω
ε

ω
ε

− − + †∗⋅ ⋅ ε =k 0;k⋅  ωk = ck/n

Inhomogeneous, lossless, 
non-​dispersive, anisotropic

∗∑ +ħ
ε ω

ω ω− †( )a aF r F r( )e ( )en n
i t

n n
i t

n2 n

n n

0
∇ ∇ ε× × = ωF r r F r( ) ( ) ( );n c n

n
2

2  
 ∫ ε =r F r Fd ( ) 1n n

3 ⋅ ⋅∗

Inhomogeneous, lossless, weakly 
dispersive, anisotropic ( )a aF r F r( )e ( )en n

i t
n n

i t
n2 n

n n

0

∗∑ +ħ
ε ω

ω ω− † F r r F r( ) ( , ) ( );n n c n
n
2

2∇ ∇ ε ω× × = ω
 

∫ | =ε
ω

ω ω
ω ω⋅ ⋅∗r F r F rd ( ) ( ) 1n n
r1

2
3 d( ( , ))

dn n

2

Inhomogeneous, lossy, dispersive, 
isotropic, local ∫ ∫ω ε ωħ

ε
ω∞

r rd d Im ( , )
c0

3

0
2π

′ ′

G r r f r G r r f r( ( , , ) ( , )e ( , , ) ( , )e )i t i tω ω ω ω+ω ω− †′ ′ ′ ′∗

∇ ∇ ′ ′( ) Ir G r r r r( , ) ( , , ) ( )
c

2

2ε ω ω δ× × − = −ω

Inhomogeneous, lossy, dispersive, 
anisotropic, non-​local ∫ ∫ εω ωħ

ε
ω∞

r r rd d Im ( , , )
c0

3

0
2π

′ ′

ω ω ω ω+ω ω− †′ ′ ′ ′∗G r r f r G r r f r( ( , , ) ( , )e ( , , ) ( , )e )i t i t
( )r Ir r G r r r rd ( , , ) ( , , ) ( )

c

3 2

2∇ ∇ ′ ′ ′ ′∫ ε ω ω δ× × − = −ω

Levels of quantization of the electromagnetic field, showing the quantized vector potential operator under different cases of linear media, starting from the 
well-​known field quantization in vacuum to quantization of the electromagnetic field in a truly arbitrary medium that can be inhomogeneous, anisotropic, lossy 
and even spatially non-​local. Variables are defined in the text.
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and scattering, in which the perturbative description of 
light–matter coupling is valid, or strong-​coupling effects, 
in which the perturbative description is not valid. We 
survey both regimes below. In all cases, we consider the 
effects of different types of photonic quasiparticle.

Weak-​coupling effects
Spontaneous emission with photonic quasiparticles. A 
key effect arising from photonic quasiparticles is that 
the spontaneous emission of excited emitters (bound or 
free) can take place by emission of a photonic quasipar-
ticle, which is different from a photon in vacuum. This 
effect, first investigated theoretically in the context of 
nuclear magnetic dipole emission by Edward Purcell in 
1946, is today referred to as the Purcell effect. Quantum 
mechanically, spontaneous emission corresponds to a 
transition between an excited electron (energy ħωi) with 
no photonic quasiparticles |i, 0〉, to a set of final emit-
ter states (energy ħωf) with one photonic quasiparticle 
at some mode {|f, 1〉}. For a fixed final electron state f, 
the emission rate Γfi can be derived by applying Fermi’s 
golden rule at first order in time-​dependent perturbation 
theory, using the quantized electromagnetic field of an 
arbitrary medium according to MQED103:

∫
(2)

Γ
μ

r r ω

μ ω
ω

j r G r r j r

d G r r d

=
2

d d ( ) Im ( , , ) ( )

≈
2

Im ( , , ) ,

fi fi if fi

if
fi if fi

0 3 3

0
2

ħ

ħ

′ ⋅ ′ ⋅ ′

⋅ ⋅

∗

∗

where ωif = ωi − ωf and qψ m ψj r r p r( ) = ( )( / ) ( )fi if
∗ , with 

Ψi(f ) being the initial (final) emitter wavefunction,  
q is the emitter charge, m its mass, j represents current 
density and p its momentum operator. ′ ωG r r( , , ) is  
the Green’s function of the Maxwell equations describ-
ing the surrounding medium. The final formula  
can also be expressed in terms the ratio of the local 
density of optical states (LDOS) of the medium, 
ρ ω ωr G r r( , ) Im ( , , )if

ω

πc if
6 if

2≡ , to that of the far field, 
ρ ω( )if0

, via

⋅ ⋅ .
∗� �( )ρΓ ω ρ ω Γd r d= ( , ) / ( ) (3)fi fi if fi if0 0

where �d fi is the direction of the transition dipole  
and 

ħ
Γ =

ω

ε c

d
0 3π

if fi
3 2

0 3  the rate of spontaneous emission into 
photons in vacuum. That the spontaneous emission 
is proportional to the imaginary part of the Green’s 
function is a manifestation of the fact that sponta-
neous emission can be seen as emission driven or 
‘stimulated’ by vacuum fluctuations of the quan-
tized electromagnetic field. In particular, the fluc-
tuations of the quantized electric field, given by 
⟨ ∣ ∣ ⟩′E ω E ωr r0 ( , ) ( , ) 0i j , where j labels vector components 
and |0〉 the vacuum state of the field, are related to the 
Green’s function via the fluctuation–dissipation relation  
through E ω E ω ω G ω ω ωr r r r0 ( , ) ( , ) 0 = Im ( , , )δ( − )i j

μ
ijπ

20 ħ⟨ ∣ ′ ′ ∣ ⟩ ′ ′ .  
More complex phenomena than single-​photon spon-
taneous emission, such as multiphoton spontaneous 
emission and vacuum energy shifts, are also related to 
vacuum fluctuations. Consequently, dependences on the 
imaginary part of the Green’s function are ubiquitous in 
light–matter interactions.

The quantity jfi is known as the transition current 
density, and its introduction reveals that the emis-
sion rate is, up to a factor of 2, Wfi/ħωif , where Wfi is 
the classical work done on this transition current 
by its own radiated field. The right-​hand side of the 
equation holds under the dipole approximation (or 
long-​wavelength approximation), so that jfi is localized 
over a scale much smaller than that of the optical field, 
with ∫ r qψ ψd r r r= d ( ) ( )fi f i

3 ∗  being the transition dipole 
moment. This formulation allows numerical simulation 
of the Purcell effect in complex electromagnetic geom-
etries via classical electromagnetic simulations based 
on methods such as finite-​element, finite-​difference 
or boundary-​element methods. The radiated flux to 
each final state f can be calculated by solving the clas-
sical electromagnetic problem for a dipole source dfi or 
a more general current source jfi(r), where each such 
source is calculated using the quantum mechanical 
wavefunctions. From the above equation, it can be seen 
that the validity of such an approach is not limited to 
dipole emitters but is general to any quantum emitter 
characterized by its transition current density.

Although the approach here makes use of 
MQED in lossy media, it conforms with the mode 
expansions of equation 1 by recognizing that in 
the lossless limit, the imaginary part of the Green’s 
function is given by a mode expansion of the form 

⊗′ ′∗ω δ ω ωG r r F r F rIm ( , , ) = ∑ ( ) ( ) ( − )if
π
ω n n n if n
c

2 if

2
 (ref.125), 

where the Fn(r) are the eigenfunctions of the Maxwell equa-
tions. Applying this modal representation of the Green’s 
function leads to a decay rate in terms of modes given 
by | ⋅ |ħ

∗ ∗∫Γ ψ ψ δ ω ωr F r p r= ∑ d r ( ) ( ) ( ) ( − )fi
πq

ε m ω n f n i if n
3 2

if

2

0
2 .  

In the dipole approximation,  this  becomes 
| ⋅ |ħ

∗Γ δ ω ωd F r≈ ∑ ( ) ( − )fi
πω

ε n fi n if n
2if

0
.

The Purcell effect in the case of a dipole emitter. One 
of the most common and instructive examples of the 
Purcell effect involves the enhancement of spontane-
ous emission of a dipole emitter in an optical cavity. 
For a single-​mode cavity, the electric field mode can 
be expressed as t VF r u r( , ) = ( ( ) / )e iωt Γt− − /2, with 
u(r) a dimensionless function dictating the spatial 
mode profile, V the mode volume and Γ the decay 
rate of the mode. As there is an arbitrary degree of 
freedom in defining the mode volume versus the nor-
malization of u(r), it can be chosen so its maximum 
value is 1. The imaginary part of the Green’s function 
of this single mode can be written as a Lorentzian125: 

ωG r rIm ( , , ) =if
c
V

Γω
ω ω Γω( − ) + ( )if

2

2 2 2 2  u r u r( ) ( )⊗ ∗ . Defining 
the quality factor, Q = ω/Γ, the spontaneous emission rate 
on resonance (ω = ωfi) immediately follows as:

⋅ ∗�Γ
π

Q
V λ

Γd u r= 3
4 ( / )

( ) , (4)fi fi2
0
3

2
0

with λ0 = 2πc/ωif the photon wavelength in vacuum. As 
Γfi/Γ0 is proportional to the LDOS, we see immediately 
that the LDOS is enhanced by high quality factors and 
small modal volumes, increasing with Q/V.

When the transition dipole overlaps perfectly in 
polarization and is located at the maximum of the 
mode (| ⋅ |∗d u r( ) = 1fi

2� ), the expression coincides with 

Purcell effect
The enhancement of 
spontaneous emission of an 
excited quantum emitter in the 
vicinity of an optical structure, 
relative to its spontaneous 
emission in free space.
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Purcell’s formula126. Experiments involving the Purcell 
effect often have many emitters that are not located at 
the maximum of the mode and whose polarizations do 
not perfectly overlap with the field polarization — lead-
ing to lower enhancement than predicted by the ideal 
Purcell formula. Another effect that can be appreciated 
from the Lorentzian dependence of the Green’s function 
is that for an emitter that is far off-​resonance from the 
cavity, Γfi < Γ0, representing an inhibition of spontaneous 
emission111.

Typically, the Purcell factor Fp = Γfi/Γ0 is either opti-
mized by maximizing Q or by minimizing V. That said, 
spontaneous emission enhancement need not rely on a 
cavity, as spontaneous emission can also be enhanced for 
emitters coupled to waveguides or polaritonic films that 
support propagating photonic quasiparticles. In such 
systems, the quality factor of the propagating waves does 
not play the essential role it plays in cavities, because 
of the continuous dispersion ω(k) of the waves. However, 
the confinement factor η ck ω k λ λ= / ( ) = / 0 of the modes 
— with λ the polariton wavelength and λ0 the wavelength 
of a free-​space photon of the same frequency — plays the 
role of the mode volume, leading to strong enhancement 
of spontaneous emission into propagating modes that are 
very subwavelength compared with photons in vacuum.  
In particular, the emission into thin-​film modes, up to 
factors of order unity, scales as | |

Γ Γ≈fi
η

v c/ 0
2

g
 (ref.107), with  

vg the group velocity of the mode. Taking the magnitude of  
the group and phase velocities to be similar (to order  
one factors), one then has Γ η Γ≈fi

3
0, stating that the 

spontaneous emission into surface modes is enhanced 
by the volumetric confinement of the polariton.

A strong Purcell enhancement can be achieved by 
means of a small modal volume cavity as realized in plas-
monic nanogap structures53 (Fig. 4a). In this experiment, 
the authors demonstrated directly by time-​resolved flu-
orescence measurements how dye molecules sitting in a 
few-​nanometre gap between a gold nanocube and gold 
film (a nanoparticle-​on-​mirror geometry) emit into the 
cavity mode far more quickly than they emit directly 
into the far field. This particular experiment shows an 
increase in the spontaneous emission rate in excess of 
1,000, with other experiments in the same geometry 
showing fluorescence enhancements of 30,000 (ref.127). 
Similar enhancements have been proposed in other sys-
tems with polaritons in van der Waals materials, such 
as graphene plasmons or phonon–polaritons in hexa
gonal boron nitride. An early example of this is ref.128 
predicting spontaneous emission rate enhancements of 
one-​million-​fold in doped nanodisc cavities. The Q/V 
ratio needed for this level of enhancement has been 
inferred experimentally in a few graphene–plasmonic 
systems9,129, and in phonon–polaritonic systems130 based 
on hexagonal boron nitride and silicon carbide.

So far, such enormous enhancements have yet to be 
demonstrated, perhaps because a suitable emitter has 
yet to be identified that can be integrated with graphene 
plasmons (and other mid-​IR polaritons), although some 
recent studies along this direction are promising131. To 
that end, experiments with erbium atoms near doped 
graphene surfaces showed that the relaxation rate of 
excited erbium atoms was strongly modified in the 

vicinity of graphene. That study indirectly showed 
an enhancement factor on the order of 1,000, and 
dependence of the relaxation rate on the doping level 
in graphene, which enabled several different regimes of 
decay into electron–hole pairs, plasmons and photons43.

New spontaneous emission processes. Transitions associ-
ated with emission or absorption are typically associated 
with emission of a single photonic quasiparticle (per 
emitter) and typically obey dipole selection rules. 
However, transitions by other channels are possible. 
These can be multipolar emission, in which an emitter 
decays by changing its OAM by more than one unit, or 
multiphoton spontaneous emission (Fig. 4b), where an 
emitter decays by the simultaneous emission of multiple 
photonic quasiparticles. The rate of both types of pro-
cess is substantially enhanced by photonic quasiparti-
cles in nanocavities or polaritonic systems, because the 
field distributions of the quasiparticles becomes highly 
confined, such that the size of the electromagnetic field 
more closely matches the size of the wavefunction of the 
emitter.

The conditions for strong multipolar emission directly 
arise from the matrix element that appears in Fermi’s 
golden rule, ≡ ⋅∗ ∗∫M r ψ ψr F r p rd ( ) ( ) ( )fi f n i

3 . Typically, the 
spatial extent of the wavefunction, a, is much smaller 
than the spatial extent of the mode, λ. In that case, we 
can Taylor expand the mode around the centre of the 
emitter (r = 0), expressing the matrix element as

⋅ ∇

⋅ ∇ ⋅ ∇ ⋅

∗ ∗ ∗

∗ ∗

∫
(5)

M r ψ

ψ

r F r F

r F r F p r

= d ( )( (0) + ( ) (0)

+ 1
2

( ) (0) + O(( ) (0))) ( )

fi f n n

n n i

3

2 3

where O denotes the order of the next terms of the 
expansion. Each successive term in the series differs 
from the last by an additional r · ∇. Crudely speaking, the 
first term contains essentially the electric dipole operator 
(as p matrix elements are proportional to r matrix ele-
ments), and drives electric dipole (E1) transitions. Note 
that stopping the expansion at this term is exactly the 
ubiquitous dipole approximation, and it directly leads 
to the right side of equation 2. The second term drives 
electric quadrupole (E2) and magnetic dipole (M1) tran-
sitions. The third term drives electric octupole (E3) and 
magnetic quadrupole (M2) transitions, and so on.

The magnitude of each successive term, compared 
with the previous, is roughly ka πa λk r ≈ = 2 /fi∣ ⋅ ∣ , since 
the typical value of the magnitude r is the wavefunc-
tion size a, and the typical value of the gradient is the 
inverse of the characteristic length scale, k. Note that 
for plane-​wave modes, as in translationally invariant 
structures considered earlier, this characteristic inverse 
length scale coincides with the wavenumber when con-
sidering the gradient in the direction of invariance. 
Assuming that different terms in this series do not inter-
fere (a reasonable assumption for small ka), the rates of 
transitions governed by the nth term scale like (ka)2n 
relative to the dipole term. Thus, these higher-​order 
transitions can be very strongly enhanced by increas-
ing the wavevector of the mode, such as by having a 
very strongly confined mode. This possibility of strong 
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Fig. 4 | Bound-electron interactions with photonic quasiparticles. a | In the 
visible spectral range, a molecular dye emitter in a plasmonic nanogap can 
have its spontaneous emission enhanced by nearly four orders of magnitude, 
reaching picosecond timescales (probed by time-​resolved fluorescence). 
b | Proposal to use highly confined plasmons to strongly enhance dipole- 
forbidden transitions and multiphoton emission processes. The strong 
confinement allows forbidden transitions to compete with conventionally 
allowed transitions (top), as well as two-​plasmon emission processes to 
become comparable to one-​plasmon processes (bottom). c | The high 
momentum of a graphene plasmon allows substantial momentum transfer 
from the electromagnetic field to electrons in a quantum well (top). Such a 
realization of optical non-​locality strongly changes absorption and emission 
spectral peaks (bottom), where changing the Fermi level of the graphene and 
thus the plasmon dispersion relation (coloured traces) changes strongly the 
frequency of the plasmon that can be absorbed by the quantum well (as 
indicated by the intersections of the coloured traces with the electron 
dispersion (dark blue). d | When the light–matter coupling is strong enough, 
as in extremely small plasmonic nanogap cavities, even a small number of 
emitters can reach the strong-​coupling regime, leading to Rabi splitting in 

the scattering spectrum. e,f | Strong coupling can also be realized by coupling 
many emitters (such as molecules) to a tightly confined polariton mode, which 
can be used for sensing molecules, as demonstrated with graphene plasmons 
(part e), and infrared spectroscopy, as demonstrated with boron nitride 
resonators (part f). The plots show the experimental transmission spectrum 
of the hexagonal boron nitride ribbon array without (left) and with (right) the 
molecular emitter, 4,4′-​bis(N-​carbazolyl)-1,1′-​biphenyl (CBP), which is an 
organic semiconductor. In the presence of the CBP layer, the hexagonal boron 
nitride resonances experience a Rabi splitting due to strong coupling Here, 
γ0

sp denotes free space spontaneous emission rate; d, gap size; Γ, decay rate; 
vF, Fermi velocity; ω, frequency; 2PSE, two-​plasmon spontaneous emission; 
Eg

F, Fermi energy of graphene; ϕη(z) wavefunction; ωp, photon frequency;  
ω0, emitter frequency; ω+, upper polariton frequency; ω−, lower polariton 
frequency; T/T0, transmission with/without graphene nanoribbons; w, ribbon 
width. Panel a adapted from ref.53, Springer Nature Limited. Panel b adapted 
with permission from ref.103, AAAS. Panel c adapted from ref.108, Springer 
Nature Limited. Panel d adapted from ref.11, Springer Nature Limited. Panel e 
adapted with permission from ref.41, AAAS. Panel f adapted from ref.42, 
CC BY 4.0.
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enhancement makes photonic quasiparticles such as 
polaritons uniquely suited for probing multipolar tran-
sitions, which are typically considered forbidden owing 
to their low rates.

Effects associated with multipolar transition effects 
have been studied using (metal) plasmonic nanoparti-
cles both theoretically132–135 and experimentally136, with 
some experiments demonstrating deviations from the 
classic dipole selection rules in metallic structures137. 
These beyond-​dipole corrections were enhanced by 
the large electronic wavefunctions of the emitters 
used, namely mesoscopic quantum dots136 and carbon 
nanotubes137. In theoretical studies, the focus was tra-
ditionally on electric quadrupole and magnetic dipole 
emission, the leading order beyond-​dipole transitions, 
as higher-​order decays were still weak relative to typical 
dipole transition rates. In comparison, effects associated 
with simultaneous emission of multiple photonic qua-
siparticles have been studied in only one experiment, 
which showed an enhanced two-​plasmon emission in 
nanogap structures138.

It has been predicted (in a unified manner via 
MQED) that polaritons in van der Waals materials can 
enable effectively forbidden transitions owing to their 
high confinement and local density of states. These 
transitions include high-​order electric multipole transi-
tions, singlet–triplet transitions and even multiplasmon 
spontaneous emission (Fig. 4b), all at rates approaching 
those of dipolar transitions in free space103. Similarly, 
photonic quasiparticles (specifically graphene plasmons) 
have been predicted to enable substantial beyond-​dipole 
effects in solid-​state emitters such as quantum wells 
(Fig. 4c). The emitter can absorb and emit light according 
to a non-​vertical transition, thus changing its momen-
tum substantially108. The resulting non-​vertical transi-
tions lead to Doppler shifts and are a manifestation of 
spatial non-​locality of electrons in the quantum well.

Going beyond the above predictions, recent theoretical 
works have proposed related effects with both plasmons 
and other photonic quasiparticles such as phonon– 
polaritons, magnon–polaritons and exciton–polaritons.  
For example, one work proposed using phonon– 
polaritons to make two-​phonon–polariton emission 
dominate the single-​phonon–polariton decay, poten-
tially enabling strong quantum nonlinearities107. Other 
studies have proposed using plasmons with OAM to 
control optical selection rules62,139, as well as using plas-
mons to enable strong-​coupling effects in multipolar 
decay140,141, and leveraging the confinement of plas-
mons to force interference effects between different 
multipolar channels142. Another method suggests using 
surface magnon polaritons to strongly enhance spin 
relaxation143, while another suggests strong Purcell 
enhancements and strong coupling by means of exciton– 
polaritons144,145. Some studies have also pointed out the 
importance of spatial non-​locality on multipolar and 
multiplasmon transition enhancement in metals146,147, 
especially at the highest levels of plasmonic confinement.

Meanwhile, recent experimental studies have inves-
tigated selection-​rule breakdown based on the polariza-
tion of plasmons35, non-​local (finite wavevector) effects 
in absorption of light by van der Waals quantum wells148 

and by graphene149, enhancement of quadrupolar tran-
sitions with surface plasmons in atomic gases150 and 
enhancement of singlet–triplet decays with hyperbolic 
metamaterials151.

Strong-​coupling effects
The Rabi Hamiltonian for a two-​level system. When 
emission and absorption are sufficiently enhanced, an 
emitter is capable of coherently emitting and reabsorb-
ing a photonic quasiparticle before it is lost (to radiative 
or dissipative losses)17–19,152. The emitter and the cavity are 
then said to be in the strong-​coupling regime. A simple 
description of the strong coupling can be derived from 
the fundamental MQED Hamiltonian in the case in 
which the emitter is strongly coupled to one mode, which 
is nearly resonant with a transition between two particu-
lar levels in the system (Box 1 in Supplementary infor-
mation). In that case, the MQED description becomes 
equivalent to the Rabi Hamiltonian HR, a two-​level system 
coupled to a single harmonic oscillator (the cavity mode):

ħ
ħ ħ

ħ
⋅

† †H
ω

σ ωa a gσ a a

g ω
ε V

d u r

=
2

+ + ( + ), with

= −
2

( ),
(6)

z x

fi

R
0

0

where ω0 is the emitter frequency, ω is the cavity fre-
quency, σz,x are Pauli z- and x-​matrices, and a(†) is the 
annihilation (creation) operator for the cavity photon. 
The Rabi frequency g, which measures the strength 
of the interaction between matter and photon, can be 
found through MQED at different levels of approxima-
tion. In the case of a low-​loss cavity and a dipole emit-
ter at point r, g can be expressed in terms of the dipole 
moment of the transition dfi, the mode volume V and the 
mode function u(r). It measures the interaction energy 
of the dipole with the vacuum field of the cavity.

One of the key phenomena encoded in this 
Hamiltonian is Rabi splitting. In particular, if the emitter 
and cavity are resonant with each other, and g ω≪ , then 
the first two excited states of the system split in energy 
by an amount 2g. This Rabi splitting is the hallmark of 
strong-​coupling phenomena, and is a key measurement 
in many works presenting evidence for strong coupling. 
Typically, this measurement is taken by sending light at 
the strongly coupled system, and recording a scattering 
spectrum, such as transmission. In the strongly cou-
pled regime, the scattering spectrum will feature two 
resonances, split by the Rabi splitting (in contrast to a 
single resonance in the weakly coupled system). The 
strong-​coupling regime is manifested experimentally 
when the splitting is resolvable compared with the widths 
of the resonance peaks (related to losses). This condi-
tion is mathematically expressed as: g κ γ> +2 2 , with 
κ the photonic quasiparticle loss and γ the atomic loss. 
The temporal dynamics associated with this frequency 
splitting are damped vacuum Rabi oscillations, in which 
the emitter coherently emits and reabsorbs the photonic 
quasiparticle multiple times before the quasiparticle 
decays. Such dynamics have been observed many times 
in the context of low-​loss dielectric cavities153–156, but less 
frequently in plasmonic contexts11,157.

Vacuum field
The fluctuating electromagnetic 
field that exists in the absence 
of photonic quasiparticles,  
owing to quantum mechanics.
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In general, there are three ways to achieve strong cou-
pling: by having many (N) emitters couple to the same 
mode (g becomes enhanced by N ), by having many 
(n) photons pre-​populate the cavity mode (g becomes 
enhanced by n + 1) or by having a single emitter cou-
ple to an extremely confined mode with a small mode 
volume (since g V≈ 1/ ). The last option represents 
strong quantum electrodynamical interaction at the 
single-​photon level. Any combination of these three 
methods enhances the coupling further. From the stand-
point of this Review, the strong confinement of the 
photonic quasiparticles considered here (polaritons, as 
well as highly confined gap plasmons) can enable strong 
coupling with relatively few emitters and potentially, even 
a single emitter.

Figure  4d illustrates this last point, showing a 
recent experiment demonstrating strong coupling of 
molecules to a nanoparticle-​on-​mirror geometry11. A 
nanoparticle-​on-​mirror geometry, based on a 0.9 nm gap 
established by a molecular spacer layer (cucurbit[7]uril) 
between a gold nanoparticle and a gold film, is used in 
this experiment. Beyond its role as a spacer, cucurbit[7]
uril also intriguingly acts as a cage for the emitter used in 
the experiments, methylene blue, which also allows it to 
bind to the nanoparticles above. This gap structure sup-
ports extremely confined gap modes with such a small 
mode volume that the associated Purcell factors are  
predicted to be 3 × 106. These extreme enhancements  
are sufficient for a few emitters (between one and ten) to 
experience strong coupling to the cavity mode, as shown 
through measurements of the Rabi splitting as a func-
tion of the relative concentration of the emitter and the 
cucurbit[7]uril host. As the density of molecules changes 
the resonance frequencies of the combined system, the 
Rabi splitting can act as a measure of their concentration, 
allowing sensing applications.

Similar Rabi splittings can be observed in scattering 
spectra even in systems with less drastic (but still large) 
confinement by means of coupling more emitters to the 
mode. Examples of this are shown in Fig. 4e,f, specifi-
cally for 2D material systems: a graphene plasmon-​based 
(bio)sensor41 and a hexagonal boron nitride phonon–
polariton-​based sensor42. In both of these examples, it 
is the very strong (~10 nm scale) field confinement of 
the polariton, in conjunction with having many emitters, 
that enables strong coupling. These collective couplings 
have also been observed in systems of molecular vibra-
tions coupled to resonant systems such as Fabry–Perot 
cavities158–161. For high densities of emitters, to model the 
mode splitting based on a Rabi model, counter-​rotating 
terms need to be taken into account, indicative of ultra-
strong coupling. Such systems have been explored with 
possible applications in controlling chemical reactions162. 
Beyond collective coupling of emitters to cavities, it is 
also possible to achieve strong (and ultrastrong) cou-
pling between different collective excitations, such as 
strong coupling of surface phonon–polaritons to surface 
plasmon polaritons in epsilon-​near-​zero materials163,164.

Towards ultrastrong coupling. As an outlook of this sec-
tion, we mention one last interesting theoretical possi-
bility, related to single-​emitter ultrastrong coupling, that 

can be achieved as the confinement of the photonic qua-
siparticle becomes such that it is comparable to the scale 
of the electronic wavefunction. Strong coupling, as dis-
cussed in the previous paragraphs, is maintained when 
the emitter’s decay exceeds the loss rate, which is typi-
cally much smaller than the mode frequency. However, 
a new regime of quantum light–matter interactions 
emerges when the decay exceeds the mode frequency18,19.

In this case, a number of phenomena emerge that 
do not occur in strong coupling. First, Rabi oscillations 
can occur even when an emitter is interacting with a 
continuum of modes (as in a waveguide, as opposed 
to a discrete cavity mode)165. Also, there can be con-
siderable changes in the energies of the ground state, 
due to a very strong Lamb shift165,166, which could allow 
changes in macroscopic thermodynamic properties such 
as chemical reactivity, specific heat and even dielectric 
properties. Another possibility is that virtual photons 
appear as part of the ground state of the coupled sys-
tem (non-​zero expectation values of photon number), 
which can in principle be extracted by time-​modulating 
the system, as in the dynamical Casimir effect167,168. 
Finally, light and matter can be decoupled in the case  
of extreme coupling strengths169–171. The origin of many of  
these striking new phenomena is the breakdown of the 
rotating-​wave approximation, in which one neglects  
the effect of virtual (energy non-​conserving) processes, 
such as an emitter both becoming excited and emit-
ting a photon, or an emitter becoming de-​excited and 
absorbing a photon.

So far, single-​emitter ultrastrong coupling has only 
been observed in systems of superconducting qubits 
coupled to microwave cavities172,173, which works owing 
to the extremely large effective dipole moment of the 
qubit (which g is proportional to). Looking forward, 
extremely confined graphene plasmons (as in ref.9) 
may enable single-​emitter ultrastrong coupling to be 
brought to the infrared regime, as first suggested in 
ref.103 and predicted theoretically to be possible in a 
graphene–quantum-​well stack109.

Free electrons
Controlling spontaneous emission
Much of the focus in the field of quantum light–matter  
interaction is focused on emission and absorption 
of photonic quasiparticles based on bound electrons 
that are spatially confined by some potential in at least 
one dimension, leading to discrete states or bands. 
However, many researchers are now considering the 
classical and quantum interactions of emitters based 
on free electrons. Part of the uniqueness of light–matter 
interactions of free electrons arises from their energy 
spectrum being continuous, rather than discrete as with 
most bound-​electron systems. This difference results 
in free-​electron transitions and free-​electron radiation 
sources being tunable. Moreover, free electrons reach 
much higher (often relativistic) energies, which conse-
quently enable transitions at much higher frequencies 
than are available for bound-​electron systems, even 
allowing for emission of X-​rays. In this section, we go 
into detail on light–matter interactions enabled by free 
electrons, such as the Cherenkov and Smith–Purcell 

Epsilon-near-zero materials
Materials for which the real 
part of the permittivity, at 
some frequency, is nearly  
zero (limited by losses).
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effects, as well as more general phenomena of emission 
of photonic quasiparticles by free electrons.

Spontaneous emission in a homogeneous medium. We 
start by considering the Cherenkov effect, as in some 
sense, it represents the most basic light–matter inter-
action possible in free-​electron systems. Indeed, the 
Cherenkov effect can be described as spontaneous emis-
sion by a free electron174,175 (see also Fig. 1). Historically, 
the Cherenkov effect (or Cherenkov radiation) has been 
associated with the radiation emitted when a charged 
particle (not limited to free electrons) moves more 
quickly than the phase velocity of light in a homogene-
ous dielectric medium176. In a non-​dispersive medium, 
the radiation is emitted into a forward propagating cone 
centred around the direction of motion of the particle, 
with an opening angle θ that satisfies cosθ = 1/βn. Here 
n is the index of refraction of the medium and β = v/c is 
the speed of the particle (v) normalized to the speed of 
light (c)177. Here the effect is enabled because the photo
nic quasiparticle (the photon in a medium) has a phase 
velocity vp slower than c.

The scope of the Cherenkov effect goes far beyond 
charged particles in homogeneous media. For example, 
consider the relation cosθ = 1/βn This relation is a spe-
cific way of representing a more general phase-​matching 
condition that applies to many free-​electron radiation 
processes beyond the Cherenkov effect. This condition is 
given by v · k = ω(k), where v is the charged particle veloc-
ity, k is the wavevector of the photon emitted and ω(k) 
the corresponding frequency of the photon prescribed 
by the dispersion relation24,25,178,179. This phase-​matching 
condition is a result of energy and momentum conser-
vation. Moreover, as can be seen from this general phase 
matching, the emitted photon need not be in a homoge-
neous medium. The emission can be into a more general 
photonic quasiparticle, such as a waveguide mode, or 
surface polaritons such as plasmon and phonon–polar-
itons, or a photonic Bloch mode, provided that the sys-
tem has a well-​defined momentum in some direction 
(discrete or continuous translation symmetry). It is also 
possible for the electron to emit into localized (cavity) 
modes, analogously to much of the research investigating 
bound-​electron coupling to cavities.

Previous work has shown how the dispersion rela-
tion of the photon distinguishes between variants of 
the Cherenkov effect. For example, negative index 
materials180 and photonic crystals178 were both predicted 
to support a backward Cherenkov cone. This effect was 
observed using mathematical analogies simulating 
the emitting particle by a phased-​array antenna181. 
Mathematical analogies were also used to observe a 
kind of Cherenkov effect involving a directional emis-
sion of surface plasmon polaritons, using metasurfaces182 
to simulate the polarization field of a moving electron. 
Nevertheless, such effects have yet to be observed with 
true charged particles. Controlling the angular emission 
properties of Cherenkov radiation is important, particu-
larly in applications such as Cherenkov-​based particle 
detectors, where it is the emission angles that are used 
to determine the properties of incident high-​energy 
particles183.

These interactions can be measured by detecting 
the electron-​energy losses associated with the emission 
using electron-​energy loss spectroscopy (EELS), which 
has also been shown to probe the local density of states 
of the optical structure25. That the electrons probe the 
local density of states can be seen from the general 
expression for spontaneous emission by a quantum sys-
tem of equation 2. The total rate dΓi of energy loss by an 
electron in an initial energy eigenstate i (for example, a 
plane wave with some momentum ħk), into all possible 
final states, per unit energy loss dω, is given by:

ħ
′

⋅ ′ ⋅ ′ .∗

∑ ∫
(7)

Γ
ω

μ
r r

ω ω ωj r G r r j r

d
d

=
2

d d

( ) Im ( , , ) ( )δ( − )

i

f

fi fi if

0 3 3

Note that because of the extended nature of a generic 
free electron, the electron probes a more general quan-
tity than the local density of states, as the electron probes 
the Green’s function at two different locations. However, 
it is often the case, as in high-​resolution electron micro-
scopes, that the emitter is an electron wavepacket 
that is well localized around a straight-​line trajectory 
r(t) = r0 + vt. It can then be seen by direct application of 
Fermi’s golden rule that the probability dP of the electron 
losing energy ħω per unit frequency dω is given by

∫ (8)
P
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which is the standard EELS formula25. Equation 8 thus 
shows that the electron probes the local density of states 
along its trajectory, for an arbitrary optical structure184,185.

The underlying quantum nature of the Cherenkov 
effect. The vast majority of the research done on the 
Cherenkov effect has been based purely on classical 
electrodynamics, which has accounted perfectly for all 
known observations thus far. The Cherenkov effect can 
also be explained through MQED174,175 (Fig. 3) simply as 
the equivalent of spontaneous emission by a free electron 
in a medium. This equivalence emphasizes the central 
place of the Cherenkov effect in the light–matter interac-
tions of free electrons. Moreover, the quantum treatment 
of Cherenkov radiation leads to corrections originating 
from the recoil of the emitting particle due to the emis-
sion of a single quantum of photonic quasiparticle. The 
quantum recoil corrections have been predicted to be 
substantial in certain conditions for the Cherenkov effect 
in regular materials123 and in graphene186, and for low-​
energy electrons in the analogous Smith–Purcell effect187 
(described in more detail below), in which a free electron 
spontaneously emits light into a periodic medium, rather 
than a partially homogeneous medium.

Another type of quantum correction exists in the 
Cherenkov effect and in other electron radiation pheno
mena (Fig. 5): the dependence of radiation emission on 
the wavefunction of the emitting particle. Such pheno
mena have been predicted for the Cherenkov effect123, 
Smith–Purcell effect188, other spontaneous radiation 

Cherenkov cone
Photons emitted via the 
Cherenkov effect take the form 
of a cone, symmetrical around 
the motion of the emitting 
particle.
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mechanisms189 and their stimulated analogues190. The 
first few experiments on this effect have been performed. 
One experiment showed no wavefunction dependence188 
because the emission did not depend on the character-
istics of the photonic quasiparticle, and could be mod-
elled with free-​space photons. In contrast, an indirect 
measurement through EELS showed the first evidence 
of a wavefunction effect in the other extreme case, of 
emission into localized surface plasmons14, in which the 
characteristics of the photonic quasiparticles deviated 
substantially from those of a free photon. The key dif-
ference in these experiments is the nature of the photonic 
quasiparticle. For the precise shape of the wavefunction 
to influence the radiation, the two electron states must 
transition to the same final electron and photon state, so 

that the transition amplitudes can interfere. In the case 
of Smith–Purcell radiation of a 1D grating, the photo
nic quasiparticle has a well-​defined momentum (up to 
a lattice vector), and then strict momentum conserva-
tion does not allow two distinct electron states to inter-
fere. In the case of localized quasiparticles (as in ref.14) 
that break translation invariance, such an interference 
becomes possible owing to the relaxation of conserva-
tion laws. Therefore, in contrast to previous cases in this 
Review, in which dispersion, confinement or polarization 
was the root cause of the effects, here it is symmetry.

The Cherenkov effect as a test of photonic quasipar-
ticles. Modern incarnations of the Cherenkov effect 
(Fig. 6) demonstrate the wide applicability of photonic 
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electron-​energy loss spectroscopy (EELS), through symmetry matching 
between plasmonic modes and the electron wavefunction. The electron 
wavefunction can be structured by the use of a phase plate or bi-​prism 
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quasiparticles. Specifically, we show that the Cherenkov 
effect has now been studied with plasmons186,191–194 
(Fig. 6a) and with phonons in solids195,196 (Fig. 6b), which 
are the photonic quasiparticles that interact with 

ultraslow electrons in solids (in place of relativistic elec-
trons). The emission follows the same phase-​matching 
condition, including quantum recoil corrections dis-
cussed in the previous section. However, in the case of 
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low-​energy emitters based on electrons in solids, these 
quantum recoil corrections can become quite impor-
tant, allowing emission even when the electron is above 
the phase velocity of the excitations — such as in the 
emission of plasmons by hot electrons in graphene186. In 
that sense, the physics of the quantum Cherenkov effect 
becomes observable and important in condensed-​matter 
systems. In these contexts, it is also important to men-
tion that these effects are enabled with electrons in solids 
because the photonic quasiparticle, the bulk plasmon 
or phonon has a phase velocity two to four orders of 
magnitude slower than c.

Specifically, the slow velocities of phonons ena-
ble electrons and holes in solids to emit phonons in a 
Cherenkov effect, as well as absorb them in an inverse 
Cherenkov effect. These phenomena can occur in con-
ventional solids197,198 and in graphene196. Such Cherenkov 
processes are equivalent to charge carrier relaxation 
and thermalization by electron–phonon scattering. 
Nevertheless, treating the process through a Cherenkov 
formalism proved useful in explaining recently observed 
phenomena of electron–phonon instabilities and noise 
amplification in graphene195. Beyond these effects 
with electrons in solids, relativistic free electrons are 
also used to probe phonons through measuring the 
energy losses of electrons that spontaneously emit pho-
nons. Such techniques are now used for vibrational 
spectroscopy199–201. Similar to phonon scattering, even 
charge carrier scattering (known as Landau damping) 
by surface and by bulk plasmons can be connected to 
a Cherenkov-​like process202. This similarity between all 
the excitations helps promote the combined treatment 
of all photonic quasiparticles with the same concepts 
and methods of light–matter interactions, as shown in 
Fig. 3. This combined treatment shows that despite the 

different microscopic origins of electromagnetic excita-
tions, and despite their varying degree of photon ver-
sus matter composition, they can all be considered as 
instances of a more general photonic quasiparticle.

Spontaneous emission in a periodic medium. Being quite 
similar in essence to the Cherenkov effect, the Smith–
Purcell effect has an electron travelling along a periodic 
optical system and emitting light into the far field203. 
The effect can be understood from the Cherenkov 
effect, but using a different photonic quasiparticle, 
which is the Bloch photon mode. Here the effect is 
enabled because the photonic quasiparticle, the Bloch 
photon, has higher momentum components associated 
with additions of reciprocal lattice vectors. An electron 
can couple to a Bloch photon if phase matching, such 
that v · (k + G) = ω(k) is satisfied, where k is the Bloch 
wavevector inside the first Brillouin zone and G is a recip-
rocal lattice vector24,25,190. Smith–Purcell radiation arises 
when this evanescent harmonic of wavevector k + G 
diffracts into the far field. The frequency of the emitted 
photon depends on the angle of emission, and the perio-
dicity of the crystal by the relation ω = (v · G)/(1 − βcosθ), 
showing that emission into gratings with small periods 
enables high-​frequency (even ultraviolet) radiation204, 
motivating a push to observe Smith–Purcell effects 
(and other related free-​electron radiation effects) in the 
interaction of free electrons with nanostructures204–207. 
Smith–Purcell radiation is possible for any periodic 
medium, both metallic gratings in which Smith–Purcell 
was historically studied (and explained in terms of image 
charges)203,208 and dielectric gratings such as silicon209. In 
all cases, by modelling Smith–Purcell radiation as the 
grating scattering (diffraction) of the electron’s near field 
into the far field, one can derive fundamental bounds on 
the efficiency of Smith–Purcell radiation, as developed 
and probed experimentally in ref.210.

Spontaneous emission in strong fields of photonic qua-
siparticles. As an outlook on the possibility of applying 
the considerations of Fig. 1 to free-​electron processes, 
we discuss recent theoretical proposals related to free-​
electron radiation in strong driving fields. Both the 
strong driving field and the emitted radiation can be 
modified by the optical environment and lead to new 
effects. In particular, the electron can absorb or, after 
stimulus, emit photonic quasiparticles from an external 
driving field and spontaneously emit another photonic 
quasiparticle. Typically, owing to the relativistic nature 
of the emitting electron, the spontaneously emitted pho-
ton can be at a very different frequency from the origi-
nal photon. As an example, Fig. 6d shows a proposal to 
scatter free electrons from a strongly pumped external 
plasmonic standing wave on the surface of graphene211. 
The free-​electron can then undergo a Compton-​like pro-
cess in which it absorbs (or emits when stimulated) the 
plasmon and emits a photon. Owing to the relativistic 
nature of the electron and the high optical confinement 
of the plasmon, the emitted photon can be at hard X-​ray 
frequencies. Compared with other sources of X-​rays, this 
source can produce X-​rays using much fewer relativistic 
electrons owing to the graphene plasmon confinement. 

Fig. 6 | The similarity of electron–photon, electron–plasmon and electron–phonon 
interactions. a | Cherenkov radiation of plasmons in graphene by hot electrons (depicted 
schematically and by a Feynman diagram), which is shown in ref.186 to occur with a very 
high efficiency compared with Cherenkov radiation in transparent dielectric media.  
b | Top: holes (labelled h) moving in ultraclean samples of graphene, interacting with 
phonons (wavy arrows). Bottom: stimulated amplification of phonons can be probed by 
concomitant amplification of magnetic noise (bottom), as detected by nearby magnetic 
moments (spins in top panel). c | Noise amplification of phonons explained as a stimulated 
Cherenkov emission of phonons, arising when the electrons move more quickly than the 
phase velocity of the phonon. d | Proposal to use laser-​excited photonic quasiparticles,  
in the form of surface plasmons, to produce X-​rays from free electrons via inverse 
Compton scattering (up-​converting the plasmon into X-​rays). The plot on the right shows 
a theoretical model of X-​ray intensity as a function of photon energy and emission angle. 
e | The phenomenon can even occur without an externally excited plasmon, using strong 
Casimir-​type forces based on quantum vacuum fluctuations of photonic quasiparticles. 
The plot on the right shows the predicted power of X-​ray emission, showing that the 
emitted power per electron is comparable to that of synchrotron radiation from an 
electron in an externally applied magnetic field of 0.1–1.0 Tesla. f | Proposal to generate 
high harmonics of photonic quasiparticles, in the form of surface plasmons, by electrons 
interacting with strong fields. The emitted plasmonic pulses can reach nanometre spatial 
and femtosecond temporal scales with a comb-​like profile, which could be of interest  
for high-​resolution imaging and spectroscopy over a wide range of frequencies. Here,  
vD denotes drift velocity; vs is sound velocity; φ azimuthal angle and θ polar angle (shown  
in Fig. 6d), E0 incident electric field, k wavevector, x, y, z are Cartesian directions, ω is 
frequency, i incident and q a plasmon wavevector. Panel a adapted from ref.186, CC BY 4.0. 
Panels b and c adapted with permission from ref.195, AAAS. Panel d adapted from ref.211, 
Springer Nature Limited. Panel e adapted from ref.122, Springer Nature Limited. Panel f 
adapted with permission from ref.124, APS.
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That said, the small extent of the evanescent graphene 
plasmon strongly limits the achievable flux and/or inten-
sity, with heterostructures having been proposed as a 
method to mitigate this212,213.

Such radiation processes can take place without any 
driving field. Figure 6e considers the case in which a free 
electron spontaneously emits both the plasmon and the 
X-​ray photon, which is equivalent to Compton scatter-
ing from plasmonic vacuum fluctuations122. Strikingly, 
such a spontaneous process has similar power yields to 
the stimulated process owing to the very strong vacuum 
fluctuations on the nanoscale. However, the emission is 
far less monochromatic, because of the strongly multi-
modal nature of the process, which means that sponta-
neous emission occurs into any available plasmon mode, 
leading to X-​ray emission at a wide spectrum.

So far, all the considered processes were first- or 
second-​order in MQED, but there also exist radiation 
processes in which many photons are absorbed or 
emitted through stimulation (effectively higher-​order 
MQED), followed by spontaneous emission of a single 
photonic quasiparticle. Such nonlinear Thomson scat-
tering processes are typically very weak, but can become 
efficient when the emission is into plasmons as a result of  
their strong confinement124. This enhancement is a mani
festation of the Purcell effect, but for strongly driven  
free electrons (Fig. 6f) instead of bound electrons.

Stimulated emission and/or absorption
Strong coupling with photonic quasiparticles. Photonic 
quasiparticles can be used to exert a great deal of con-
trol over spontaneous emission by free electrons, in a 
similar way to that for bound electrons. A natural ques-
tion, extending ideas from bound-​electron physics, is 
whether or not strong or ultrastrong coupling (and 
associated phenomena, such as Rabi oscillations) can 
also be realized in free-​electron systems. Here, some 
distinction should be made between vacuum strong-​
coupling effects, where the electron–light coupling 
g is strong enough to induce Rabi oscillations, and 
stimulated strong-​coupling effects. In the case of stim-
ulated effects, the coupling is effectively enhanced to 
n g+ 1  in the presence of n photonic quasiparticles. 

This enhancement is similar to the case of bound-​
electron systems, in which Rabi oscillations in atoms, 
molecules and various types of qubit can be induced by 
a strong driving field. Vacuum strong and ultrastrong 
coupling has not yet been observed with free-​electron 
systems, though there have been some proposals for 
strong coupling214,215 based on electron–cavity inter-
actions. Other proposals for vacuum ultrastrong cou-
pling involved Cherenkov radiation by heavy ions216 and 
Cherenkov radiation of graphene plasmons by electrons 
in solids186.

Strong coupling and ultrastrong coupling effects 
have been observed in non-​relativistic systems of parti-
cles that are closely related to free electrons. In particu-
lar, strong coupling, and the associated phenomena of 
Rabi splitting in scattering spectra, have been observed 
in 2D electron gas (2DEG) systems associated with 
high-​mobility quantum wells immersed in magnetic 
fields. These systems feature many electrons occupying 

Landau levels that are collectively coupled to a common 
resonant cavity mode, typically a terahertz cavity mode 
associated with a metallic resonator hosting a highly 
confined mode217,218. Because strong coupling mod-
ifies the energy spectra of the composite system, and 
because macroscopic properties such as transport and 
other thermodynamic properties depend on the under-
lying energy spectra of the system, strong coupling can 
change the intrinsic properties of the system. This was 
demonstrated very recently in the context of magne-
totransport of electrons in 2DEGs, where the transport 
properties were strongly modified by the presence of a 
terahertz resonator219. Similar Rabi splitting effects have 
also been observed in the coupling of cavities to other 
free-​electron-​like systems, such as intersubband tran-
sitions in quantum wells (through their electric dipole 
moments)220,221 and even collective excitations of Cooper 
pairs (known as Josephson plasma resonances)222.

Photon-​induced near-​field optical microscopy. Although 
vacuum strong-​coupling effects have not been observed 
so far with free electrons, stimulated strong-​coupling 
effects have emerged in recent years using pulses of 
free electrons interacting with pulses of strong laser 
fields223. These results have had immediate applications 
in ultrafast electron microscopy224.

The most influential advances in this direction are 
the results of the new capability called photon-​induced 
near-​field electron microscopy (PINEM)223, in which 
an electron interacts with a strong field that is cou-
pled to a material. The electron undergoes absorption 
and stimulated emission of many photons of the driv-
ing field in a way that also provides new insight on 
the material. In particular, by measuring the energy 
spectrum of electrons undergoing PINEM interac-
tions, it is possible to image the near-​field distribu-
tion of an excited electromagnetic field with high 
spatial resolution225. PINEM-​based techniques reached 
under 10 nm resolution226, millielectronvolt-​scale 
energy resolution227,228 and recently also 100 fs tempo-
ral resolution228,229, allowing direct measurement of 
the lifetimes of optical modes. Because PINEM oper-
ates based on energetic free electrons, it also allows 
imaging of confined modes buried inside materials230. 
Such capabilities are complementary to other state-​ 
of-​the-​art techniques for imaging near fields, such as 
SNOM6,7,27, photo-​emission electron microscopy56,231–233 
and cathodoluminescence microscopy20,187,234.

This absorption and emission can be shown to 
be equivalent to a multilevel quantum system with 
equally spaced energy levels undergoing quantum Rabi 
oscillations225. The number of photons absorbed and 
emitted scales with a dimensionless parameter g. Note 
that this parameter, g, is different from the Rabi fre-
quency used in the discussion of bound-​electron strong 
coupling. This parameter is also equivalent to a quan-
tity used in linear-​field laser acceleration in accelerator 
physics235–238 — the integrated work done by the com-
ponent of the electric field (Ez) along the trajectory of 
the particle of charge q, which in our case is normalized 
by the energy of the driving photon ħω. For an electron 
moving with velocity v along the z direction
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The PINEM interaction has been observed for a wide 
range of photonic quasiparticles, including localized 
plasmons239, surface plasmons230, free-​space plane-​wave 
scattering off a mirror240, photonic-​crystal modes228 and 
whispering-​gallery modes229, as well as propagating pho-
tonic modes in a half-​infinite homogeneous medium237. 
In all cases, the presence of matter that modifies the 
free-​space photon is critical, as the equation for g van-
ishes for any field E in free space. This result shows the 
necessity of a strong driving laser pumping an electro-
magnetic field mode that deviates from that of free space 
so that the integral of g does not vanish.

The experimental setups used for such interactions 
are ultrafast transmission electron microscopes224, 
with related effects also observed in ultrafast electron 
diffraction setups241,242 and in other electron-​beam 

setups243, which show the classical corresponding effects 
of PINEM. Figure 7 shows some experimental results 
in the field, including the extremely nonlinear inter
action of a free electron with multiple photons, such as 
ten-​photon absorption/stimulated emission223 (Fig. 7b), 
creating free-​electron Rabi oscillations225 (Fig. 7a). This 
nonlinear interaction has been applied in microscopy 
for imaging plasmons at buried interfaces230, presenting 
millielectronvolt energy resolution in EELS227, and imag-
ing plasmons with angular momentum64 (Fig. 7c). The 
latter uses the quantized nonlinear interaction of elec-
trons with the angular-​momentum-​carrying plasmons 
to create electron vortex beams244.

Outlook
In this Review, we survey the broad physics of the inter-
actions between bound- and free-​electron emitters and 
photonic quasiparticles (photons in media). We show 
that by using the photonic quasiparticle concept (Figs 1;2)  
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from ref.223, Springer Nature Limited. Panel c adapted from ref.64, Springer Nature Limited.
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to describe any electromagnetic field in a medium, we 
could understand many seemingly disparate phenomena 
(Fig. 3) by appealing to either the confinement (Figs 4;6), 
symmetry (Figs 5;7) or dispersion (Figs 6;7) of the photonic 
quasiparticle.

We emphasize here that the photonic quasiparticle 
is rigorously supported by MQED, which allows the 
quantization of electromagnetic fields in any medium, 
including non-​local ones. One can quantize photons in 
vacuum, in transparent media, cavity photons, Bloch 
photons, polaritons in van der Waals materials, and 
even bulk phonons and plasmons (which are described 
by non-​local response functions). MQED thus serves 
as a key unifying tool in the physics of light–matter 
interactions.

From the point of view of MQED fundamentals, 
many opportunities still remain to be explored in light–
matter interactions with photonic quasiparticles. We 
highlight some of the most ambitious directions here. 
Many open questions remain on the nature of ultrastrong 
coupling of emitters to systems with a continuum of 
modes. Can ultrastrong coupling be used to design new 
bound states of emitters with photonic quasiparticles? 
How can strong multiphoton effects be used to design 
materials with stronger optical nonlinearities? Another 
interesting direction comes from the fact that energy 
levels of emitters can shift owing to virtual absorption 
and re-​emission of photonic quasiparticles, according to 
the Lamb shift. Can emitters be re-​designed at will using 
Lamb shifts in the ultrastrong coupling regime? Such 
questions also beget questions regarding renormalization 
in MQED — the photonic quasiparticle vacuum changes 
the energy levels of emitters in a way that in principle 
depends on all modes, even arbitrarily high-​frequency 
ones. This dependence invites questions as to how to 
find correct predictions for energy shifts (see ref.245 
for the case of a homogeneous medium). Finally, as an 

outlook on novel X-​ray generation mechanisms, it is 
of practical interest to explore how (or whether) these 
mechanisms can serve as an effective gain medium at  
X-​ray frequencies.

We emphasize here that this field is still in a nas-
cent stage. There are still many theoretical directions to 
explore, and there are many predictions still waiting to 
be verified. More than half the experiments in PINEM 
have been published just in the past 5 years. Looking for-
ward, it will be of interest to experimentally demonstrate 
spontaneous (Cherenkov type) and stimulated (PINEM 
type) interactions of free electrons with novel polaritons. 
In particular, the stimulated PINEM interactions may 
enable new methods to image the dynamics of highly 
confined polaritons with nanometre and femtosecond 
resolution.

The most recent predictions on strong light–matter 
interactions with highly confined photonic quasipar-
ticles in 2D materials have not yet been demonstrated 
experimentally. Thus, one of the most important goals 
moving forward will to be to test the exciting predictions 
made regarding enhancing spontaneous emission, realiz-
ing forbidden transitions, and achieving strong and even 
ultrastrong coupling phenomena in new material plat-
forms at optical frequencies. Moreover, it has yet to be 
shown that enormous spontaneous emission enhance-
ments also extend to two-​photon processes. Another 
exciting experimental direction that we expect to see in 
the next few years is probing light–matter interactions 
of bound and free electrons with photonic quasiparticles 
in moiré systems246,247. Such an experiment will eventu-
ally enable the observation of strong coupling between 
twisted bilayer systems and optical cavities, altering 
the energy spectra of the moiré system, possibly even 
influencing transport and other macroscopic properties.
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