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ABSTRACT

The emergent field of cavity quantum materials bridges collective many-body phenomena in solid state platforms with strong light-matter
coupling in cavity quantum electrodynamics. This brief review provides an overview of the state of the art of cavity platforms and highlights
recent theoretical proposals and first experimental demonstrations of cavity control of collective phenomena in quantum materials. This
encompasses light-matter coupling between electrons and cavity modes, cavity superconductivity, cavity phononics and ferroelectricity, cor-
related systems in a cavity, light-magnon coupling, cavity topology and the quantum Hall effect, as well as super-radiance. An outlook of
potential future developments is given.
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cavities should be further explored with the goal to modify their emer-
gent properties.”'*

While light-matter coupling in the classical case is weak, given
by the bare fine structure constant in vacuum, many photons created
by a laser occupy a macroscopic coherent state that can change a mate-
rial’s properties. On the contrary, the key idea behind the engineering
of materials’ properties with quantized photon modes is that the effec-
tive optical mode volume can be reduced by constructing a suitable
surrounding (cavity), and the light-matter coupling can thus be
increased compared to its bare value (ultrastrong or even deep strong
coupling, see Sec. 1I). Due to the stronger coupling, the number of
photons required to significantly change the physics of the light-
matter system can potentially be reduced, perhaps even to the point
where no photons are required (dark cavity) and the pure quantum
fluctuations of light suffice to achieve certain effects.

The purpose of this brief review is to provide an overview of
recent research activities that bridge the fields of quantum materials
and cavity quantum electrodynamics (QED), which we call ‘cavity
quantum materials.” Importantly, this article is not aimed at providing
an extensive review of research into strong cavity light-matter cou-
pling in all possible platforms. In particular, we note that there is an
entire field of exciton polaritonics and exciton-polariton condensates,
which is complementary to the focus of this brief review in that the
coupling to light happens via quasi-bosonic excitations of the electron
system, namely, excitons, relevant mostly in semiconductors. We refer
to excellent reviews of the rich phenomenology in this field for further
reading,'”*’ Moreover, ultracold quantum gases constitute another
important platform in which the collective behavior of cavity-coupled
many-body systems can be studied; here, we refer to a recent compre-
hensive review, Ref. 21.

This brief review is structured as follows. First, we give an over-
view of the state of cavity quantum electrodynamics (cavity QED)
insofar as it concerns the cavity control of materials in Sec. II. Then,
we discuss the cavity control of quantum materials in Sec. III. We
focus, in particular, on the different light-matter coupling opportuni-
ties in Sec. IIT A, and the cavity control of collective phenomena in Sec.
IIIB. We provide an Outlook of promising directions and relevant
future work in Sec. I'V.

Il. CAVITY QED AND EXPERIMENTAL STATE
OF THE ART

Cavity QED traditionally concerns itself with the interaction of a
single or multiple emitters with the well-defined field mode of a cavity.
If only a single dipolar transition of the emitters couples strongly to
the cavity with frequency , we can describe it in terms of a simple
two-level model and quantify the light-matter interaction by a single
coupling strength g. In order to assess the emerging physics, we have
to compare this coupling strength with the loss rates in the system, i.e.,
with the cavity loss 7.,, and the material loss },,,. The cavity quality
factor is defined as Q = @/, -

In the weak coupling regime, where the loss rates dominate over
coherent coupling, ¢ < V¢4, Vmar» the dynamics are essentially inco-
herent and each emitter will interact independently with the cavity.
Nevertheless, the presence of the cavity manifests itself in the change
of the excited state lifetimes of the emitters as described by the Purcell

7

effect.”
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When the coherent coupling becomes comparable to the loss
rates, g = Y.,y Vmar> We enter the strong coupling regime, where the
recurrent exchange of excitation quanta between cavity mode and
emitters leads to the formation of hybridized states, which inherit
properties of both constituent parts.”*”” In this regime, the different
emitters start to feel each other’s presence, forming collective states
called polaritons.” The presence and stability of such collective states
are usually quantified by the cooperativity C = 4¢%/ (7. Vimar)- - A
high cooperativity C >> 1 signals a regime where emitters behave as a
single collective state.

When the coupling becomes even stronger such that it is compara-
ble to the bare cavity frequency, ¢ < w, we enter the ultrastrong coupling
regime. In this regime, counter-rotating, energy-nonconserving terms in
the light-matter interaction become relevant and the ground state of the
coupled cavity—emitter system is affected. Recent theory work indicates
that this can even happen in the presence of strong losses.”’

Finally, recent experiments have reached an even more extreme
regime, dubbed deep strong coupling, where coherent coupling
becomes the dominant energy scale in the system.”>** In particular, it
is larger than the bare cavity frequency, g > w.

With current technologies, there are two approaches to reach a
strong light-matter coupling regime: (1) In the optical regime, where
the coupling is always a fraction of the bare cavity frequency, g < w,
it can only be reached in high-finesse cavities with large quality fac-
tors™* in order to beat the loss rate. (2) More recently, with the
advent of nanoplasmonic cavities in the terahertz or microwave (MW)
regime, another route to reach a strong coupling regime has become
available—it leverages the strong compression of plasmonic nearfields
far below the farfield diffraction limit, Vyueqe < (2/2)°, to create very
large interaction strengths. These can reach strong coupling (or even
deep strong coupling™) in the presence of ‘noisy’ samples with large
losses or low quality factors. It is this second route, which is most
appealing for the manipulation of quantum materials, and in the fol-
lowing we will review the different platforms that exist today.

A. Microcavities

Microcavity structures are multimode cavities that are formed
by metallic or dielectric mirrors.”* We depict a hybrid example in
Fig. 1(a). An in-depth introduction to the coupling of high-quality
microcavities to monolayer semiconductors can be found in Ref. 35.
Metallic microcavities are intrinsically lossy, thus restricting the
achievable quality factor, but their strong confinement of the cavity
light field produces large Rabi splitting. Conversely, distributed Bragg
reflectors (DBRs) allow for higher quality factors, while limiting the
confinement.

B. Split-ring resonator cavities

An example of a nanoplasmonic split-ring resonator is depicted
in Fig. 1(b). These gold structures can be coupled to two-dimensional
electron gases through evanescent waves,”® and are capable of achiev-
ing the largest cavity mode volume compression reported to date,
V ~ 107°/°. They are consequently the only experimental platform,
where coupling strengths exceeding the bare cavity resonance
were reported,””” thus reaching the deep strong coupling regime.
Their metallic nature restricts their quality factor to below Q ~ 10.
A detailed discussion of their properties is found in Ref. 38.
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FIG. 1. Platforms in condensed matter cavity QED: (a) Microcavity setup for the coupling of interband transitions. In this hybrid example, the top cavity mirror consists of a gold
sheet. The dielectric PMMA filling material fills the cavity volume. The sample is given by a monolayer semiconductor, here WSe,. The bottom mirror of the resonator is formed
by a distributed Bragg reflector (DBR). Such a setup was employed, e.g., in Ref. 22. (b) A nanoplasmonic split-ring cavity, where the resonator is formed by the gold structure.
The field is mostly confined between the two horizontal bars, and can couple evanescently to an underlying two-dimensional material, here sketched as the blue layer.
Reprinted with permission from Bayer et al., Nano Lett. 17, 6340-6344 (2017). Copyright 2017 American Chemical Society.” (c) and (d) Two realizations of terahertz photonic
crystal cavities. In panel (c), the cavity is formed by defects in a two-dimensional array of holes in the dielectric material. Figures (c) and (d) reprinted with permission from J.
Appl. Phys. 125, 213103 (2019). Copyright 2019 AIP publishing.”* In figure (d), silicon wafers act as Bragg reflectors to contain the cavity field. Reprinted with permission from

Zhang et al., Nat. Phys. 12, 1005-1011 (2016). Copyright 2016 Springer Nature.” (e) Proposal of a graphene/hBN surface plasmon cavitg/ coupling to quantum material
(BSCCO) below. Reprinted with permission from Berkowitz et al., Nano Lett. 21, 308-316 (2021). Copyright 2021 American Chemical Society.”

These platforms were recently used to induce strong coupling of col-
lective excitations in cuprate superconductors with light.””*’

C. Array defect cavities

Figure 1(c) shows an example of a terahertz defect cavity. It is
formed by defects in a two-dimensional array of holes, which are
drilled inside a dielectric material. Here, the cavity field can couple to
phononic or magnonic excitation inside this material.”* These cavities
combine substantial mode compression compared to free space cavi-
ties, V ~ 1073 2* with larger quality factors than split-ring cavities, for
which Q < 10°.

D. Semiconductor heterostructure cavities

Figure 1(d) shows another example of a photonic crystal cavity.
It is composed of silicon wafers that form DBRs, and a central block
acting as a defect where large field enhancements can be achieved. A
two-dimensional electron gas, as indicated in Fig. 1(d), which is placed
near this central block can experience large light-matter coupling at
large cooperativities,”” such that energy-nonconserving terms in the
interaction become relevant."’

E. Plasmonic/polaritonic layer cavities

Strong light-matter coupling can be achieved by placing a sample
in the vicinity of a metallic, graphene, or hexagonal boron nitride

(hBN) layer, where strongly confined surface plasmon polaritons
can hybridize with the sample’s excitations.”” A theoretical proposal
for such a structure is shown in Fig. 1(e). A recent experiment, Ref. 43,
reported the largest mode volume compression to date, V ~ 5
X 10‘10/1(3, (where /, is the free space resonance wavelength) in the
mid-infrared (IR) and THz region. This platform also enables strong
coupling with propagating phonon polaritons,* i.e., coupling at large
momenta.

F. Terahertz Fabry-Pérot cavities

Cryogenic cavities in the terahertz regime were recently devel-
oped.”” While they do not feature the strong field compression of
nearfield cavities, their unique strength lies in the continuous tunabil-
ity of the cavity resonances, which will enable their coupling to a great
variety of collective modes in correlated materials.

I1l. CAVITY CONTROL OF QUANTUM MATERIALS
A. Cavity light-matter coupling

Fundamentally, charged matter couples to light (or any form of
electromagnetic field) via the minimal coupling, ie, p — p — gA,
where p is the momentum of the particle, g is its charge and A is the
vector potential of the electromagnetic field. Here, we have set the sca-
lar potential to zero, describing the light field by A alone. Freely
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moving electrons with charge g = —e thus experience a coupling
described via the kinetic energy

r’ 1 2 I, 242
—_—— A = — A A A
S Pt ) 2m(p + epA + eAp + €*A?)
1 2 242
= — 2eA A 1
S (0" + 2edp + 247, 1)

where for the last equality we have chosen the Coulomb gauge VA = 0
for convenience, yielding pA = Ap. In general, both terms, eAp and
¢?A?, must be kept, although for small A (or e) the latter is often
neglected over the former. Such a situation is not applicable in the QED
strong light-matter coupling context we are considering here.

The example of freely moving charges discussed above, though
instructive, is not very relevant to the case of materials strongly cou-
pled to light in a cavity. First, the ions of the crystal (assumed within a
Born approximation to be static and classical) define a periodic lattice
potential requiring the extension of Bloch’s theorem in the presence of
a cavity mode. Second, fluctuations in the charged ions’ position (even
if the Born approximation holds to high precision) can couple to the
light field as well, yielding direct phonon-photon coupling. Third,
electronic excitation via the light field can excite a myriad of collective
phenomena (being of collective electronic, vibrational, or other
nature)—a subsidiary effect that requires a detailed study of the micro-
scopic interplay of different degrees of freedom in a solid. It can be
described using the minimal coupling approach upon integrating out
the fermionic degrees of freedom.”* *

To address the first complication of electrons moving in a peri-
odic potential subject to a light field, we need to extend the standard
Bloch theorem to include, in general, the time- and space-dependent,
vector potential A."” Furthermore, in the case of strong light-matter
coupling in a cavity the quantization of the light field might be of rele-
vance and the classical field A should be replaced by a quantized one.
In a pragmatic approach (valid in the regime of not too strongly vary-
ing vector potentials and not too strong light-matter interaction), one
might start with a tight-binding model for the material and add the
effects of the light field by Peierls substitution where hopping ampli-
tudes between Wannier states v and 1/ centered at R and R’ are
dressed by a phase factor (written here for a spatially homogeneous
field, i.e., in dipole and single-mode approximation) such that

t,(R—R) = t,,(R— R )e #ARK) )

and the field A is quantized after this substitution has been performed.
In tight-binding models, further light-matter coupling terms can arise
compared to the case when free particles are minimally coupled to a
gauge field. One of these intriguing additional light-matter couplings
was recently linked to the quantum geometry of the electronic wave-
functions in the presence of non-trivial quantum geometry.”’ >* These
couplings go entirely beyond a classical paradigm, where only the elec-
tronic band slope (velocity) and curvature (inverse effective mass)
determine the paramagnetic and diamagnetic light-matter coupling,
respectively. In certain cases, the quantum-geometric terms can domi-
nate the physics, in particular in flatband systems™” where classical
light-matter coupling vanishes. Intriguingly, in these flatband systems
the vanishing electronic kinetic energy can thus lead to comparatively
large quantum-geometric light-matter coupling effects even when the
light-matter coupling strength is not large per se.

REVIEW scitation.org/journal/are

In the ultrastrong coupling regime the above questions, e.g., how
to set up tight-binding models, have attracted a lot of research interest
lately."*”*° In this limit, solving the full problem of a light-matter
coupled particle in a periodic potential proves more difficult. In addi-
tion to the Peierls substitution in Eq. (2), there are dipolar and higher
order matrix elements in the quantum light-matter Hamiltonian in a
tight-binding basis,” *> and the validity of few-band approximations
becomes increasingly questionable at ultrastrong coupling.”””” One
strategy in the limit where light-matter interaction becomes the domi-
nant energy scale was put forward in Ref. 56 and relies on a unitary
transformation that achieves asymptotic decoupling of light and mat-
ter degrees of freedom.

B. Cavity control of collective phenomena in quantum
materials

1. Cavity superconductivity

Some of the holiest grails in the field of quantum materials are the
quests for higher-temperature superconductivity and for novel uncon-
ventional order parameters, in particular topological superconductivity.
The possibility to reach higher critical temperatures by laser driving was
suggested by a series of experiments indicating light-induced supercon-
ducting-like states with lifetimes of a few picoseconds,” recently
extended to nanoseconds.”” There has been a plethora of possible theo-
retical explanations for these observations, and it is a fair statement that
no final conclusion has been reached yet, neither on the nature of the
light-induced states, nor on the microscopic mechanisms behind them.
Nevertheless, theorists have been inspired by those developments to
conceive ideas that might enable cavity superconductivity.

In general, there are two main strategies to achieve this goal. The
first one is to employ the direct coupling of electrons and photons and
to use the cavity photons of mediators of an attractive force that gives
rise to Cooper pairing and ultimately superconductivity. The second
strategy is to couple the photons to other degrees of freedom (e.g.,
phonons, magnons, plasmons, excitons, or even a combination
thereof), which in turn couple to the relevant electronic quasiparticles
to provide a pairing mechanism.

(1) Direct photon-mediated pairing: The most straightforward
fashion in which coupling to cavity modes can impact
superconducting pairing is by providing a pairing glue
through virtual-photon exchange between electrons. This is
in direct analogy to the conventional phonon-mediated
pairing in BCS superconductors. The relevant coupling
term for a dark cavity is the paramagnetic A - p term here.
As noted in Ref. 60, the effective electron-electron interac-
tion mediated by cavity photons is typically long-ranged in
real space and therefore limited in momentum space to
regions very close to the Fermi surface. This is indeed akin
to forward scattering channels in superconductors.”’ In
stark contrast to phonon-mediated pairing, however, inter-
actions mediated by the paramagnetic coupling are of cur-
rent—current type. Thus, according to Ampere’s law it is
attractive for electrons residing on the same side of the
Fermi surface, giving rise to a pair-density wave supercon-
ducting instability. Therefore, while the bare critical temper-
ature that can be reached if only the photon-mediated
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contribution is taken into account in a dark cavity might be
limited to the sub-Kelvin regime for realistic settings,
cavity-mediated pairing can boost superconductivity stem-
ming from other—in particular unconventional—pairing
mechanisms.

Another theoretical idea is to focus on the diamagnetic A”
light-matter coupling term.”*®* Here, the basic idea is illus-
trated in Fig. 2: Upon driving the cavity (here illustrated by
a split-ring cavity) with an external laser (red), laser pho-
tons can scatter into and out of the cavity due to diamag-
netic interaction. In terms of the quantum photon degrees
of freedom, this creates an effective one-photon coupling
between the electrons and the cavity mode, with a prefactor
that is determined by the laser amplitude. Laser photons
can then virtually scatter into and out of the cavity via the
two-electron process depicted in Fig. 2(b), giving rise to an
effective electron interaction. For this process to be effective,
the laser and cavity frequencies need to be sufficiently
strongly detuned. Closer to resonance, the depicted interac-
tion is strongly screened by plasmons and the induced
interaction suppressed. This type of pairing, which is closely
related to well-established schemes for inducing long-range
interactions in ultracold atoms,”"®* has two main advan-
tages: (i) The strength of interaction can be tuned by an
external laser drive. (ii) The sign of the interaction can be
controlled by laser frequency detuning with respect to the
cavity resonance frequency. Another difference with respect
to coupling via paramagnetic light-matter coupling lies in
the fact that diamagnetic coupling involves the electronic
density (the kinetic energy density in tight-binding models)
rather than the current density in the case of the paramag-
netic term. Consequently, this scheme could enhance exist-
ing conventional pairing instabilities in quantum materials.

REVIEW scitation.org/journal/are

Notably, the cavity-mediated coupling can be enhanced by
an additional photon fluctuation contribution,” which is
suppressed in conventional phonon-mediated pairing. We
finally note that similar effects in excitonic systems were
recently demonstrated in experiments.””*® Here, the strong
coupling to an ionizing transition creates excitons bound by
photon exchange.

The long-range nature of this cavity-mediated interaction
has important consequences for collective modes in the
resulting superconducting state.”’ In particular, the Higgs
amplitude mode is pushed in-gap and Bardasis-Schrieffer
exciton modes can be stabilized. In other works, supercon-
ductors in a cavity have also been predicted to host new or
cavity-modified collective modes, for instance polaritons
made out of Bardasis—Schrieffer excitons and photons,'17 or
hybrid modes of the Higgs amplitude mode and cavity pho-
tons, termed cavity Higgs polaritons.”® In layered supercon-
ductors such as the cuprates, cavities may also be made to
hybridize with Josephson plasmon excitations.”” The latter
proposal is shown in Fig. 3, where the superconducting
material is integrated into a microcavity design. The lengths
w are chosen to harbor a //2 standing wave matched to the
Josephson plasmon resonance. This hybridization was
recently observed in the coupling of plasmons with a split
ring cavity in Ref. 39. The strong coupling to a graphene
plasmon cavity is predicted to reveal hyperbolic Cooper
pair polaritons in cuprate superconductors, which could
provide insights into unconventional superconductivity.”®
Cavity coupling is also predicted to give rise to a quantum
analog of the Eliashberg effect.”” In this quantum Eliashberg

effect, the fluctuations of a strongly coupled electromagnetic
field can redistribute electronic quasiparticles and thereby
enhance the critical temperature.

FIG. 2. One possible mechanism for photon-mediated electronic pairing in a driven cavity. (a) Setup with a two-dimensional material (square lattice) coupled to a split-ring reso-
nator with electric field indicated by blue arrows and resonance frequency .. The cavity-material system is driven by a laser field (red shading) at frequency @, detuned from
. (b) Two electrons (green spheres) with cavity-mediated interaction driven by diamagnetic electron—photon coupling with one laser photon (red wiggly arrow) and one cavity
photon (blue wiggly arrow). Reproduced with permission from Gao et al., Phys. Rev. Lett. 125, 053602 (2020). Copyright 2020 American Physical Society.”
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FIG. 3. Josephson plasmon polaritons. (a) Sketch of the layered superconductor LSCO, which forms the active material in the proposal. (b) Integrated microcavity design com-
posed of gold (Au) and SrRuz (SRO) mirrors, as well as La,CuO, dielectric spacer material surrounding the La, ,Sr,Cu), (LSCO) sample. (c) The proposed heterostructure of
several microstructured cavities. Reproduced with permission from Laplace et al., Phys. Rev. B 93, 075152 (2016). Copyright 2016 American Physical Society.”’

(ii) Indirect impact on pairing mechanism via other collective
modes: As discussed above, the direct coupling of photons
to electrons via minimal coupling (quasi-free electrons) or
the Peierls substitution (tight-binding electrons) is often rel-
atively weak. However, photons can couple to other degrees
of freedom that in turn affect the pairing mechanism in a
superconductor.

Most notably, phonons are known to not only be key for
phonon-mediated superconductivity but also play a role in
high-temperature superconductors. The basic idea to
employ phonon polariton formation in order to modify the
effective electron-phonon coupling in a superconductor
was suggested in Ref. 71. In this work, coupling of a branch
of cavity modes to the out-of-plane optical polar phonon
mode at the interface between monolayer FeSe and a
SrTiO; substrate was considered together with the forward-
scattering electron—-phonon interaction to the quasi-two-
dimensional conduction electrons in FeSe. This results in an
indirect electron-photon coupling via phonon polaritons, and
direct electron-photon coupling was neglected since the polar-
ization of the photon mode is orthogonal to the electronic cur-
rent in that geometry, such that paramagnetic coupling
vanishes, and only a weaker diamagnetic electron-photon
coupling is present. A diagrammatic Migdal-Eliashberg treat-
ment of the resulting electron-phonon-photon system then

revealed that the softening of the lower polariton branch com-
pared to the bare phonon mode then indeed leads to an
enhanced effective electron-phonon coupling strength
(parametrized by the electronic self-energy and the related
electronic mass enhancement). However, due to the forward-
scattering, small-momentum transfer nature of phonon-
mediated superconductivity in that particular model, the
resulting superconducting critical temperature was predicted
to be decreased by the presence of cavity.

A follow-up theoretical work then employed a similar formalism
involving surface plasmon polaritons and phonons to predict
enhanced superconducting critical temperatures in more conventional
BCS superconductors including larger momentum transfers between
electrons and phonons.”* A possible experimental confirmation of the
plasmon- and phonon-mediated mechanism of superconductivity
enhancement was then reported in Ref. 70 (also see discussion in
Ref. 69). The setup employed in this work is sketched in Fig. 4(a).
Grains of superconducting material (Rb;Cg) are embedded in a poly-
mer [polystyrene (PS)] matrix and deposited on a gold surface. The
key feature of the polymer is that it strongly absorbs in the infrared
and can, thus, presumably, act as a mediator of coupling between the
superconductor’s optical phonons and the surface-plasmon polaritons
on the gold surface [Fig. 4(b), left panel]. Remarkably, magnetometry
measurements with a superconducting quantum interference device
(SQUID) showed a drop in the magnetic moment at an enhanced
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FIG. 4. Light-enhanced superconductivity through a plasmonic surface. (a) Superconductor (RbsCgp) inside a polymer matrix placed on top of a gold surface. The polymer’s
purpose is to mediate a coupling between surface plasmon polaritons of gold and vibrational modes in the superconductor through its infrared-active phonons. (b) The infrared

(IR) transmittance of RbsCqo is only weakly suppressed between 1400 and 1500 cm ™",
trast, polystyrene (PS) has a strong IR absorption in this regime through its vibrational

pointing to a weak IR absorption in this wavenumber range (upper left panel). By con-
modes (lower left panel). Right panels: SQUID measurements of the superconducting-

polymer system’s magnetic moment under zero-field-cooled (ZFC) and field-cooled (FC) conditions suggest an increase in the superconducting critical temperature from 30 K

to 45 K. Reproduced with permission from Genet et al., Phys. Today 74(5), 42—48 (2021

critical temperature of 45 K compared to 30 K without the gold surface
[Fig. 4(b), right panel], together with a characteristic deviation between
field-cooled (FC) and zero-field-cooled (ZFC) curves, indicative of a
Meissner effect. The mediator mechanism of the polymer was tested
experimentally by replacing polystyrene with other polymers with dif-
ferent infrared absorption spectrum, in which case no effect of the sur-
rounding on the superconductivity was observed. Taken together, this
evidence suggests that superconductivity can indeed be surprisingly
strongly affected by cavity-like surroundings in conjunction with pho-
non polariton formation. Clearly, further experimental work exploring
this new field of cavity superconductivity and clarifying the micro-
scopic mechanism is desirable.

In related works, exciton polaritons’” > or hyperbolic plas-
mons’® were considered as potential mediators of cavity supercon-
ductivity. Moreover, the squeezing of phonons involved in
superconducting pairing was suggested as another route to enhanc-
ing superconductivity,”” in close similarity to earlier proposals of
electronic squeezing of classically driven phonons.”® Finally, moti-
vated by the observation that classical laser driving of specific pho-
non modes that modulate electron-electron interactions leads to
transient superconducting-like states in organic molecular crystals,””
the influence of phonon polariton formation involving such modes
in cavities on the effective electron-electron interactions was recently
studied.”” We refer to an overview of the zoo of polaritonic modes
that are known, which could be considered as candidates to bring
forward similar ideas, for further reading.”'

2. Cavity phononics and ferroelectricity

The formation of cavity polaritons is one obvious consequence of
the coupling of photonic degrees of freedom to collective modes in a

). Copyright 2021 AIP Publishing.*® Adapted from Ref. 70.

material, e.g., to phonons. Therefore, it is a natural question to ask
whether the presence of a cavity can also lead to softening and ulti-
mately instability of the crystal lattice toward ferroelectric ordering.
This has been explored theoretically both in general, model settings’’
and with ab initio inputs with an eye toward SrTiOs.”” The latter
material is of particular interest since its metastable ferroelectricity via
optical straining with terahertz fields has been demonstrated experi-
mentally’”* and investigated theoretically.”’

Consider a dark optical cavity with a sample of SrTiO; embedded
in a dark optical cavity with a dielectric medium [Fig. 5(a)]. A ferro-
electric state is formed by a relative displacement between Ti and O
atoms. The relevant ferroelectric phonon mode with coordinate Qs is
coupled to both the photon field A o (a' + a) as well to a second
phonon mode Q¢ [Fig. 5(b)]. The theoretical prediction by Latini et al.,
Ref. 82, is that the combined hybridization between the ferroelectric
mode and the photon and second phonon modes leads, above a criti-
cal light-matter coupling strength, to a softening of the ferroelectric
mode, indicating the instability of the system to ferroelectricity. This
was termed the ‘ferroelectric photo ground state.” In the closely related
work of Ashida et al, Ref. 57, different coupling mechanisms involving
photons, phonons, and plasmons in paraelectric systems between cav-
ity mirrors were analyzed, and analogies between the ferroelectric
phase and a super-radiant phase transition (see below) were pointed
out. Also, a cavity extension of nonlinear phononics” was suggested.”

3. Correlated systems in a cavity

An entirely new research field is opened when one bridges
strongly correlated electrons and their coupling to a cavity. Starting
from models of itinerant electrons with strong correlations, general
considerations have shown how electron-photon coupling can lead to
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FIG. 5. Ferroelectricity mediated by a dark optical cavity. (a) Cartoon of SrTiO3
inside a dielectric medium in a Fabry—Pérot cavity. The zoom bubble highlights a
Ti-O displacement induced by the photons in the cavity. (b) Relevant lattice dis-
placements involved in ferroelectric symmetry breaking: the ferroelectric soft mode
with coordinate Q; and a second lattice vibration with coordinate Q;, respectively.
Adapted with permission from Latini et al., Proc. Natl. Acad. Sci. 118, 2105618118
(2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution
(CC BY) license.”

modified effective spin exchange interactions.””" Extending these
ideas to driven cavities, the quantum-to-classical crossover of Floquet
engineering of magnetic kinetic exchange interactions in Peierls-
coupled Hubbard models downfolded to cavity spin models was
discussed.”” To understand the basic physics, we briefly describe the
cavity Hubbard model [Fig. 6(a)], with

I:I =1y Z(E;:aej+1ﬂ eiA + HC) + UZ ﬁ]vTﬁLl + Q&T& 5 (3)
jo j

where U is the local Hubbard interaction, t, is the electronic hopping
matrix element between neighboring atoms, and Q denotes the bare
cavity photon frequency. Here, the cavity photon vector potential is
A = g(a + a"), with g a dimensionless light-matter coupling strength
determined by the cavity setup, and the operators a,a’ annihilate/
create photons. The electronic annihilation (creation) operators Y

j,0
acting on site j and spin ¢ =T, | have number operators 7, = E},aéj,m
In Ref. 89, it was shown that a suitable cavity Schrieffer—-Wolff transfor-
mation leads to a cavity-renormalized effective Heisenberg model in the
strong-coupling U > t;, limit, which for neighboring sites 1 and 2
reads

H= (3132 - %) Ja*,a] +Qa'a. (4)

Here, S; is the usual spin-! operator on site i, and #[a", a] an operator
acting on the photon states, which reduces to the bare spin exchange
interaction term Je in the absence of the cavity. This can be contrasted
with the classical Floquet result of a Hubbard system driven with a
coherent field amplitude E = A/Q,” such that

A 15N
]ex 7]6)(;14»69/(]7 (5)
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with Jex = 4£7 /U the exchange interaction of the undriven system and
Ji(A) the ¢ th Bessel function. Both in the classical and quantum lim-
its, the photon-dressed spin exchange features contributions from vir-
tual processes involving doubly occupied intermediate states with ¢
photons leading to energy denominators U + ¢Q [Fig. 6(b)]. The key
difference between the quantum and classical cases is that the proba-
bilities of photon emission and absorption become unequal in the
quantum limit and depend on the actual photonic wavefunction in the
coupled cavity-matter system. In Ref. 89, it was further shown that
already few-photon states in a cavity lead to renormalization of the
exchange coupling in close similarity to the classical Floquet case pro-
vided that the light-matter coupling is strong enough. This result
implies that (i) coherence of photons is not a requirement for Floquet
effects in the strong-coupling regime and (ii) that strong laser driving
might not be necessary. In a ground state cavity, these renormalization
effects reduce magnetic interactions and compete with long-range
interactions mediated by the cavity, which are analogous to those dis-
cussed above in superconductors.”” Optically bright excitations in the
Hubbard model can further hybridize to create Mott polaritons, thus
strongly affecting the optical conductivity of the coupled cavity-
electron system.”

An investigation of a system with intertwined charge-density
wave and superconducting orders (attractive U Hubbard chain)
showed how coupling to a cavity can selectively suppress or enhance
the charge and pair correlations depending on the detuning between
the cavity frequency and the Hubbard U parameter.” Starting from a
two-dimensional Heisenberg-type spin model with short-range spin
exchange and long-range dipolar interactions, it was shown how cou-
pling of the electrons to cavity photons can leads to cavity-induced
quantum spin liquid phases even in originally unfrustrated spin sys-
tems.”” A recent study investigated opportunities for coupling spin
excitations (magnons) relevant for parent compounds of high-
temperature cuprate superconductors to cavity modes through
spin—-orbit coupling and the crystal lattice, paving the way for ideas to
employ the hybridization between spin fluctuations in doped materials
and cavity photons to potentially affect high-temperature supercon-
ductivity.” Finally, it was shown that the coupling of a cavity to inter-
band transitions could enhance an instability toward the formation of
an excitonic insulator.”* This excitonic condensation takes place con-
comitantly with a super-radiant phase transition in the cavity which
we will discuss below. A strong enhancement of ferromagnetism in
yttrium barium copper oxide (YBCO) nanoparticles was reported in
recent experiments,”” employing light-matter collective strong cou-
pling involving gold mirrors and polystyrene embeddings, similar to
that reported in Ref. 70.

4. Light-magnon coupling

Strong, single-particle (photon/magnon) coherent coupling
between the magnetic long-wavelength modes of a magnetically
ordered magnetic material and the electromagnetic modes of a micro-
wave cavity was theoretically predicted in 2010 by Soykal and Flatté.”
Seminal experimental papers demonstrated this coupling regime.”” "’
The employed material is usually yttrium iron garnet (Y;FesO,, YIG),
an insulator known for its low Gilbert damping, which governs the
dissipation of the magnon modes. In this regime of GHz frequencies,
the magnetization of the sample couples to the magnetic field of the
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FIG. 6. Hubbard model coupled to a photon mode. (a) Sketch of Hubbard dimer with hopping ¢, and on-site interaction U coupled to a cavity photon mode with frequency Q.
(b) Energetics of relevant virtual processes leading to cavity-modified spin exchange interaction in the U > t, limit. Spins on neighboring lattice sites are exchanged through
virtual processes involving doubly occupied sites and different numbers of photon-absorbed and photon-emitted states with energies U + ¢Q as indicated. Adapted with
permission from Sentef et al., Phys. Rev. Res. 2, 033033 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY) license.*

microwave (MW) mode via the usual dipolar Zeeman coupling, result-
ing in a coupling of the type gyw (m' + m)(a® + a) between magnons
m") and photons a'"). The strong coupling is reflected in the hybridi-
zation of the microwave and magnon modes at resonance, with very
high cooperativities (e.g., 107, see Ref. 100). The resonance, denomi-
nated a cavity magnon polariton, can be tuned by an external magnetic
field controlling the frequency of the magnon modes. MW cavities
have been used to mediate strong coherent coupling between magnons
and a superconducting qubit.’”’ The tunability of these systems
makes them amenable to explore non-Hermitian physics by designing
the coupling to be in the dissipative regime.'’” Moreover, coherent
coupling of cavity magnon polaritons to phonons can be probed and
harnessed.'”'"* We note that photon condensation and cavity-
enhanced magnetism was also suggested theoretically recently.'’”
While strong resonant coupling of magnons to photons in
the MW regime is by now routinely realized, achieving strong cou-
pling to optical photons (usually infrared ~200 THz, where YIG is
transparent)—which are highly detuned—is much more challenging.
At these frequencies, the permeability is that of the vacuum and the
magnetization couples perturbatively to the electric field. The resulting
coupling is proportional to the optical spin density of the EM field and
therefore quadratic in the electric field, gopm'(a]a,) + h.c. The same
coupling mechanism is responsible for magnetic Brillouin scattering
and the Faraday effect, and its strength is proportional to the Verdet
constant of the material. YIG has a reasonably large Verdet constant,
which is why it is used for Faraday rotators and isolators. Seminal
experiments demonstrated coherent coupling in YIG by using an
optical cavity to enhance the coupling.'”®'* The cavity is in this case
realized by the material itself when properly patterned—the light is
trapped by total internal reflection. The typical geometry is a sphere of
YIG hosting optical whispering gallery modes. Although the

theoretically predicted optimal coupling is large' *''? (~MHz, compa-

rable to the coupling in optomechanics where optical photons couple
to phonons), in practice the coupling remains weak due to poor mode
overlap and large mode volumes.

5. Topology and quantum Hall effect

Cavity quantum Hall systems have been a very active field of
research since the first demonstration of many-body quantum optics
with Landau polaritons—hybridizations of a cavity mode with a
cyclotron transition of a two-dimensional electron gas. We have men-
tioned several seminal experiments from this field already in this
review, including the observation of high cooperativities in solid state
cavity QED” or of the Bloch-Siegert shift."' Other notable examples
include the change of Shubnikov-de-Haas oscillations in transport
measurements''' and the impact of a nonparabolic band structure.''”

Floquet engineering of topology was triggered by the insight that
circularly polarized light breaks time-reversal symmetry and therefore
opens a gap at a two-dimensional Dirac point;"' ' this led to the
research field of Floquet topological states of matter.'"” Since the key
ingredient behind the gap opening is not the presence of a quasi-
classical coherent state of many photons but rather the time-reversal
symmetry breaking through circular light polarization itself, it is natu-
ral to consider quantum fluctuations of a circularly polarized mode in
a chiral cavity as a different way of opening the gap and inducing non-
trivial topology. The gap opening through vacuum dressing of Dirac
fermions with circularly polarized light was first discussed in Ref. 116
and later extended to spectral functions and the quantized anomalous
Hall response in a cavity Chern insulator,'"” i.e., an insulator with a
bandgap and a nonzero Chern number due to broken time-reversal

symmetry.
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We briefly discuss the key ingredients that lead to the cavity
Chern insulator. The bare electronic structure is a branch of Dirac fer-
mions with momentum-dependent 2 x2 Hamiltonian h(k)
= hvp(keox — kyo,), with Fermi velocity v; and Pauli matrices o;.
The Dirac fermion is coupled via fik — fik — eA to the photonic vec-
tor potential A. For right-handed circularly polarized light with polari-
zation vector e = % (1, ), this leads to the replacement hvg (k, + ik,)

— eAgv/2a" in h(k), where a' creates a photon in the lowest cavity res-
onance mode with frequency w, and Ay = \/h/ (e Vw), with vac-
uum permittivity &g, cavity volume V, and dielectric constant ¢ of the
dielectric embedding of the two-dimensional material in the cavity. In
Ref. 117, a second-order many-body perturbation theory calculation
of the cavity-induced electronic self-energy was performed, resulting
in an intra-sublattice self-energy with the diagonal structure of the o,
Pauli matrix. At the Dirac point, a gap opening in the weak-coupling
limit was predicted, with energy gap A = 2i'e?v2A2 /w. Notably,
this result is in exact analogy to the Floquet result in the high-
frequency (or weak-driving) limit, with the only difference being that
the amplitude of the classical circularly polarized laser vector potential
Ay (Floquet) is replaced here by the amplitude of the quantum fluctua-
tions of circularly polarized photon mode. We refer to recent works on
potential implementations and applications of chiral optical cavities''*
and chiral quantum optics''*~'*" for further reading.

While the proposed cavity-induced Chern insulator remains a
challenge for future experiments, the opposite question has already
been investigated, i.e., whether the presence of a cavity can affect and
potentially destroy topological protection. To this end, a Hall bar with a
two-dimensional (2D) electron gas was embedded in a terahertz split-
ring resonator, and the corresponding longitudinal and transverse
resistances measured as a function of an external magnetic field per-
pendicular to the sample plane.'* It was shown that the integer quan-
tum Hall plateaus were significantly affected by the presence of the
cavity photon field, compared to the reference sample without resona-
tor. These results were interpreted as a cavity-induced breakdown of
topological protection due to cavity-mediated long-range hopping pro-
cesses (also cf. the related theory work Ref. 123). By contrast, the frac-
tional quantum Hall plateaus were found to be largely unaffected by
the cavity. The cavity modification of Hofstadter butterfly fractals in
magnetotransport experiments was theoretically proposed in Ref. 124.

6. Super radiance

In 1954, Dicke made the astonishing theoretical discovery that
the probability of an excited atom (or two-level system) to emit a pho-
ton increases drastically when a second atom is placed nearby.'*” This
puzzling effect even appears if the atoms are not directly coupled and
even if the second atom is not in the excited but in its ground state.
Dicke explained in his seminal work that this effect is driven by the
mutual interaction of the atoms with a common light field. Under
the assumption that the wavelength of the light is much larger than
the separation of the two-level systems emitting the photons, these
emitters can coherently interact with the light, giving rise to a collective
phenomenon called super-radiance in the limit of many emitters.
Super-radiance leads to a collective emission of photons scaling as N*
with the number N of emitters. In a simplified Dicke model described
by the Hamiltonian [neglecting terms O(A?)]

REVIEW scitation.org/journal/are
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H = hwo, o +-—=(a+a") o + hoa'a, (6)
2R 2

super-radiance manifests itself as a continuous transition at a critical
coupling strength /. at which the vector potential A ~ a + a' sponta-
neously exhibits a macroscopic value (a) ~ +/N. Experimental dem-
onstrations'**'*” of a related effect in the nonequilibrium pumped
and open Dicke model were associated with this equilibrium type of
super-radiance as well,” but in its core this effect is physically distinct
from equilibrium super-radiance.

The prospect of super-radiance has received tremendous research
attention. In the context of cavity materials,"”" it has been conjectured
that a similar effect might be found; after all, a collection of two-level
systems'*” is not so different from spinful electrons moving in elec-
tronic bands. However, it was soon realized that keeping only the low-
est order term linear in A of a Peierls substitution'” or only the linear
order in A for the electron gas'* breaks gauge invariance and can lead
to a false super-radiant phase transition, in close similarity to the
Dicke model."””"*” False super-radiant transitions can easily be found
in such erroneous treatments and higher order terms restoring gauge
invariance will provide no-go theorems'**'* for the equilibrium
super-radiance transition in spatially homogeneous cavity fields. One
way to circumvent these no-go theorems was suggested, which was to
take into account spatially inhomogeneous modes'*' '** that transfer
a finite momentum ¢ to the electrons in an electron-photon scattering
process. Moreover, whether the nonequilibrium version of super-
radiance can be found in quantum materials driven by laser pulses
remains an intriguing question of current research (Fig. 7).

IV. OUTLOOK

The field of cavity quantum materials is clearly an emergent
research field in its very infancy. It brings together researchers from
a variety of communities, including quantum materials science (espe-
cially in two-dimensions), quantum many-body physics, ultrafast and
nonlinear laser-based spectroscopy, quantum optics and semiconductor

FIG. 7. lllustration of super-radiance in the Dicke model. The likeliness to emit a
photon out of the excited states for an ensemble of identical two-level systems
increases with the number of its constituents. In the thermodynamic limit, a sponta-
neous transition into a state with macroscopically occupied photon mode is found in
the Dicke model.
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physics, nanoplasmonics and nanophotonics, and polaritonic chemistry.
Naturally, this infancy implies that community-building measures are
of tremendous importance to find a common language and identify rel-
evant near- and midterm goals. In the following, we sketch our personal
vision for the field, summarized in Fig. 8.

One key aspect that has become evident in this brief review is
that it is mostly theory-driven, with only a few subfields where experi-
ments are charting the path. Therefore, theoretical proposals with clear
predictions and guidelines for experimentalists are needed. In order to
achieve this, theory needs to become more realistic in treating the light
field: descriptions need to go beyond the long-wavelength limit,
include multimode descriptions, take the proper cavity geometry into
account, involve near-field effects and a realistic inclusion of screening
and light-matter feedback effects. To this end, it is desirable to join
forces with ab initio descriptions of light and matter in polaritonic
chemistry that are being developed'** in order to achieve predictive
power for the control of quantum materials with classical and quan-
tum light.'**

Regarding the control of material properties via collective modes,
it is important to devise strategies to employ cavities to induce mode
softening and strong fluctuations outside the light cone, that is, at
wave vectors that span a sizeable fraction of the Brillouin zone. Such
strategies naturally connect to the above-mentioned finite-wavelength
and near-field effects and would allow to trigger phase transitions, e.g.,
cavity-induced ferroelectricity, charge-density wave formation, or even
super-radiance. As discussed above, super-radiance-like phenomena
could also potentially be generated by driving a cavity-material plat-
form away from thermal equilibrium, and thus the demonstration of
non-equilibrium super-radiance in quantum materials inside a cavity
constitutes one important goal in the field.
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More generally, we envision that there is ‘plenty of room’ in
between the quantum limit of dark cavities at strong light-matter cou-
pling and the classical limit of strongly driven systems. As described
above, first theoretical results indicate that the vision of Floquet engi-
neering of many-body properties in quantum materials might be
achievable in a cavity, in which heating and decoherence issues could
be mitigated. Therefore, we posit that one central goal of the field is to
explore the crossover regime between quantum and classical Floquet
engineering and to demonstrate few-photon Floquet engineering.

From a quantum materials perspective, it is desirable to synthe-
size new materials that engineer favorable light-matter coupling
effects. As briefly mentioned above, Moiré van der Waals materials are
one promising class of systems for this endeavor, as they allow for tun-
ability of electronic properties and have shown intriguing potential to
realize various prototypical solid state model Hamiltonians.'** Their
controllable and nontrivial quantum-geometric multi-band properties
can lead to outsized light-matter coupling effects in quasi-flat elec-
tronic bands with squeezed kinetic energies.”” This would establish
cavitwistronics as the combination of twistronics with cavitronics.

Moreover, cavity quantum materials could be used as photonic
platforms and integrated in photon-based quantum technologies. We
envision that the strong electronic interactions that are typical of quan-
tum materials could provide a means to create efficient photonic inter-
actions for two-photon quantum gates, and enable the creation of
nonclassical states of light. With the notable exception of few experi-
ments in Landau polaritons'*” or molecular samples, ** this direction
of research has remained largely unexplored to date.

Finally, it is an intriguing perspective to employ the strong cou-
pling between photons and matter as a sensor, or probe, for the emer-
gent many-body properties of quantum materials embedded in

Ul

cavitwistronics

i)

nonequilibrium
superradiance

FIG. 8. Potential future directions in cavity quantum materials. Here, we summarize some future directions for the field of cavity quantum materials (center), expanding into five
different avenues (arranged on the outer circle). On the level of modeling, improvements in keeping multi-mode and geometric effects must be undertaken. Furthermore, in
terms of quantum materials it would be intriguing to combine novel platforms, such as twisted van der Waals materials, with the field of cavity engineering. On the subject of
super-radiance, we expect nonequilibrium super-radiance to move into the center of attention. Finally, the investigation of entangled photons in cavities as a probe of the quan-
tum material under scrutiny or in their own right for applications in quantum technologies could prove fruitful.
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cavities. This could for instance help identify fluctuations near phase
transitions and—due to the collective nature of the cavity—matter
coupling—provide access to nonlocal information about the system,
such as entanglement entropies or topological properties. For instance,
recent analytical work and matrix product state simulations connect
the Rényi entropy to the cavity Fano factor in the case of a Kitaev
chain coupled to a single cavity mode."*” It remains to be seen whether
these promising insights can be transferred to the analysis of other cor-
related materials and establish cavity-enabled fluctuation sensing as a
novel probe in condensed matter platforms.

ACKNOWLEDGMENTS

Discussions with and input by S. V. Kusminskiy are gratefully
acknowledged. We thank C. Eckhardt for proofreading and valuable
feedback and F. Piazza for helpful comments. F.S. acknowledges
support from the Cluster of Excellence ‘Advanced Imaging of Matter’
of the Deutsche Forschungsgemeinschaft (DFG)—EXC 2056—
Project ID No. 390715994. D.M.K. acknowledges the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) for
support through RTG 1995 and under Germany’s Excellence
Strategy—Cluster of Excellence Matter and Light for Quantum
Computing (ML4Q) EXC 2004/1-390534769. M.A.S. acknowledges
financial support through the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) via the Emmy Noether
program (No. SE 2558/2). D.M.K. and M.A.S. acknowledge support
from the Max Planck-New York City Center for Non-Equilibrium
Quantum Phenomena.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts of interest to disclose.

DATA AVAILABILITY

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

REFERENCES

TA. de la Torre, D. M. Kennes, M. Claassen, S. Gerber, J. W. Mclver, and M. A.
Sentef, “Colloquium: Nonthermal pathways to ultrafast control in quantum
materials,” Rev. Mod. Phys. 93, 041002 (2021).

2A. S. Disa, T. F. Nova, and A. Cavalleri, “Engineering crystal structures with
light,” Nat. Phys. 17, 1087-1092 (2021).

3R. Chikkaraddy, B. de Nijs, F. Benz, S. J. Barrow, O. A. Scherman, E. Rosta,
A. Demetriadou, P. Fox, O. Hess, and J. J. Baumberg, “Single-molecule strong
coupling at room temperature in plasmonic nanocavities,” Nature 535,
127-130 (2016).

“K. Santhosh, O. Bitton, L. Chuntonov, and G. Haran, “Vacuum Rabi splitting
in a plasmonic cavity at the single quantum emitter limit,” Nat. Commun. 7,

11823 (2016).

5]. Feist, J. Galego, and F. J. Garcia-Vidal, “Polaritonic chemistry with organic
molecules,” ACS Photonics 5, 205-216 (2018).

M. Ruggenthaler, N. Tancogne-Dejean, J. Flick, H. Appel, and A. Rubio,
“From a quantum-electrodynamical light-matter description to novel
spectroscopies,” Nat. Rev. Chem. 2, 1-16 (2018).

7R. F. Ribeiro, L. A. Martinez-Martinez, M. Du, J. Campos-Gonzalez-Angulo,
and J. Yuen-Zhou, “Polariton chemistry: Controlling molecular dynamics
with optical cavities,” Chem. Sci. 9, 6325-6339 (2018).

8]. Flick, N. Rivera, and P. Narang, “Strong light-matter coupling in quantum
chemistry and quantum photonics,” Nanophotonics 7, 1479-1501 (2018).

REVIEW scitation.org/journal/are

M. Reitz, C. Sommer, and C. Genes, “Cooperative quantum phenomena in
light-matter platforms,” arXiv:2107.02674 (2021).

10, Orgiu, J. George, J. A. Hutchison, E. Devaux, J. F. Dayen, B. Doudin, F.
Stellacci, C. Genet, J. Schachenmayer, C. Genes, G. Pupillo, P. Samori, and T.
W. Ebbesen, “Conductivity in organic semiconductors hybridized with the
vacuum field,” Nat. Mater. 14, 1123-1129 (2015).

"], Schachenmayer, C. Genes, E. Tignone, and G. Pupillo, “Cavity-enhanced
transport of excitons,” Phys. Rev. Lett. 114, 196403 (2015).

2D, Hagenmiiller, J. Schachenmayer, S. Schiitz, C. Genes, and G. Pupillo,
“Cavity-enhanced transport of charge,” Phys. Rev. Lett. 119, 223601 (2017).

D, Hagenmiiller, S. Schiitz, J. Schachenmayer, C. Genes, and G. Pupillo,
“Cavity-assisted mesoscopic transport of fermions: Coherent and dissipative
dynamics,” Phys. Rev. B 97, 205303 (2018).

Tay, Rokaj, M. Ruggenthaler, F. G. Eich, and A. Rubio, “The free electron gas in
cavity quantum electrodynamics,” arXiv:2006.09236 (2021).

3C. J. Eckhardt, G. Passetti, M. Othman, C. Karrasch, F. Cavaliere, M. A.
Sentef, and D. M. Kennes, “Quantum Floquet engineering with an exactly
solvable tight-binding chain in a cavity,” arXiv:2107.12236 (2021).

'6]. Amelio, L. Korosec, 1. Carusotto, and G. Mazza, “Optical dressing of the
electronic response of two-dimensional semiconductors in quantum and clas-
sical descriptions of cavity electrodynamics,” Phys. Rev. B 104, 235120 (2021).

7T. W. Ebbesen, “Hybrid light-matter states in a molecular and material sci-
ence perspective,” Acc. Chem. Res. 49, 2403-2412 (2016).

'8F. J. Garcia-Vidal, C. Ciuti, and T. W. Ebbesen, “Manipulating matter by
strong coupling to vacuum fields,” Science 373, eabd0336 (2021).

®H. Deng, H. Haug, and Y. Yamamoto, “Exciton-polariton Bose-Einstein con-
densation,” Rev. Mod. Phys. 82, 1489-1537 (2010).

207 Byrnes, N. Y. Kim, and Y. Yamamoto, “Exciton—polariton condensates,”
Nat. Phys. 10, 803-813 (2014).

21g, Mivehvar, F. Piazza, T. Donner, and H. Ritsch, “Cavity QED with quantum
gases: New paradigms in many-body physics,” Adv. Phys. 70, 1-153 (2021).

22\, Lundt, S. Klembt, E. Cherotchenko, S. Betzold, O. Iff, A. V. Nalitov, M.
Klaas, C. P. Dietrich, A. V. Kavokin, S. Hofling, and C. Schneider, “Room-
temperature Tamm-plasmon exciton-polaritons with a WSe, monolayer,”
Nat. Commun. 7, 13328 (2016).

Z3A. Bayer, M. Pozimski, S. Schambeck, D. Schuh, R. Huber, D. Bougeard, and
C. Lange, “Terahertz light-matter interaction beyond unity coupling
strength,” Nano Lett. 17, 6340-6344 (2017).

24P, Sivarajah, A. Steinbacher, B. Dastrup, J. Lu, M. Xiang, W. Ren, S. Kamba, S.
Cao, and K. A. Nelson, “THz-frequency magnon-phonon-polaritons in the
collective strong-coupling regime,” . Appl. Phys. 125, 213103 (2019).

25Q. Zhang, M. Lou, X. Li, J. L. Reno, W. Pan, J. D. Watson, M. J. Manfra,
and J. Kono, “Collective non-perturbative coupling of 2D electrons with
high-quality-factor terahertz cavity photons,” Nat. Phys. 12, 1005-1011
(2016).

28M. E. Berkowitz, B. S. Y. Kim, G. Ni, A. S. McLeod, C. F. B. Lo, Z. Sun, G. Gu,
K. Watanabe, T. Taniguchi, A. J. Millis, . C. Hone, M. M. Fogler, R. D.
Averitt, and D. N. Basov, “Hyperbolic cooper-pair polaritons in planar gra-
phene/cuprate plasmonic cavities,” Nano Lett. 21, 308-316 (2021).

27E. M. Purcell, “Spontaneous emission probabilities at radio frequencies,”
Phys. Rev. 69, 674 (1946).

28p, Forn-Diaz, L. Lamata, E. Rico, J. Kono, and E. Solano, “Ultrastrong
coupling regimes of light-matter interaction,” Rev. Mod. Phys. 91, 025005
(2019).

294, Frisk Kockum, A. Miranowicz, S. De Liberato, S. Savasta, and F. Nori,
“Ultrastrong coupling between light and matter,” Nat. Rev. Phys. 1, 19-40
(2019).

39D, Ballarini and S. De Liberato, “Polaritonics: From microcavities to sub-
wavelength confinement,” Nanophotonics 8, 641-654 (2019).

3. D. Liberato, “Virtual photons in the ground state of a dissipative system,”
Nat. Commun. 8, 1465 (2017).

52H, Walther, B. T. H. Varcoe, B.-G. Englert, and T. Becker, “Cavity quantum
electrodynamics,” Rep. Prog. Phys. 69, 1325-1382 (2006).

33M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, “Cavity optomechanics,”
Rev. Mod. Phys. 86, 1391-1452 (2014).

**A. V. Kavokin, J. J. Baumberg, G. Malpuech, and F. P. Laussy, Microcavities
(Oxford University Press, 2017), Vol. 21.

Appl. Phys. Rev. 9, 011312 (2022); doi: 10.1063/5.0083825
© Author(s) 2022

9, 011312-12


https://doi.org/10.1103/RevModPhys.93.041002
https://doi.org/10.1038/s41567-021-01366-1
https://doi.org/10.1038/nature17974
https://doi.org/10.1038/ncomms11823
https://doi.org/10.1021/acsphotonics.7b00680
https://doi.org/10.1038/s41570-018-0118
https://doi.org/10.1039/C8SC01043A
https://doi.org/10.1515/nanoph-2018-0067
http://arxiv.org/abs/2107.02674
https://doi.org/10.1038/nmat4392
https://doi.org/10.1103/PhysRevLett.114.196403
https://doi.org/10.1103/PhysRevLett.119.223601
https://doi.org/10.1103/PhysRevB.97.205303
http://arxiv.org/abs/2006.09236
http://arxiv.org/abs/2107.12236
https://doi.org/10.1103/PhysRevB.104.235120
https://doi.org/10.1021/acs.accounts.6b00295
https://doi.org/10.1126/science.abd0336
https://doi.org/10.1103/RevModPhys.82.1489
https://doi.org/10.1038/nphys3143
https://doi.org/10.1080/00018732.2021.1969727
https://doi.org/10.1038/ncomms13328
https://doi.org/10.1021/acs.nanolett.7b03103
https://doi.org/10.1063/1.5083849
https://doi.org/10.1038/nphys3850
https://doi.org/10.1021/acs.nanolett.0c03684
https://doi.org/10.1103/PhysRev.69.37
https://doi.org/10.1103/RevModPhys.91.025005
https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1515/nanoph-2018-0188
https://doi.org/10.1038/s41467-017-01504-5
https://doi.org/10.1088/0034-4885/69/5/R02
https://doi.org/10.1103/RevModPhys.86.1391
https://scitation.org/journal/are

Applied Physics Reviews

35C. Schneider, M. M. Glazov, T. Korn, S. Hofling, and B. Urbaszek, “Two-
dimensional semiconductors in the regime of strong light-matter coupling,”
Nat. Commun. 9, 2695 (2018).

36G. Scalari, C. Maissen, D. Turéinkova, D. Hagenmiiller, S. De Liberato, C.
Ciuti, C. Reichl, D. Schuh, W. Wegscheider, M. Beck, and J. Faist,
“Ultrastrong coupling of the cyclotron transition of a 2D electron gas to a
THz metamaterial,” Science 335, 1323-1326 (2012).

37M. Halbhuber, J. Mornhinweg, V. Zeller, C. Ciuti, D. Bougeard, R. Huber,
and C. Lange, “Non-adiabatic stripping of a cavity field from electrons in the
deep-strong coupling regime,” Nat. Photonics 14, 675-679 (2020).

38C. Maissen, G. Scalari, F. Valmorra, M. Beck, J. Faist, S. Cibella, R. Leoni, C.
Reichl, C. Charpentier, and W. Wegscheider, “Ultrastrong coupling in the
near field of complementary split-ring resonators,” Phys. Rev. B 90, 205309
(2014).

39).s. Schalch, K. Post, G. Duan, X. Zhao, Y. D. Kim, J. Hone, M. M. Fogler, X.
Zhang, D. N. Basov, and R. D. Averitt, “Strong metasurface-Josephson
plasma resonance coupling in superconducting La, ,Sr,CuO,” Adv. Opt.
Mater. 7, 1900712 (2019).

“OG. R. Keiser, N. Karl, S. R. U. Haque, 1. Brener, D. M. Mittleman, and R. D.
Averitt, “Structurally tunable nonlinear terahertz metamaterials using broad-

side coupled split ring resonators,” AIP Adv. 11, 095103 (2021).

“IX. Li, M. Bamba, Q. Zhang, S. Fallahi, G. C. Gardner, W. Gao, M. Lou, K.
Yoshioka, M. J. Manfra, and J. Kono, “Vacuum Bloch-Siegert shift in Landau
polaritons with ultra-high cooperativity,” Nat. Photonics 12, 324-329 (2018).

42]. J. Baumberg, J. Aizpurua, M. H. Mikkelsen, and D. R. Smith, “Extreme
nanophotonics from ultrathin metallic gaps,” Nat. Mater. 18, 668-678 (2019).

43, Epstein, D. Alcaraz, Z. Huang, V.-V. Pusapati, J.-P. Hugonin, A. Kumar, X.
M. Deputy, T. Khodkov, T. G. Rappoport, J.-Y. Hong, N. M. R. Peres, J.
Kong, D. R. Smith, and F. H. L. Koppens, “Far-field excitation of single gra-
phene plasmon cavities with ultracompressed mode volumes,” Science 368,
1219-1223 (2020).

Ghp Bylinkin, M. Schnell, M. Autore, F. Calavalle, P. Li, J. Taboada-GutiAsrrez,
S. Liu, J. H. Edgar, F. Casanova, L. E. Hueso, P. Alonso-Gonzalez, A. Y.
Nikitin, and R. Hillenbrand, “Real-space observation of vibrational strong
coupling between propagating phonon polaritons and organic molecules,”
Nat. Photonics 15, 197-202 (2021).

“5G. Jarc, S. Y. Mathengattil, F. Giusti, M. Barnaba, A. Singh, A. Montanaro, F.
Glerean, E. M. Rigoni, S. D. Zilio, S. Winnerl, and D. Fausti, “Tunable cryo-
genic THz cavity for strong light-matter coupling in complex materials,”
arXiv:2112.01560 (2021).

46]. B. Curtis, Z. M. Raines, A. A. Allocca, M. Hafezi, and V. M. Galitski,
“Cavity quantum Eliashberg enhancement of superconductivity,” Phys. Rev.
Lett. 122, 167002 (2019).

“7A. A. Allocca, Z. M. Raines, J. B. Curtis, and V. M. Galitski, “Cavity supercon-
ductor-polaritons,” Phys. Rev. B 99, 020504 (2019).

“87. M. Raines, A. A. Allocca, M. Hafezi, and V. M. Galitski, “Cavity Higgs
polaritons,” Phys. Rev. Res. 2, 013143 (2020).

“9V. Rokaj, M. Penz, M. A. Sentef, M. Ruggenthaler, and A. Rubio, “Quantum
electrodynamical Bloch theory with homogeneous magnetic fields,” Phys.
Rev. Lett. 123, 047202 (2019).

59G. E. Topp, C. J. Eckhardt, D. M. Kennes, M. A. Sentef, and P. Térmi,
“Light-matter coupling and quantum geometry in Moiré materials,” Phys.

Rev. B 104, 064306 (2021).

S1z. Li, S. Zhang, T. Tohyama, X. Song, Y. Gu, T. Iitaka, H. Su, and H. Zeng,
“Optical detection of quantum geometric tensor in intrinsic semiconductors,”
Sci. China Phys. Mech. Astron. 64, 107211 (2021).

52J, Ahn, G.-Y. Guo, N. Nagaosa, and A. Vishwanath, “Riemannian geometry of
resonant optical responses,” arXiv:2103.01241 (2021).

53]. Roman-Roche and D. Zueco, “Effective theory for matter in non-
perturbative cavity QED,” arXiv:2110.07632 (2021).

54, Li, D. Golez, G. Mazza, A. J. Millis, A. Georges, and M. Eckstein,
“Electromagnetic coupling in tight-binding models for strongly correlated
light and matter,” Phys. Rev. B 101, 205140 (2020).

550. Dmytruk and M. Schiré, “Gauge fixing for strongly correlated electrons
coupled to quantum light,” Phys. Rev. B 103, 075131 (2021).

@Y. Ashida, A. Imamoglu, and E. Demler, “Cavity quantum electrodynamics at
arbitrary light-matter coupling strengths,” Phys. Rev. Lett. 126, 153603 (2021).

REVIEW scitation.org/journal/are

57Y. Ashida, A. imamoglu, J. Faist, D. Jaksch, A. Cavalleri, and E. Demler,
“Quantum electrodynamic control of matter: Cavity-enhanced ferroelectric
phase transition,” Phys. Rev. X 10, 041027 (2020).

S8A. Cavalleri, “Photo-induced superconductivity,” Contemp. Phys. 59, 31-46
(2018).

5°M. Budden, T. Gebert, M. Buzzi, G. Jotzu, E. Wang, T. Matsuyama, G. Meier,
Y. Laplace, D. Pontiroli, M. Ricco, F. Schlawin, D. Jaksch, and A. Cavalleri,
“Evidence for metastable photo-induced superconductivity in K;Csp,” Nat.
Phys. 17, 611-618 (2021).

8OF, Schlawin, A. Cavalleri, and D. Jaksch, “Cavity-mediated electron-photon
superconductivity,” Phys. Rev. Lett. 122, 133602 (2019).

S1L. Rademaker, Y. Wang, T. Berlijn, and S. Johnston, “Enhanced superconduc-
tivity due to forward scattering in FeSe thin films on SrTiO; substrates,” New
J. Phys. 18, 022001 (2016).

82H. Gao, F. Schlawin, M. Buzzi, A. Cavalleri, and D. Jaksch, “Photoinduced
electron pairing in a driven cavity,” Phys. Rev. Lett. 125, 053602 (2020).

635A. Chakraborty and F. Piazza, “Long-range photon fluctuations enhance
photon-mediated electron pairing and superconductivity,” Phys. Rev. Lett.
127, 177002 (2021).

8%H. Ritsch, P. Domokos, F. Brennecke, and T. Esslinger, “Cold atoms in
cavity-generated dynamical optical potentials,” Rev. Mod. Phys. 85, 553-601
(2013).

85E. Cortese, 1. Carusotto, R. Colombelli, and S. D. Liberato, “Strong coupling
of ionizing transitions,” Optica 6, 354-361 (2019).

86E, Cortese, N.-L. Tran, J.-M. Manceau, A. Bousseksou, I. Carusotto, G.
Biasiol, R. Colombelli, and S. De Liberato, “Excitons bound by photon
exchange,” Nat. Phys. 17, 31-35 (2021).

87Y. Laplace, S. Fernandez-Pena, S. Gariglio, J. M. Triscone, and A. Cavalleri,
“Proposed cavity Josephson plasmonics with complex-oxide hetero-
structures,” Phys. Rev. B 93, 075152 (2016).

88H. Gao, F. Schlawin, and D. Jaksch, “Higgs mode stabilization by photoin-
duced long-range interactions in a superconductor,” Phys. Rev. B 104,
1140503 (2021).

9C. Genet, J. Faist, and T. W. Ebbesen, “Inducing new material properties with
hybrid light-matter states,” Phys. Today 74(5), 42-48 (2021).

7OA. Thomas, E. Devaux, K. Nagarajan, T. Chervy, M. Seidel, D. Hagenmiiller,
S. Schiitz, J. Schachenmayer, C. Genet, G. Pupillo, and T. W. Ebbesen,
“Exploring superconductivity under strong coupling with the vacuum electro-
magnetic field,” arXiv:1911.01459 (2019).

7IM. A. Sentef, M. Ruggenthaler, and A. Rubio, “Cavity quantum-
electrodynamical polaritonically enhanced electron-phonon coupling and its
influence on superconductivity,” Sci. Adv. 4, eaau6969 (2019).

72D, Hagenmiiller, J. Schachenmayer, C. Genet, T. W. Ebbesen, and G. Pupillo,
“Enhancement of the electron-phonon scattering induced by intrinsic surface
plasmon-phonon polaritons,” ACS Photonics 6, 1073-1081 (2019).

73, P. Laussy, A. V. Kavokin, and I. A. Shelykh, “Exciton-polariton mediated
superconductivity,” Phys. Rev. Lett. 104, 106402 (2010).

740. Cotlef, S. Zeytinoglu, M. Sigrist, E. Demler, and A. Imamogluy,
“Superconductivity and other collective phenomena in a hybrid Bose-Fermi
mixture formed by a polariton condensate and an electron system in two
dimensions,” Phys. Rev. B 93, 054510 (2016).

7SA. Kavokin and P. Lagoudakis, “Exciton-mediated superconductivity,” Nat.
Mater. 15, 599-600 (2016).

76A. Grankin and V. Galitski, “Interplay of hyperbolic plasmons and super-
conductivity,” arXiv:2201.07731 (2022).

77A. Grankin, M. Hafezi, and V. M. Galitski, “Enhancement of superconductiv-
ity with external phonon squeezing,” Phys. Rev. B 104, L220503 (2021).

78D. M. Kennes, E. Y. Wilner, D. R. Reichman, and A. J. Millis, “Transient
superconductivity from electronic squeezing of optically pumped phonons,”
Nat. Phys. 13, 479-483 (2017).

7°M. Buzzi, D. Nicoletti, M. Fechner, N. Tancogne-Dejean, M. A. Sentef, A.
Georges, T. Biesner, E. Uykur, M. Dressel, A. Henderson, T. Siegrist, J. A.
Schlueter, K. Miyagawa, K. Kanoda, M.-S. Nam, A. Ardavan, J. Coulthard, J.
Tindall, F. Schlawin, D. Jaksch, and A. Cavalleri, “Photomolecular high-
temperature superconductivity,” Phys. Rev. X 10, 031028 (2020).

808 Le D¢, C. J. Eckhardt, D. M. Kennes, and M. A. Sentef, “Cavity engineering
of Hubbard U via phonon polaritons,” arXiv:2201.04128 (2022).

Appl. Phys. Rev. 9, 011312 (2022); doi: 10.1063/5.0083825
© Author(s) 2022

9, 011312-13


https://doi.org/10.1038/s41467-018-04866-6
https://doi.org/10.1126/science.1216022
https://doi.org/10.1038/s41566-020-0673-2
https://doi.org/10.1103/PhysRevB.90.205309
https://doi.org/10.1002/adom.201900712
https://doi.org/10.1002/adom.201900712
https://doi.org/10.1063/5.0053876
https://doi.org/10.1038/s41566-018-0153-0
https://doi.org/10.1038/s41563-019-0290-y
https://doi.org/10.1126/science.abb1570
https://doi.org/10.1038/s41566-020-00725-3
http://arxiv.org/abs/2112.01560
https://doi.org/10.1103/PhysRevLett.122.167002
https://doi.org/10.1103/PhysRevLett.122.167002
https://doi.org/10.1103/PhysRevB.99.020504
https://doi.org/10.1103/PhysRevResearch.2.013143
https://doi.org/10.1103/PhysRevLett.123.047202
https://doi.org/10.1103/PhysRevLett.123.047202
https://doi.org/10.1103/PhysRevB.104.064306
https://doi.org/10.1103/PhysRevB.104.064306
https://doi.org/10.1007/s11433-021-1750-2
http://arxiv.org/abs/2103.01241
http://arxiv.org/abs/2110.07632
https://doi.org/10.1103/PhysRevB.101.205140
https://doi.org/10.1103/PhysRevB.103.075131
https://doi.org/10.1103/PhysRevLett.126.153603
https://doi.org/10.1103/PhysRevX.10.041027
https://doi.org/10.1080/00107514.2017.1406623
https://doi.org/10.1038/s41567-020-01148-1
https://doi.org/10.1038/s41567-020-01148-1
https://doi.org/10.1103/PhysRevLett.122.133602
https://doi.org/10.1088/1367-2630/18/2/022001
https://doi.org/10.1088/1367-2630/18/2/022001
https://doi.org/10.1103/PhysRevLett.125.053602
https://doi.org/10.1103/PhysRevLett.127.177002
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1364/OPTICA.6.000354
https://doi.org/10.1038/s41567-020-0994-6
https://doi.org/10.1103/PhysRevB.93.075152
https://doi.org/10.1103/PhysRevB.104.L140503
https://doi.org/10.1063/PT.3.4749
http://arxiv.org/abs/1911.01459
https://doi.org/10.1126/sciadv.aau6969
https://doi.org/10.1021/acsphotonics.9b00268
https://doi.org/10.1103/PhysRevLett.104.106402
https://doi.org/10.1103/PhysRevB.93.054510
https://doi.org/10.1038/nmat4646
https://doi.org/10.1038/nmat4646
http://arxiv.org/abs/2201.07731
https://doi.org/10.1103/PhysRevB.104.L220503
https://doi.org/10.1038/nphys4024
https://doi.org/10.1103/PhysRevX.10.031028
http://arxiv.org/abs/2201.04128
https://scitation.org/journal/are

Applied Physics Reviews

81D, N. Basov, A. Asenjo-Garcia, P. J. Schuck, X. Zhu, and A. Rubio, “Polariton
panorama,” Nanophotonics 10, 549-577 (2021).

823, Latini, D. Shin, S. A. Sato, C. Schifer, U. D. Giovannini, H. Hiibener, and
A. Rubio, “The ferroelectric photo ground state of SrTiO;: Cavity materials
engineering,” Proc. Natl. Acad. Sci. 118, 2105618118 (2021).

8% Li, T. Qiu, J. Zhang, E. Baldini, J. Lu, A. M. Rappe, and K. A. Nelson,
“Terahertz field-induced ferroelectricity in quantum paraelectric SrTiO;,”
Science 364, 1079-1082 (2019).

84T F. Nova, A. S. Disa, M. Fechner, and A. Cavalleri, “Metastable ferroelectric-
ity in optically strained SrTiOs,” Science 364, 1075-1079 (2019).

85D. Shin, S. Latini, C. Schafer, S. A. Sato, E. Baldini, U. De Giovannini, H.
Hubener, and A. Rubio, “Simulating terahertz field-induced transient ferroe-
letricity in quantum paraelectric SrTiOs;,” arXiv:2106.03957 (2021).

86p. M. Juraschek, T. Neuman, J. Flick, and P. Narang, “Cavity control of non-
linear phononics,” Phys. Rev. Res. 3, L032046 (2021).

87M. Kiffner, J. R. Coulthard, F. Schlawin, A. Ardavan, and D. Jaksch,
“Manipulating quantum materials with quantum light,” Phys. Rev. B 99,
085116 (2019).

88\, Kiffner, J. Coulthard, F. Schlawin, A. Ardavan, and D. Jaksch, “Mott polar-
itons in cavity-coupled quantum materials,” New J. Phys. 21, 073066 (2019).

89M. A. Sentef, J. Li, F. Kiinzel, and M. Eckstein, “Quantum to classical cross-
over of Floquet engineering in correlated quantum systems,” Phys. Rev. Res.
2, 033033 (2020).

99] H. Mentink, K. Balzer, and M. Eckstein, “Ultrafast and reversible control of
the exchange interaction in Mott insulators,” Nat. Commun. 6, 6708 (2015).

Y. Li and M. Eckstein, “Manipulating intertwined orders in solids with quan-
tum light,” Phys. Rev. Lett. 125, 217402 (2020).

92A. Chiocchetta, D. Kiese, C. P. Zelle, F. Piazza, and S. Diehl, “Cavity-induced
quantum spin liquids,” Nat. Commun. 12, 5901 (2021).

93], B. Curtis, A. Grankin, N. R. Poniatowski, V. M. Galitski, P. Narang, and E.
Demler, “Cavity magnon-polaritons in cuprate parent compounds,”
arXiv:2106.07828 (2021).

94G. Mazza and A. Georges, “Superradiant quantum materials,” Phys. Rev. Lett.
122, 017401 (2019).

95A. Thomas, E. Devaux, K. Nagarajan, G. Rogez, M. Seidel, F. Richard, C.
Genet, M. Drillon, and T. W. Ebbesen, “Large enhancement of ferromagne-
tism under a collective strong coupling of YBCO nanoparticles,” Nano Lett.
21, 4365-4370 (2021).

980. 0. Soykal and M. E. Flatté, “Strong field interactions between a nanomag-
net and a photonic cavity,” Phys. Rev. Lett. 104, 077202 (2010).

97H. Huebl, C. W. Zollitsch, J. Lotze, F. Hocke, M. Greifenstein, A. Marx, R.
Gross, and S. T. B. Goennenwein, “High cooperativity in coupled microwave
resonator ferrimagnetic insulator hybrids,” Phys. Rev. Lett. 111, 127003
(2013).

98Y. Tabuchi, . Ishino, T. Ishikawa, R. Yamazaki, K. Usami, and Y. Nakamura,
“Hybridizing ferromagnetic magnons and microwave photons in the quan-
tum limit,” Phys. Rev. Lett. 113, 083603 (2014).

99X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, “Strongly coupled magnons
and cavity microwave photons,” Phys. Rev. Lett. 113, 156401 (2014).

99M. Goryachev, W. G. Farr, D. L. Creedon, Y. Fan, M. Kostylev, and M. E.
Tobar, “High-cooperativity cavity QED with magnons at microwave
frequencies,” Phys. Rev. Appl. 2, 054002 (2014).

101y Tabuchi, S. Ishino, A. Noguchi, T. Ishikawa, R. Yamazaki, K. Usami, and Y.
Nakamura, “Coherent coupling between a ferromagnetic magnon and a super-
conducting qubit,” Science 349, 405-408 (2015).

192y .p. Wang and C.-M. Hu, “Dissipative couplings in cavity magnonics,”
J. Appl. Phys. 127, 130901 (2020).

103y, Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, “Cavity magnomechanics,” Sci.
Adv. 2, 1501286 (2016).

104C. A. Potts, E. Varga, V. A. S. V. Bittencourt, S. V. Kusminskiy, and J. P.

Davis, “Dynamical backaction magnomechanics,” Phys. Rev. X 11, 031053

(2021).

J. Roman-Roche, F. Luis, and D. Zueco, “Photon condensation and enhanced

magnetism in cavity QED,” Phys. Rev. Lett. 127, 167201 (2021).

106] A. Haigh, A. Nunnenkamp, A. J. Ramsay, and A. J. Ferguson, “Triple-reso-
nant Brillouin light scattering in magneto-optical cavities,” Phys. Rev. Lett.
117, 133602 (2016).

105

REVIEW scitation.org/journal/are

197X. Zhang, N. Zhu, C.-L. Zou, and H. X. Tang, “Optomagnonic whispering gal-
lery microresonators,” Phys. Rev. Lett. 117, 123605 (2016).

1984 Osada, R. Hisatomi, A. Noguchi, Y. Tabuchi, R. Yamazaki, K. Usami, M.
Sadgrove, R. Yalla, M. Nomura, and Y. Nakamura, “Cavity optomagnonics
with spin-orbit coupled photons,” Phys. Rev. Lett. 116, 223601 (2016).

1995 Viola Kusminskiy, H. X. Tang, and F. Marquardt, “Coupled spin-light
dynamics in cavity optomagnonics,” Phys. Rev. A 94, 033821 (2016).

TOT, Liu, X. Zhang, H. X. Tang, and M. E. Flatté, “Optomagnonics in magnetic
solids,” Phys. Rev. B 94, 060405 (2016).

MG. L. Paravicini-Bagliani, F. Appugliese, E. Richter, F. Valmorra, J. Keller, M.
Beck, N. Bartolo, C. Rossler, T. Thn, K. Ensslin, C. Ciuti, G. Scalari, and J. Faist,
“Magneto-transport controlled by Landau polariton states,” Nat. Phys. 15,
186-190 (2019).

"2]. Keller, G. Scalari, F. Appugliese, S. Rajabali, M. Beck, J. Haase, C. A. Lehner,
W. Wegscheider, M. Failla, M. Myronov, D. R. Leadley, J. Lloyd-Hughes, P.
Nataf, and J. Faist, “Landau polaritons in highly nonparabolic two-
dimensional gases in the ultrastrong coupling regime,” Phys. Rev. B 101,
075301 (2020).

3T, Oka and H. Aoki, “Photovoltaic Hall effect in graphene,” Phys. Rev. B 79,
081406 (2009).

T, Kitagawa, T. Oka, A. Brataas, L. Fu, and E. Demler, “Transport properties of
nonequilibrium systems under the application of light: Photoinduced quantum
Hall insulators without Landau levels,” Phys. Rev. B 84, 235108 (2011).

TSN. H. Lindner, G. Refael, and V. Galitski, “Floquet topological insulator in
semiconductor quantum wells,” Nat. Phys. 7, 490-495 (2011).

T80, V. Kibis, O. Kyriienko, and 1. A. Shelykh, “Band gap in graphene induced
by vacuum fluctuations,” Phys. Rev. B 84, 195413 (2011).

T7X. Wang, E. Ronca, and M. A. Sentef, “Cavity quantum electrodynamical
Chern insulator: Towards light-induced quantized anomalous Hall effect in
graphene,” Phys. Rev. B 99, 235156 (2019).

"8, Hiibener, U. De Giovannini, C. Schifer, J. Andberger, M. Ruggenthaler, J.

Faist, and A. Rubio, “Engineering quantum materials with chiral optical cav-

ities,” Nat. Mater. 20, 438-442 (2021).

J. Petersen, J. Volz, and A. Rauschenbeutel, “Chiral nanophotonic waveguide

interface based on spin-orbit interaction of light,” Science 346, 67-71 (2014).

120p_Lodahl, S. Mahmoodian, S. Stobbe, A. Rauschenbeutel, P. Schneeweiss, J.
Volz, H. Pichler, and P. Zoller, “Chiral quantum optics,” Nature 541, 473-480
(2017).

2IE, Zhang, J. Ren, L. Shan, X. Duan, Y. Li, T. Zhang, Q. Gong, and Y. Gu,
“Chiral cavity quantum electrodynamics with coupled nanophotonic
structures,” Phys. Rev. A 100, 053841 (2019).

122E Appugliese, J. Enkner, G. L. Paravicini-Bagliani, M. Beck, C. Reichl, W.
Wegscheider, G. Scalari, C. Ciuti, and J. Faist, “Breakdown of the topological
protection by cavity vacuum fields in the integer quantum Hall effect,”
arXiv:2107.14145 (2021).

123C, Ciuti, “Cavity-mediated electron hopping in disordered quantum Hall sys-
tems,” Phys. Rev. B 104, 155307 (2021).

124y Rokaj, M. Penz, M. A. Sentef, M. Ruggenthaler, and A. Rubio, “Polaritonic
Hofstadter butterfly and cavity-control of the quantized hall conductance,”
arXiv:2109.15075 (2021).

125R. H. Dicke, “Coherence in spontaneous radiation processes,” Phys. Rev. 93,
99-110 (1954).

126N Skribanowitz, I. P. Herman, J. C. MacGillivray, and M. S. Feld,
“Observation of Dicke superradiance in optically pumped HF gas,” Phys. Rev.
Lett. 30, 309-312 (1973).

27M. Scheibner, T. Schmidt, L. Worschech, A. Forchel, G. Bacher, T. Passow,
and D. Hommel, “Superradiance of quantum dots,” Nat. Phys. 3, 106-110
(2007).

128G, Timothy Noe II, J.-H. Kim, J. Lee, Y. Wang, A. K. Wojcik, S. A. McGill, D.
H. Reitze, A. A. Belyanin, and J. Kono, “Giant superfluorescent bursts from a
semiconductor magneto-plasma,” Nat. Phys. 8, 219-224 (2012).

129K, Baumann, C. Guerlin, F. Brennecke, and T. Esslinger, “Dicke quantum
phase transition with a superfluid gas in an optical cavity,” Nature 464,

1301-1306 (2010).

130K, Hepp and E. H. Lieb, “On the superradiant phase transition for molecules
in a quantized radiation field: The Dicke Maser model,” Ann. Phys. 76,
360-404 (1973).

ne

Appl. Phys. Rev. 9, 011312 (2022); doi: 10.1063/5.0083825
© Author(s) 2022

9, 011312-14


https://doi.org/10.1515/nanoph-2020-0449
https://doi.org/10.1073/pnas.2105618118
https://doi.org/10.1126/science.aaw4913
https://doi.org/10.1126/science.aaw4911
http://arxiv.org/abs/2106.03957
https://doi.org/10.1103/PhysRevResearch.3.L032046
https://doi.org/10.1103/PhysRevB.99.085116
https://doi.org/10.1088/1367-2630/ab31c7
https://doi.org/10.1103/PhysRevResearch.2.033033
https://doi.org/10.1038/ncomms7708
https://doi.org/10.1103/PhysRevLett.125.217402
https://doi.org/10.1038/s41467-021-26076-3
http://arxiv.org/abs/2106.07828
https://doi.org/10.1103/PhysRevLett.122.017401
https://doi.org/10.1021/acs.nanolett.1c00973
https://doi.org/10.1103/PhysRevLett.104.077202
https://doi.org/10.1103/PhysRevLett.111.127003
https://doi.org/10.1103/PhysRevLett.113.083603
https://doi.org/10.1103/PhysRevLett.113.156401
https://doi.org/10.1103/PhysRevApplied.2.054002
https://doi.org/10.1126/science.aaa3693
https://doi.org/10.1063/1.5144202
https://doi.org/10.1126/sciadv.1501286
https://doi.org/10.1126/sciadv.1501286
https://doi.org/10.1103/PhysRevX.11.031053
https://doi.org/10.1103/PhysRevLett.127.167201
https://doi.org/10.1103/PhysRevLett.117.133602
https://doi.org/10.1103/PhysRevLett.117.123605
https://doi.org/10.1103/PhysRevLett.116.223601
https://doi.org/10.1103/PhysRevA.94.033821
https://doi.org/10.1103/PhysRevB.94.060405
https://doi.org/10.1038/s41567-018-0346-y
https://doi.org/10.1103/PhysRevB.101.075301
https://doi.org/10.1103/PhysRevB.79.081406
https://doi.org/10.1103/PhysRevB.84.235108
https://doi.org/10.1038/nphys1926
https://doi.org/10.1103/PhysRevB.84.195413
https://doi.org/10.1103/PhysRevB.99.235156
https://doi.org/10.1038/s41563-020-00801-7
https://doi.org/10.1126/science.1257671
https://doi.org/10.1038/nature21037
https://doi.org/10.1103/PhysRevA.100.053841
http://arxiv.org/abs/2107.14145
https://doi.org/10.1103/PhysRevB.104.155307
http://arxiv.org/abs/2109.15075
https://doi.org/10.1103/PhysRev.93.99
https://doi.org/10.1103/PhysRevLett.30.309
https://doi.org/10.1103/PhysRevLett.30.309
https://doi.org/10.1038/nphys494
https://doi.org/10.1038/nphys2207
https://doi.org/10.1038/nature09009
https://doi.org/10.1016/0003-4916(73)90039-0
https://scitation.org/journal/are

Applied Physics Reviews

131M. Schuler, D. De Bernardis, A. Lauchli, and P. Rabl, “The vacua of dipolar
cavity quantum electrodynamics,” SciPost Phys. 9, 066 (2020).

32D, D. Bernardis, T. Jaako, and P. Rabl, “Cavity quantum electrodynamics in
the nonperturbative regime,” Phys. Rev. A 97, 043820 (2018).

33T Jaako, Z.-L. Xiang, J. J. Garcia-Ripoll, and P. Rabl, “Ultrastrong-coupling
phenomena beyond the Dicke model,” Phys. Rev. A 94, 033850 (2016).

134K Rzazewski, K. Wédkiewicz, and W. Zakowicz, “Phase transitions, two-level
atoms, and the A” term,” Phys. Rev. Lett. 35, 432-434 (1975).

331, Bialynicki-Birula and K. Rzazewski, “No-go theorem concerning the
superradiant phase transition in atomic systems,” Phys. Rev. A 19, 301-303
(1979).

136K, Gawedzki and K. Rzazewski, “No-go theorem for the superradiant phase
transition without dipole approximation,” Phys. Rev. A 23, 2134-2136 (1981).

'37B. Gul4csi and B. Déra, “From Floquet to Dicke: Quantum spin hall insulator
interacting with quantum light,” Phys. Rev. Lett. 115, 160402 (2015).

138p_ Nataf and C. Ciuti, “No-go theorem for superradiant quantum phase transi-
tions in cavity QED and counter-example in circuit QED,” Nat. Commun. 1,
72 (2010).

139G, M. Andolina, F. M. D. Pellegrino, V. Giovannetti, A. H. MacDonald, and
M. Polini, “Cavity quantum electrodynamics of strongly correlated electron
systems: A no-go theorem for photon condensation,” Phys. Rev. B 100,
121109 (2019).

1404 Stokes and A. Nazir, “Uniqueness of the phase transition in many-dipole
cavity quantum electrodynamical systems,” Phys. Rev. Lett. 125, 143603
(2020).

Ip, Nataf, T. Champel, G. Blatter, and D. M. Basko, “Rashba cavity QED: A
route towards the superradiant quantum phase transition,” Phys. Rev. Lett.
123, 207402 (2019).

REVIEW scitation.org/journal/are

26, M. Andolina, F. M. D. Pellegrino, V. Giovannetti, A. H. MacDonald, and
M. Polini, “Theory of photon condensation in a spatially varying electromag-
netic field,” Phys. Rev. B 102, 125137 (2020).

3D, Guerci, P. Simon, and C. Mora, “Superradiant phase transition in electronic
systems and emergent topological phases,” Phys. Rev. Lett. 125, 257604
(2020).

144D, Sidler, M. Ruggenthaler, C. Schifer, E. Ronca, and A. Rubio, “A perspective
on ab initio modeling of polaritonic chemistry: The role of non-equilibrium
effects and quantum collectivity,” arXiv:2108.12244 (2021).

1451, Lloyd-Hughes, P. M. Oppeneer, T. P. dos Santos, A. Schleife, S. Meng, M. A.
Sentef, M. Ruggenthaler, A. Rubio, I. Radu, M. Murnane, X. Shi, H. Kapteyn,
B. Stadtmuiller, K. M. Dani, F. H. d Jornada, E. Prinz, M. Aeschlimann, R. L.
Milot, M. Burdanova, J. Boland, T. Cocker, and F. Hegmann, “The 2021 ultra-
fast spectroscopic probes of condensed matter roadmap,” J. Phys.: Condens.
Matter 33, 353001 (2021).

146D M. Kennes, M. Claassen, L. Xian, A. Georges, A. J. Millis, J. Hone, C. R.
Dean, D. N. Basov, A. N. Pasupathy, and A. Rubio, “Moiré heterostructures as
a condensed-matter quantum simulator,” Nat. Phys. 17, 155-163 (2021).

147] Mornhinweg, M. Halbhuber, C. Ciuti, D. Bougeard, R. Huber, and C. Lange,
“Tailored subcycle nonlinearities of ultrastrong light-matter coupling,” Phys.
Rev. Lett. 126, 177404 (2021).

148K, Wang, M. Seidel, K. Nagarajan, T. Chervy, C. Genet, and T. Ebbesen,
“Large optical nonlinearity enhancement under electronic strong coupling,”
Nat. Commun. 12, 1486 (2021).

49F. P. M. Méndez-Cérdoba, J. J. Mendoza-Arenas, F. J. Gémez-Ruiz, F. J.
Rodriguez, C. Tejedor, and L. Quiroga, “Rényi entropy singularities as signa-
tures of topological criticality in coupled photon-fermion systems,” Phys. Rev.
Res. 2, 043264 (2020).

Appl. Phys. Rev. 9, 011312 (2022); doi: 10.1063/5.0083825
© Author(s) 2022

9, 011312-15


https://doi.org/10.21468/SciPostPhys.9.5.066
https://doi.org/10.1103/PhysRevA.97.043820
https://doi.org/10.1103/PhysRevA.94.033850
https://doi.org/10.1103/PhysRevLett.35.432
https://doi.org/10.1103/PhysRevA.19.301
https://doi.org/10.1103/PhysRevA.23.2134
https://doi.org/10.1103/PhysRevLett.115.160402
https://doi.org/10.1038/ncomms1069
https://doi.org/10.1103/PhysRevB.100.121109
https://doi.org/10.1103/PhysRevLett.125.143603
https://doi.org/10.1103/PhysRevLett.123.207402
https://doi.org/10.1103/PhysRevB.102.125137
https://doi.org/10.1103/PhysRevLett.125.257604
http://arxiv.org/abs/2108.12244
https://doi.org/10.1088/1361-648X/abfe21
https://doi.org/10.1088/1361-648X/abfe21
https://doi.org/10.1038/s41567-020-01154-3
https://doi.org/10.1103/PhysRevLett.126.177404
https://doi.org/10.1103/PhysRevLett.126.177404
https://doi.org/10.1038/s41467-021-21739-7
https://doi.org/10.1103/PhysRevResearch.2.043264
https://doi.org/10.1103/PhysRevResearch.2.043264
https://scitation.org/journal/are

	l
	s1
	s2
	s2A
	s2B
	s2C
	s2D
	s2E
	s2F
	s3
	s3A
	f1
	d1
	d2
	s3B
	s3B1
	f2
	f3
	s3B2
	s3B3
	f4
	d3
	d4
	d5
	s3B4
	f5
	s3B5
	f6
	s3B6
	d6
	s4
	f7
	f8
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67
	c68
	c69
	c70
	c71
	c72
	c73
	c74
	c75
	c76
	c77
	c78
	c79
	c80
	c81
	c82
	c83
	c84
	c85
	c86
	c87
	c88
	c89
	c90
	c91
	c92
	c93
	c94
	c95
	c96
	c97
	c98
	c99
	c100
	c101
	c102
	c103
	c104
	c105
	c106
	c107
	c108
	c109
	c110
	c111
	c112
	c113
	c114
	c115
	c116
	c117
	c118
	c119
	c120
	c121
	c122
	c123
	c124
	c125
	c126
	c127
	c128
	c129
	c130
	c131
	c132
	c133
	c134
	c135
	c136
	c137
	c138
	c139
	c140
	c141
	c142
	c143
	c144
	c145
	c146
	c147
	c148
	c149

