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cQED of quantum materials
Can the interaction between electrons and photons yield something 
interesting from the point of view of many-body physics?

The answer is of course yes. 

Textbook example: interaction between electronic currents via the exchange of 
transverse photons. Unscreened (i.e. long-ranged) even in the case of metals! 
Despite being ever present, the coupling constant is the square of the ratio 
between Fermi velocity and speed of light. The resulting non-FL states, first 
discovered by Holstein et al. (1973) and prominently studied by Reizer (1989), 
manifest at prohibitively low temperatures and in ultra-pure metals

The holy grail of cQED is to make things happen in less extreme regimes. Honest 
transverse photons won’t work. There is only one trick I know: squeeze light in a 
sub-wavelength fashion by using polaritons! 
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Experimental results
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The strong light–matter coupling regime1,2 is realized when the 
coupling Ω between photons and a material’s excitation of fre-
quency ω exceeds the losses γtot of both components. An espe-

cially interesting situation is attained when quantum fluctuations of 
the electromagnetic field ground state give rise to the so-called vac-
uum Rabi splitting of the cavity polaritons. Solid-state systems3–5 have 
recently proved to be instrumental in achieving the ultimate limit of 
this kind of coupling. The ultrastrong coupling regime6–20, realized 
in the limit of Ω/ω ≳  0.1, exploits the collective nature of the matter 
excitations6,21,22 to achieve a peculiar situation where the ground state 
of the system is constituted by non-trivial quantum vacua6.

The (ultra)strong coupling regime has so far mostly been inves-
tigated by interrogating the photonic component of the polariton 
quasiparticle weakly probing the coupled system with low photon 
fluxes1–5,7,9,10,13–17,19,23–26. Notable exceptions have been the measure-
ments of the matter part of an exciton polariton condensate with 
an excitonic 1s–2p transition27 and a transport experiment in  
molecules coupled to a plasmonic resonance18.

Recently we pioneered a new experimental platform, the Landau  
polaritons, to study ultrastrong light–matter interactions15,28 allow-
ing us to reach record-high normalized light–matter coupling ratios  
Ω/ωcav >  1 (ref. 29). The inter-Landau level (cyclotron) transition 
ω = eB

mc *  (m* is the effective electron mass) of a two-dimensional 
electron gas (2DEG) under strong magnetic field is coupled to  
a complementary electronic LC resonator30 at frequencies of  
hundreds of gigahertz, which plays effectively the role of the  
optical cavity. This system is especially well suited to study the  
matter part of ultrastrongly coupled polaritons using low-temper-
ature magneto-transport.

It was recently proposed theoretically31 that such transport is 
actually driven by the bright polariton operator (that is, the same 
operator driving the optical response). The conductivity σ is then 
described as the sum of two conducting channels from the upper 
and lower polariton rather than only one associated with the 
cyclotron frequency. Here, we find experimental evidence con-
sistent with this picture, in which most tellingly the longitudinal  

resistivity ρxx (ρ =  σ−1) bears signatures of polaritons and the vac-
uum Rabi splitting.

Further confirmation of polaritonic effects acting on magneto-
transport is obtained by observing the resistance change Δ ρxx induced 
by an extremely weak excitation of the system with a tunable, narrow-
band source. Exploiting the extremely large and filling-factor-dependent  
responsivity of 2DEGs in the terahertz regime32–34, we reveal the 
response of the polariton state in a small energy slice Δ E ≈  kBTel around 
the Fermi energy.

A sample schematic in Fig. 1a and a scanning electron micro-
graph of the sample cross-section in Fig. 1b show the Hall bar 
enclosed in the capacitive gap of the metallic resonator. We use 
two different geometries displaying resonant field enhancements at 
140 GHz and 205 GHz (referred to as CH140 and CH205, respec-
tively, shown in Fig. 1a,c). As a reference, we use a Hall bar ‘RH’ not 
coupled to any resonator and without any metallization. A finite-
element simulation (CST Microwave Studio) of the electromagnetic 
mode distribution of CH205 is overlaid as a colour map in Fig. 1c. 
The colour map shows the resonator’s in-plane electric field dis-
tribution = ∣ ∣ + ∣ ∣E E Ex y x y,

2 2  scaled as the local field enhancement. 
Both cavities create a strong vacuum electric field ⊥E Ivac  in the 
entire area spanned by the Hall bar contacts 1 to 4.

The terahertz transmission measurement shown in Fig. 1d hence 
shows the anti-crossing behaviour of the electronic resonance (green 
curve) strongly coupled to the resonator (red). As discussed in the 
Supplementary Information, to correctly model the dispersion of 
the lower polariton branch at low magnetic field, we replaced the 
cyclotron dispersion by the one of the magneto-plasmon35,36, origi-
nating from the lateral confinement of the electrons in the Hall bar. 
We find a normalized light–matter coupling Ω/ωcav equal to 30% 
and 20% (± 5%) for CH140 and CH205, respectively. From the line-
width in Fig. 1d, the cavities' quality factor is Q ~ 5. The finite-ele-
ment simulations shown in Supplementary Fig. 2a–c qualitatively 
reproduce the terahertz transmission results for the three samples.

Now we discuss the magneto-transport experiments conducted 
without any terahertz illumination, where the computed thermal 

Magneto-transport controlled by Landau  
polariton states
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Hybrid excitations, called polaritons, emerge in systems with strong light–matter coupling. Usually, they dominate the linear 
and nonlinear optical properties with applications in quantum optics. Here, we show the crucial role of the electronic component 
of polaritons in the magneto-transport of a cavity-embedded two-dimensional electron gas in the ultrastrong coupling regime. 
We show that the linear direct-current resistivity is substantially modified by the coupling to the cavity even without external 
irradiation. Our observations confirm recent predictions of vacuum-induced modification of the resistivity. Furthermore, photo-
assisted transport in the presence of a weak irradiation field at sub-terahertz frequencies highlights the different roles of local-
ized and delocalized states.
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Tunable vacuum-field control of fractional 
and integer quantum Hall phases

Josefine Enkner1,2 ✉, Lorenzo Graziotto1,2, Dalin Boriçi3, Felice Appugliese1,2, 
Christian Reichl2,4, Giacomo Scalari1,2, Nicolas Regnault5,6,7, Werner Wegscheider2,4, 
Cristiano Ciuti3 & Jérôme Faist1,2 ✉

In quantum mechanics, empty space is not void but is characterized by vacuum-!eld 
"uctuations, which underlie phenomena such as the Lamb shift1, spontaneous 
emission, and the Casimir e#ect2. Due to their quantitatively small relative 
contributions in free-space atomic physics, they were traditionally overlooked in 
solid-state systems. Recently, however, the interplay between electronic correlations 
and quantum electrodynamical e#ects in low-dimensional systems has become a 
rapidly advancing area in condensed matter physics3–5, with substantial implications 
for quantum materials and device engineering. High-mobility two-dimensional 
electron gases in the quantum Hall regime6 o#er an ideal platform to investigate how 
vacuum electromagnetic !elds a#ect strongly correlated electronic states. Here we 
demonstrate that adjusting the coupling strength between a two-dimensional 
electron gas and the vacuum !elds of a hovering split-ring resonator leads to a 
signi!cant reduction in exchange splitting at odd-integer !lling factors, along with  
an enhancement of fractional quantum Hall gaps at !lling factors 4/3, 5/3 and 7/5. 
Theoretical analysis indicates that these e#ects stem from an e#ective long-range 
attractive interaction mediated by virtual cavity photons in regions with strong 
vacuum electric !eld gradients. Our !ndings uncover a new mechanism by which 
cavity vacuum !elds can reshape electronic correlations in quantum Hall systems, 
establishing a new approach for manipulating correlated quantum phases in 
low-dimensional materials and paving the way for engineering tailored many-body 
interactions in compact devices.

In the newly emerged field of cavitronics5, research has been leverag-
ing the ultrastrong light–matter coupling regime7, aiming to modify 
molecular structures8, enhance electron–phonon couplings9 and 
facilitate the emergence of new electronic phases, including super-
conductivity10, ferroelectricity11 and topological properties12,13. Despite 
substantial theoretical backing and evidence of cavity-induced altera-
tions in chemical reactions3,14 and charge transport13,15–19, demonstration 
of the manipulation of strongly correlated phases20 by cavity vacuum 
fields remains scarce.

In this work, as illustrated in Fig. 1, we have developed a mobile 
cavity system capable of finely tuning the strength of cavity vacuum 
fields permeating a small Hall bar, driving the system in situ from a 
completely uncoupled state to an ultrastrongly coupled one, hence 
allowing a fully self-referenced assessment of the impact of vacuum 
fluctuations on the material system. This is achieved by adjusting the 
distance between a metallic split-ring resonator and the high-mobility 
GaAs-based two-dimensional electron gas (2DEG) within a quantum 
well heterostructure. When subjected to a strong perpendicular mag-
netic field, this set-up allows for the probing of the integer quantum 

Hall effect and of strongly correlated fractional quantum Hall (FQH) 
phases by means of transport measurements of longitudinal and 
transverse resistance. We have discovered that the ‘hovering’ cavity 
resonator decreases the exchange splitting at odd filling factors while 
significantly enhancing several fractional quantum Hall phases with 
respect to their value in the uncoupled Hall bar. This enhancement 
occurs while maintaining the metallic resonator at distances for which 
electrostatic screening effects are entirely negligible. We leverage 
activated-transport measurements of both integer quantum Hall and 
FQH gaps as exemplary cases to demonstrate the influence of cavity 
vacuum fields on condensed matter systems, and how to exploit them 
to address in situ quantum states in small devices.

This experiment demonstrates that quantum light–matter interac-
tion can reduce spin splittings and enhance certain fractional quantum 
Hall gaps, and our theoretical analysis shows that this effect can arise 
from a cavity-mediated attractive potential. Further investigations 
using complementary techniques, such as capacitance measure-
ments21–24 and inelastic light scattering25–28, which have been used 
to study fractional quantum Hall states at filling factors ν%<%1, will 
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Cavity-altered superconductivity
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Matthew Julian7, Rohit P. Prasankumar7, Kazuya Miyagawa8, Kazushi Kanoda8,9,10, Genda Gu4, 
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Is it feasible to alter the ground-state properties of a material by engineering its 
electromagnetic environment? Inspired by theoretical predictions1–12, experimental 
realizations of such cavity-controlled properties without optical excitation are 
beginning to emerge13–19. Here we devised and implemented a new platform to realize 
cavity-altered materials. Single crystals of hyperbolic van der Waals (vdW) compounds 
provide a resonant electromagnetic environment with enhanced density of photonic 
states and prominent mode con"nement20–24. We interfaced hexagonal boron nitride 
(hBN) with the molecular superconductor κ-(BEDT-TTF)2Cu[N(CN)2]Br (κ-ET).  
The frequencies of infrared hyperbolic modes (HMs) of hBN (refs. 25,26) match  
the infrared-active carbon–carbon (C=C) stretching molecular resonance of κ-ET 
implicated in superconductivity27. Nano-optical data supported by "rst-principles 
molecular Langevin dynamics simulations con"rm the presence of resonant coupling 
between the hBN hyperbolic cavity modes and the C=C stretching mode in κ-ET. 
Meissner-e%ect measurements using magnetic force microscopy (MFM) demonstrate 
a strong suppression of super&uid density near the hBN/κ-ET interface. Non-resonant 
control heterostructures, including RuCl3/κ-ET and hBN/Bi2Sr2CaCu2O8+x (BSCCO),  
do not show the pronounced super&uid suppression. These observations suggest that 
hBN/κ-ET realizes a cavity-altered superconducting ground state. Our work highlights 
the potential of dark cavities devoid of external photons for engineering electronic 
ground-state properties of complex quantum materials.

Some of the most exciting properties of solids arise from strong col-
lective interactions among electrons, spins and the crystal lattice. The 
emergent effects born out of such strong interactions are abundant 
and drive the formation of varied electronic and magnetic phases. At 
the vanguard of present interest and debate is the question of whether 
the strong interaction of the quantum fluctuations of electromag-
netic modes in photonic cavities or metastructures with elementary 
excitations in solids can also prompt phase transitions and lead to 
new quantum states of matter. A grand aspiration of cavity quantum 
materials research is to uncover fundamentally new routes for control-
ling properties of matter by judiciously tailoring the quantum electro-
magnetic environment1–12. Experiments with dark cavities revealed 
modified transport properties in the integer and fractional quantum 
Hall states of a 2D electron gas13,17,19, as well as cavity-assisted thermal 
control of the metal-to-insulator transition in charge-density-wave 

systems15. Pioneering theoretical works on cavity control of super-
conductivity explored dark-cavity modification of phonon-mediated 
pairing through an increase in electron–phonon coupling by means of 
phonon polaritons1,8,9, Amperean pairing directly mediated through 
dark-cavity photons28,29, as well as the driven-cavity extension of the 
Eliashberg effect30.

Here we have chosen to focus on superconductivity as a purely 
electronic phase transition, devoid of lattice reconstructions and 
charge or spin orderings. We work with κ-ET, a widely studied layered 
organic salt that superconducts below the transition temperature 
Tc = 11.5 K (refs. 31,32) (Supplementary Information Sections 1 and 2). 
We make use of an electromagnetic environment structured by the 
dipole-active phonons of a thin vdW hyperbolic material, hBN. Hyper-
bolicity occurs when the permittivity has opposite signs along different 
axes25,26 and results in a highly enhanced photonic density of states33–35.  
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Breakdown of topological protection by cavity
vacuum fields in the integer quantum Hall effect
Felice Appugliese1*, Josefine Enkner1, Gian Lorenzo Paravicini-Bagliani1†, Mattias Beck1,
Christian Reichl2, Werner Wegscheider2, Giacomo Scalari1, Cristiano Ciuti3, Jérôme Faist1*

The prospect of controlling the electronic properties of materials via the vacuum fields of cavity
electromagnetic resonators is emerging as one of the frontiers of condensed matter physics. We found
that the enhancement of vacuum field fluctuations in subwavelength split-ring resonators strongly
affects one of the most paradigmatic quantum protectorates, the quantum Hall electron transport
in high-mobility two-dimensional electron gases. The observed breakdown of the topological protection
of the integer quantum Hall effect is interpreted in terms of a long-range cavity-mediated electron
hopping where the anti-resonant terms of the light-matter coupling Hamiltonian develop into a finite
resistivity induced by the vacuum fluctuations. Our experimental platform can be used for any
two-dimensional material and provides a route to manipulate electron phases in matter by means of
vacuum-field engineering.

A
n intriguing aspect of quantum field
theories is the description of empty
space as permeated by electromagnetic
vacuum fluctuations. Energy conserva-
tion forbids any process that would lead

to net energy extraction from such states, thus
implying that such vacuum fields cannot be
detected by direct absorption. Nonetheless,
there is much experimental evidence of their
existence: Spontaneous emission, the Lamb
shift, and the Casimir effect can only be ex-
plained by invoking the role of vacuum fields
(1). More recently, technological developments
of both laser sources and optical nanocavities
in the strong light-matter coupling offer a new
perspective about vacuum fields, one in which
those fluctuations can be sensed directly (2, 3)
and used to engineer new properties of matter
(4–7) without illumination. Polaritons, optical
excitations in the strong light-matter coupling
regime, can also be used as sensitive probes of
many-body states such as fractional quantum
Hall states (8) and Wigner crystals (9). Confin-
ing the light on a strongly subwavelength scale
is a key element that enabled the achievement
of record high interaction strengths (10–13) in
which the anti-resonant terms of light-matter
coupling play an important role (14). Cavity-
controlled superconductivity (15, 16), long-range
ferroelectric order (17, 18), and cavity-mediated
superradiance (4), all exploiting the cou-
pling of electrons or dipoles to vacuum fields,
have recently been investigated. Experimen-
tally, however, unambiguous identification of

modified equilibrium properties of solid-state
quantum phases of matter (19) through vac-
uum fields remains an open challenge.
We recently demonstrated the role of Landau

polaritons (20) in controlling the DC bulk mag-
netotransport (21) in a semiconductor elec-
tronic gas, even in the absence of external
illumination. The amplitude of the Shubnikov–
de Haas oscillations was modified by the pres-
ence of a terahertz resonator embedding the
Hall bar. However, because a change in the
shape of the oscillations in DCmagnetoresis-
tivity is sensitively linked to variations of
scattering processes, the phenomenology is
not universal and every sample is unique. Here,
we investigated transport in the integer quan-
tumHall regime, where the topological protec-
tion of the edge currents results in a quantized
resistance andwhere the effect of vacuum fields
can be unambiguously revealed.
At low magnetic fields, it is possible to de-

scribe transport in the presence of impurity
scattering only as a broadening of the Landau
levels’ density of states. In the high–magnetic
field regime, the random impurity potential
instead causes the localization of electrons.
When the Fermi energy lies around a mini-
mumbetween consecutive Landau levels, both
the longitudinal magnetoconductivity sxx and
magnetoresistivity rxx simultaneously vanish.
In order to describe this nontrivial effect, it is
necessary to consider the role of the states at
the sample edge.
The simplest picture that best describes the

physics of this regime is built on the work of
Büttiker (22). The key point is that the bulk is
construed as an insulator (because electrons are
localized in a fluctuating spatial potential)while
the edges are conductors. The current flows
through a discrete number of one-dimensional
(1D) edge channels from one contact to the
next, each of them contributing e2/h to the
conductance and exhibiting zero longitudinal

resistance. This system is a prototypical topo-
logical insulator (19), where the edge currents
are chiral, traveling in opposite directions
at the two opposite edges of the sample. As
a result, an electron in an edge channel cannot
backscatter unless it is scattered on the other
edge of the sample. This is true for potentials
that vary slowly over a cyclotron radius but
rapidly over the sample dimensions. The im-
purity potential can be strong, but it still does
not produce backscattering when it is short-
range (22). For this reason, the topological
protection of the quantumHall effect is robust
against local perturbations such as a static
disorder. A change in the integer quantum
Hall phenomenology can only be explained by
invoking the nonlocal nature of the vacuum
field associated to a given resonator mode.
Here, we report experimental results that

reveal modifications of the integer quantum
Hall effect in Hall bars immersed in an elec-
tronic resonator where the vacuum field fluc-
tuations are enhanced by their confinement
into a strongly subwavelength volume. The
geometry of our experiment (21) (Fig. 1A) is a
Hall bar of width 40 µm, fabricated on a high-
mobility 2D electron gas (23), located in the
spatial gap of a complementary metallic reso-
nator (24, 25) with a resonance at 140 GHz.
The longitudinal and Hall transverse resist-
ances are measured within the gap of the
resonator. The geometry of the resonator
is such that the vacuum field fluctuations
E =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ħwcav=2e0esVeff

p
= 1 V/m (where ħ is the

Planck constant divided by 2p, wcav is the cav-
ity mode angular frequency, e0 is the vacuum
permittivity, es = 13 is the relative permittivity
of GaAs, and Veff = 2.72 × 105 mm3 is the ef-
fective cavity volume) are strongly enhanced
relative to the free space, where the ampli-
tude would be on the order of E = 0.065 V/m
in that frequency range. This vacuum field,
for the lowest-frequency resonance, is fairly
homogeneous in the center of the resonator
but increases toward the edges. In optical
characterization experiments done on an ar-
ray of such cavities on a Hall bar (21, 26), we
observed well-defined Landau polaritons with
a light-matter collective Rabi frequency ~WR ≈
0.3wcav (Fig. 1B). The resonance between the
cavity and the cyclotron frequency occurs
at a magnetic field B ≈ 0.3 T. Comparison of
the optical spectroscopy performed on ar-
rays and single resonators shows essentially
no changes (23).
The electron transport in the integer quan-

tum Hall effect proceeds via edge states that
are protected against backscattering by the
lifting of the time-reversal symmetry provided
by the magnetic field (Fig. 1A). As shown in a
recent study (27), in the presence of disorder
a cavity-mediated long-range hopping can be
achieved via the exchange of a virtual cavity
photon (Fig. 1C). For an electron occupying a
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Tricky theoretical issues
Simple commandments to be respected when 
coupling light to matter degrees of freedom:

1) Honour gauge invariance
2) Thou shalt not use light-matter coupling as an 
arbitrary parameter to get what you want

Different types of cavities lead to different physics. 
Macroscopic difference between diffraction limited 
cavities (such as Fabry-Pérot cavities) and sub-
wavelength cavities (such as polaritonic cavities) 

G. M. Andolina, F. M. D. Pellegrino, V. Giovannetti, A. H. MacDonald, and M. P.,  
Phys. Rev. B 100, 121109(R) (2019) and Phys. Rev. B 102, 125137 (2020)
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The simplest theory you can cook: 
Dyadic Green’s function approach

G. M. Andolina, A. De Pasquale, F. M. D. Pellegrino, I. Torre,  F. H. L. Koppens, and M. P., Phys. Rev. B 109, 104513 (2024)



Maxwell equations in a local medium
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Maxwell equations in a material:

In order to keep the math simple, we assume spatial locality (generalization needed 
for chiral cavities):
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L. D. Landau and E. M. Lifshitz, Course of Theoretical Physics: Electrodynamics of Continuous Media (Pergamon, New York, 1987)



Dyadic Green’s function

The (causal) Green’s function associated with the Helmholtz equation for the electric 
field is known as “dyadic Green’s function” and obeys the following equation: 

<latexit sha1_base64="tM1ZUvtAbIcliVQ3OQB78GYkH6g="></latexit>

D0
��(

Tµ�1)G↵�(r, r
0,!)� !2

c2
T ✏��(r

0,!)G↵�(r, r
0,!) = 4⇡�↵��(r � r0)

The dyadic Green's function directly connects the total electric field with the 
external source and is therefore gauge invariant:
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Gauge freedom
We now introduce scalar and vector potentials:
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The first ME and the equation for the magnetic field become:

Gauge freedom. In the generalized Coulomb gauge*:
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“Scalar” and “vector” decomposition

What is the equivalent of the standard longitudinal-transverse decoupling of 
the Maxwell equations in vacuum?

The gauge-fixing condition leads immediately to the Poisson equation:
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The vectorial current is solenoidal (i.e. transverse) but the scalar current is 
not irrotational:



“Scalar” and “vector” Green’s functions

We introduce the “scalar” Green’s function as the Green’s function for the 
Poisson equation:

The equation for the vector potential then reads:
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The “vector” Green’s function is the Green’s function for the Helmoltz equation for 
the vector potential:



Scalar and vector potentials can be found from the Green’s functions:
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Expressing everything in terms of the external current we find:
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Finally, we compare these equations with the dyadic Green’s function

“Scalar” and “vector” Green’s functions



Dyadic Green’s function decomposition
In the generalized Coulomb gauge the Green’s function can be separated as:
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G. M. Andolina, A. De Pasquale, F. M. D. Pellegrino, I. Torre,  F. H. L. Koppens, and M. P., Phys. Rev. B 109, 104513 (2024)

where the “scalar” Green’s function is simply the Green’s function for the Poisson 
equation
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while the “vector” Green’s function is the Green’s function for the Helmoltz 
equation



Dyadic Green’s function: 
physical implications

Massive difference between sub-wavelength cavities (e.g. polaritonic 
cavities) and diffraction-limited cavities (e.g. Fabry-Pérot cavities). In the 
former ones, the scaler (i.e. electrical-like) term dominates because the 
spatial variation of the field occurs on the polariton wavelength λp
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G. M. Andolina, A. De Pasquale, F. M. D. Pellegrino, I. Torre,  F. H. L. Koppens, and M. P., Phys. Rev. B 109, 104513 (2024)

where λd is the free-space wavelength:
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Theory of effective electron-electron 
interactions (EEEIs) in 

sub-wavelength cavities



As we have just demonstrated, the density-density EEEI in a sub-wavelength cavity 
is given by

Coulomb interactions in a sub-wavelength cavity
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A few observations: 
- In free space this clearly reduces to the instantaneous (i.e. non-retarded) Coulomb 

interaction 
- In the static limit it encodes screening due to polarization charges and image 

charges in the metallo-dielectric environment
- At finite frequency, it encodes the polariton modes of the latter (including losses!), 

which appear as poles in the lower half of the complex frequency plane
- It is therefore extremely clear how to formulate quantum many-body theory in a 

cQED setup. You just need to derive generalized Hedin’s equation for this retarded 
interaction!

L. Hedin and S. Lundqvist, Solid State Phys. 23, 1 (1969)
G. D. Mahan Many-Particle Physics, Third Edition (Plenum Publishers, New York, 2000)

G. F. Giuliani and G. Vignale, Quantum Theory of the Electron Liquid (Cambridge University Press, Cambridge, 2005)



The case of van der Waals planar cavities



z

d′

0

−d

ε̂(ω)

ε̂(ω)
2D crystal

metal gate

metal gate
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See e.g. S. Dai et al., Science 343, 1125 (2014)
J. D. Caldwell et al., Nat. Commun. 5, 5221 (2014)

T. Low et al., Nature Mater. 16, 182 (2017)
D. N. Basov et al., Nanophoton. 10, 549 (2021)

In order to illustrate in a fully analytical fashion our approach, we focus on a planar 
sub-wavelength cavity based on a vdW heterostructure

The polariton mediated propagator can be found analytically

L. V. Keldysh, Pis'ma Zh. Eksp. Teor. Fiz. 29, 716 (1979)
A. Tomadin, A. Principi, J. C. W. Song, L. S. Levitov, and M. P., Phys. Rev. Lett. 115, 087401 (2015)
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Polariton mediated propagator

Inside the reststrahlen bands, it displays poles (sub-diffractional polaritons)



Plasmon polaritons and spectral weight transfer
We introduce the retarded (i.e. causal) density-density response function:
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The fluctuation dissipation theorem yields the dynamical structure factor:
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Polariton-induced superconductivity 
in 2D metals

R. Riolo, F. H. L. Koppens, P. Jarillo-Herrero, G. Mazza, A. H. MacDonald, and M. P., arXiv:2511.00608



Superconductivity in systems with repulsive interactions

Electron systems can display instabilities towards superconductivity, also in the 
case of purely repulsive interactions. Two textbook examples are known:

- Kohn-Luttinger superconductivity (already discussed in this workshop by 
Andrey and Paco). Strong repulsive interactions lead to strong Friedel 
oscillations. A partial-wave analysis reveals that channels with high and odd 
angular momentum can become unstable (attractive interactions come from 
over-screening) - lots of work in TBG from Paco and Tommaso Cea

- McMillan-type superconductivity. The key here is to introduce frequency 
structure in the EEEI. Interactions that are less repulsive at low frequencies than at 
high frequencies (on the imaginary-frequency axis) lead to a superconducting 
instability. That’s exactly what polaritons do!

D. Pimenov and A. V. Chubukov, Ann. Phys. (N.Y.) 447, 169049 (2022)



Elementary considerations
1) Frequency dependence of the EEEI is natural when dynamical screening is 
taken into account. Strong frequency dependence associated with the plasmon 
pole. Difficult to treat. 3D plasmon-mediated superconductivity never observed (to 
the best of my knowledge). In 3D no Migdal smallness:

2) In 2D an effective small Migdal parameter emerges at long-wavelengths:
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⊋!p
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3) Key to superconductivity is spectral weight flow from high to low energies. 
Hybridization between 2D plasmons and polaritons can do that! 

R. Riolo, F. H. L. Koppens, P. Jarillo-Herrero, G. Mazza, A. H. MacDonald, and M. P., arXiv:2511.00608



Migdal-Eliashberg theory
Linearized gap equation (neglecting here self-energy corrections, which can be 
taken into account):
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Dynamically-screened interaction in the RPA:

(particle-hole susceptibility with appropriate number of fermion flavors)



Device geometry
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As far as the 2ES is concerned, we have picked up massless Dirac fermions 
with a reduced Fermi velocity (TBG, Bistritzer-MacDonald model):
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Placing limits on the vertex-free theory
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Validity of the vertex-free theory can be checked by comparing theory 
predictions with available experimental results (on single-layer graphene)
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v = v0/2 (i.e. ω = 2.2→ in TBG)

<latexit sha1_base64="I8kwJXCeMzsey8axZl/ayDMeh3I=">AAAB/HicbZDLSsNAFIYn9VbrLdqlm8EiuCqJSnUjFN24rGAv0IQymU7aoZNJmDkRQqiv4saFIm59EHe+jdM2C63+MPDxn3M4Z/4gEVyD43xZpZXVtfWN8mZla3tnd8/eP+joOFWUtWksYtULiGaCS9YGDoL1EsVIFAjWDSY3s3r3gSnNY3kPWcL8iIwkDzklYKyBXfVYorkwmHtchpBNr84Gds2pO3Phv+AWUEOFWgP70xvGNI2YBCqI1n3XScDPiQJOBZtWvFSzhNAJGbG+QUkipv18fvwUHxtniMNYmScBz92fEzmJtM6iwHRGBMZ6uTYz/6v1Uwgv/ZzLJAUm6WJRmAoMMZ4lgYdcMQoiM0Co4uZWTMdEEQomr4oJwV3+8l/onNbdRr1xd15rXhdxlNEhOkInyEUXqIluUQu1EUUZekIv6NV6tJ6tN+t90Vqyipkq+iXr4xsgIZUX</latexit>

ω→ = 3

Numerical results
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Provided phonon oscillator strength of the polar material is large enough, a 
large boost in critical temperature occurs under resonant conditions 



Plasmon-phonon polaritons
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Peak in critical temperature occurs when the 2DES plasmon is resonant with 
the phonon, creating lower and upper phonon polaritons



•A theory of cQED that applies to realistic sub-wavelength cavities and relies 
on the gauge-invariant dyadic Green’s function is avaliable. Green’s function 
is decomposed into a scalar- and vector-like component, i.e. cavities modify 
both density-density and current-current interactions in materials

•Sub-wavelength polaritonic cavities tend to be dominated by density-density 
interactions. In these cavities, mod-vol confinement arguments can be used. 
The cavity “environment” can substantially alter interactions with respect to 
free space, in a frequency-dependent fashion

• Sub-wavelength cavities can alter transport (e.g. SdH oscillations) and many-
body phases (e.g. they can induce superconductivity in 2DESs. In this 
respect, theory appears to be under control in 2D, when polaritonic medium is 
resonant)
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The strong light–matter coupling regime1,2 is realized when the 
coupling Ω between photons and a material’s excitation of fre-
quency ω exceeds the losses γtot of both components. An espe-

cially interesting situation is attained when quantum fluctuations of 
the electromagnetic field ground state give rise to the so-called vac-
uum Rabi splitting of the cavity polaritons. Solid-state systems3–5 have 
recently proved to be instrumental in achieving the ultimate limit of 
this kind of coupling. The ultrastrong coupling regime6–20, realized 
in the limit of Ω/ω ≳  0.1, exploits the collective nature of the matter 
excitations6,21,22 to achieve a peculiar situation where the ground state 
of the system is constituted by non-trivial quantum vacua6.

The (ultra)strong coupling regime has so far mostly been inves-
tigated by interrogating the photonic component of the polariton 
quasiparticle weakly probing the coupled system with low photon 
fluxes1–5,7,9,10,13–17,19,23–26. Notable exceptions have been the measure-
ments of the matter part of an exciton polariton condensate with 
an excitonic 1s–2p transition27 and a transport experiment in  
molecules coupled to a plasmonic resonance18.

Recently we pioneered a new experimental platform, the Landau  
polaritons, to study ultrastrong light–matter interactions15,28 allow-
ing us to reach record-high normalized light–matter coupling ratios  
Ω/ωcav >  1 (ref. 29). The inter-Landau level (cyclotron) transition 
ω = eB

mc *  (m* is the effective electron mass) of a two-dimensional 
electron gas (2DEG) under strong magnetic field is coupled to  
a complementary electronic LC resonator30 at frequencies of  
hundreds of gigahertz, which plays effectively the role of the  
optical cavity. This system is especially well suited to study the  
matter part of ultrastrongly coupled polaritons using low-temper-
ature magneto-transport.

It was recently proposed theoretically31 that such transport is 
actually driven by the bright polariton operator (that is, the same 
operator driving the optical response). The conductivity σ is then 
described as the sum of two conducting channels from the upper 
and lower polariton rather than only one associated with the 
cyclotron frequency. Here, we find experimental evidence con-
sistent with this picture, in which most tellingly the longitudinal  

resistivity ρxx (ρ =  σ−1) bears signatures of polaritons and the vac-
uum Rabi splitting.

Further confirmation of polaritonic effects acting on magneto-
transport is obtained by observing the resistance change Δ ρxx induced 
by an extremely weak excitation of the system with a tunable, narrow-
band source. Exploiting the extremely large and filling-factor-dependent  
responsivity of 2DEGs in the terahertz regime32–34, we reveal the 
response of the polariton state in a small energy slice Δ E ≈  kBTel around 
the Fermi energy.

A sample schematic in Fig. 1a and a scanning electron micro-
graph of the sample cross-section in Fig. 1b show the Hall bar 
enclosed in the capacitive gap of the metallic resonator. We use 
two different geometries displaying resonant field enhancements at 
140 GHz and 205 GHz (referred to as CH140 and CH205, respec-
tively, shown in Fig. 1a,c). As a reference, we use a Hall bar ‘RH’ not 
coupled to any resonator and without any metallization. A finite-
element simulation (CST Microwave Studio) of the electromagnetic 
mode distribution of CH205 is overlaid as a colour map in Fig. 1c. 
The colour map shows the resonator’s in-plane electric field dis-
tribution = ∣ ∣ + ∣ ∣E E Ex y x y,

2 2  scaled as the local field enhancement. 
Both cavities create a strong vacuum electric field ⊥E Ivac  in the 
entire area spanned by the Hall bar contacts 1 to 4.

The terahertz transmission measurement shown in Fig. 1d hence 
shows the anti-crossing behaviour of the electronic resonance (green 
curve) strongly coupled to the resonator (red). As discussed in the 
Supplementary Information, to correctly model the dispersion of 
the lower polariton branch at low magnetic field, we replaced the 
cyclotron dispersion by the one of the magneto-plasmon35,36, origi-
nating from the lateral confinement of the electrons in the Hall bar. 
We find a normalized light–matter coupling Ω/ωcav equal to 30% 
and 20% (± 5%) for CH140 and CH205, respectively. From the line-
width in Fig. 1d, the cavities' quality factor is Q ~ 5. The finite-ele-
ment simulations shown in Supplementary Fig. 2a–c qualitatively 
reproduce the terahertz transmission results for the three samples.

Now we discuss the magneto-transport experiments conducted 
without any terahertz illumination, where the computed thermal 

Magneto-transport controlled by Landau  
polariton states
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Hybrid excitations, called polaritons, emerge in systems with strong light–matter coupling. Usually, they dominate the linear 
and nonlinear optical properties with applications in quantum optics. Here, we show the crucial role of the electronic component 
of polaritons in the magneto-transport of a cavity-embedded two-dimensional electron gas in the ultrastrong coupling regime. 
We show that the linear direct-current resistivity is substantially modified by the coupling to the cavity even without external 
irradiation. Our observations confirm recent predictions of vacuum-induced modification of the resistivity. Furthermore, photo-
assisted transport in the presence of a weak irradiation field at sub-terahertz frequencies highlights the different roles of local-
ized and delocalized states.
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(v is half-integer). The bottom panel show measurements where 
ω= + ℏE EnF

1
2 c (ν is integer). The dark trace ρxx

dark is shown in 
the central panel, with the red and green dots overlaid showing 
which measurements have been selected for the upper and lower  
panel respectively.

The response at half-integer filling factors (top panel) shows clear 
signatures of the cavity-coupled quasiparticle: a photo-response 
occurs when ωirr is resonant to the magneto-plasmon-polariton  
dispersions. Hence, transport exhibits the same resonances at 
polariton frequencies as the terahertz-transmission experiment 
shown in Fig. 1d. In contrast, at integer filling factors (bottom 
panel), we observe a set of linear dispersions, which are attributed 
to the excitation of an inter-Landau level transition and its higher 
orders. Their slopes are consistent with previous findings20.

We understand the change of the longitudinal photo-response 
on irradiation in the following way. First, we note that the absorp-
tion does not change with filling factor (as is apparent in Fig. 1d). 
We also note that a simple thermal response will not explain our 
data, as the reduction of the maximum resistivity at the peak of the 
SdH oscillation is not accompanied by a concomitant increase at the 
minima. In a thermal response picture, the two colour plots shown 
in Fig. 4a would give an inverted contrast of each other.

The experiment is compared to an extension of the theory31 
reported in the Supplementary Information. This theoretical 
approach accounts for a small polariton population inducing a 
change in the electronic scattering time. As visible from Fig. 4c, the 
theory reproduces qualitatively the main features of the responsiv-
ity as a function of the magnetic field in the case of half-integer 
filling factor.

As schematically shown in the upper (lower) panel of Fig. 4b, the 
Fermi energy lies in the delocalized (localized) electronic states for 
half-integer (integer) filling factors. Extended states—responsible 
for the polariton formation—have a spatial extension given by the 
magnetic length = ℏ ∕l eB( )0  and hence a large dipole moment 

proportional to the square root of the filling factor ( ν~d el0 ) 
(ref. 22). In contrast, localized states exhibit a strongly reduced dipole 
matrix element due to their localized nature. This is consistent with 
experimentally observed long excited-state lifetimes33,37. Exhibiting 
a greatly reduced dipole moment compared to extended states, 
localized states have a negligible overlap with the polariton wave-
function. Note also that this is consistent with our finding in Fig. 2a,  
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Fig. 2 | Transport in vacuum fields. a, The longitudinal resistance ρxx for the three Hall bars shows a reduced SdH modulation amplitude in the presence 
of light–matter coupling (Tsample!= !100!mK, ⟨ ⟩ < −n 10polariton

3). A second series of oscillations appearing above B!= !0.6!T is due to the spin-split Landau levels 
and not taken into account in the theory in b. b, Theoretically computed resistance31 for 0% (grey), 20% (red) and 30% (blue) normalized light–matter 
coupling corresponding to the three measurements in a. The traces correctly predict depressed oscillation maxima in a wide magnetic field range, while 
the oscillation phase and minima remain almost unchanged. c,d, Vacuum-field-induced resistivity change integrated over each SdH period IΔ vac for the 
two cavities for the experimental/theory traces. The red and blue shaded regions, graphically show that IΔ vac represents the vacuum-field-induced change 
of the area under a peak. For the higher-coupling and lower-resonance-frequency Hall bar CH140, the reduction appears already at lower fields and over a 
larger magnetic field range. The theory's prediction of IΔ vac for the two cavities shows a good qualitative agreement with the experimental curves in c.
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Longitudinal magneto-transport
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Any 2D metal in an applied perpendicular field will display SdH oscillations:

Inelastic effects (i.e. electron-electron interactions) control the amplitude:

D. Shoenberg, Magnetic Oscillations in Metals (Cambridge University Press, Cambridge, 1984)
L. D. Landau and E. M. Lifshitz, Course of Theoretical Physics: Statistical Physics, Part 2 (Pergamon, New York, 1980)
T. Ando, A. B. Fowler, and F. Stern, Electronic properties of two-dimensional systems,  Rev. Mod. Phys. 54, 437 (1982)

The cyclotron mass is a normal Fermi liquid parameter:
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mc = ~kF/v⇤FMassive fermions: Massless fermions:



Fermi liquid theory in a graphene cQED setup

Σλ(k, iωn) =
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Feynman diagrams in the GW approximation:

Self-energy of massless Dirac fermions in graphene:
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Quasiparticle renormalization factor and Fermi velocity 
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Landau normal Fermi liquid parameters can be calculated from derivatives of 
the self-energy:

Important definitions:
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Numerical results: quasiparticle velocity 
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Genuine cavity QED effects
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