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New phases of matter
Superradiant phase transition in Graphene

Cavity-induced superconductivity

Cavity QED of the Graphene Cyclotron Transition

David Hagenmüller and Cristiano Ciuti
Laboratoire Matériaux et Phénomènes Quantiques, Université Paris Diderot-Paris 7 and CNRS, Bâtiment Condorcet,

10 rue Alice Domon et Léonie Duquet, 75205 Paris Cedex 13, France
(Received 15 November 2011; published 27 December 2012)

We investigate theoretically the cavity quantum electrodynamics of the cyclotron transition for Dirac

fermions in graphene. We show that the ultrastrong coupling regime characterized by a vacuum Rabi

frequency comparable or even larger than the transition frequency can be obtained for high enough filling

factors of the graphene Landau levels. Important qualitative differences occur with respect to the

corresponding physics of massive electrons in a semiconductor quantum well. In particular, an instability

for the ground state analogous to the one occurring in the Dicke model is predicted for an increasing value

of the electron density.

DOI: 10.1103/PhysRevLett.109.267403 PACS numbers: 78.67.Wj, 42.50.Pq, 71.70.Di

Cavity quantum electrodynamics (QED) in the ultra-
strong coupling regime has recently attracted considerable
interest in condensed matter physics, particularly in semi-
conductor microcavities [1– 5] and superconducting circuit
QED systems [6– 9]. The ultrastrong coupling regime is
achieved when the vacuum Rabi frequency (quantifying the
interaction between one cavity photon and one elementary
electronic excitation) becomes comparable or even larger
than the corresponding electronic transition frequency. In
such a regime, it is even possible to manipulate the cavity
quantum ground state, to modify the decoherence properties
of the system [10], and to enhance interesting nonadiabatic
cavity QED effects [4,11].

Recently, it was theoretically predicted that by coupling
a cavity photon mode to the cyclotron transition (of fre-
quency !0) of a two-dimensional electron gas (2DEG) in
a semiconductor, it is possible to have a vacuum Rabi
frequency ! such that !=!0 ! ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

!"nQW
p

, where ! is the

fine structure constant, " is the filling factor of the Landau
levels (LLs), and nQW is the (effective) number of quantum
wells [12]. This physical prediction has been quantitatively
demonstrated by recent experimental results in the THz
domain [13]. The consequence of this physical behavior
is that for high filling factors it is possible to have
!=!0 " 1. In this ultrastrong coupling limit for the
2DEG, however, no instability is expected for the normal
ground state, as a result of the role played by the so-called
diamagnetic Â2

em term [12,14] (Âem is the electromagnetic
vector potential operator). In the case of massive electrons
in a semiconductor, the effective mass approximation is
known to work very well in a broad range of conditions,
and one can generally consider just the conduction band to
describe the physics of the 2DEG. Hence, the underlying
crystal structure of the semiconductor host turns out to
be unimportant for many physical effects. In the case of
graphene with massless fermions [15– 17], this is certainly
not the case. Some recent experimental works [16,18,19]
have demonstrated a relatively high carrier mobility in

different graphene devices in the high density regime
(* 104 cm2 V#1 s#1) providing a well-defined cyclotron
resonance even in the case of small magnetic fields. A
clearly intriguing problem is to explore how graphene
behaves when embedded in a cavity resonator. In particu-
lar, is it possible to achieve ultrastrong coupling between
a cavity photon and the cyclotron transition in graphene?
If yes, is there any qualitative difference with respect to the
case of massive fermions in semiconductors?
In this Letter, we present a microscopic theory for the

cavity QED of graphene under perpendicular magnetic field,
giving an answer to the questions formulated above. Through
a quantum field approach (accounting also for Coulomb
depolarization effects) we show that the ultrastrong coupling
regime is achievable for graphene. Moreover, due to the
emergence of the Dirac cones with linear dispersion at low
energy, the role of the Â2

em turns out to be negligiblewhen the
lattice constant ismuch smaller than themagnetic length.We
predict the occurrence of a vacuum instability, which is
absent in the case of massive electrons in semiconductors.
Graphene is a single layer of carbon atoms forming a

honeycomb lattice with two equivalent triangular Bravais
sublatticesA andB. Each atom ofA (B) type is connected to
its three nearest neighbors of B (A) type via the displace-
ment vectors e1¼a

ffiffiffi
3

p
=2uxþa=2uy, e2 ¼#a

ffiffiffi
3

p
=2uxþ

a=2uy, and e3 ¼ #auy. Herewe consider the tight-binding
description taking only the first nearest neighbors into
account with a hopping parameter t. In this case, the first
quantization Hamiltonian inQ space can be expressed in a
two-component spinor basis due to the sublattice isospin
[20], namely:

H Q ¼ 0 hQ
h&Q 0

" #
; (1)

where hQ ¼ #t
P3

j¼1 e
#iQ'ej . In the vicinity of the two

inequivalent Dirac points (valleys) K and K0 marked by
the two vectors K( ¼ ( 4#=ð3

ffiffiffi
3

p
aÞux, the low-energy
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H tot ¼
X

!

@!pm
y
!m ! þ @!cava

y
!a!

þ @!!ða! þ ay!Þðm ! þ m y
!Þ;

(17)

where !1 ¼ % "
ffiffiffiffiffiffiffiffiffi
!p

!0#"

q
and !2 ¼ % "

ffiffiffiffiffiffiffiffiffi
!0#"

!p

q
.

In contrast to the Hopfield [26] quantumHamiltonian for
massive quasiparticles in semiconductor microcavities
[2,5], such a Hamiltonian is reminiscent of the Dicke
Hamiltonian, which admits a quantum critical point be-
yond which the normal ground state becomes unstable.
Diagonalizing the Hamiltonian (17) via the Bogoliubov
method, we find that the energy of the lower eigenvalue

vanishes (existence of a gapless excitation) when " ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!0#"!cav

4

q
for the branch ! ¼ 1 and " ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
!2

p!cav

4!0#"

r
for the

branch ! ¼ 2. Note that the no-go theorem for cavity QED
quantum phase transitions [14] holds for noninteracting
atoms and for an effective quadratic kinetic energy
p2=2m &, which is known to well describe massive electrons
in semiconductors (m & is the electron band effective mass).
In graphene, the peculiar structure of the atomic crystal is
essential in determining the low-energy properties and the
effective kinetic energy is governed by the massless Dirac
Hamiltonian [15,20] vFp ' ! at low energy [! ¼ ð#x;#yÞ
being the Pauli matrices]. Since this Hamiltonian is linear
in p, such a no-go theorem does not necessarily apply, and
indeed our work (which starts from the tight-binding
Hamiltonian of graphene) predicts that a vacuum instabi-
lity occurs.

The left-hand panel of the Fig. 2 shows the frequencies
of the magnetopolariton excitations !j;!, (j ¼ LP, UP for
lower polariton and upper polariton, respectively) normal-
ized to the cavity mode frequency versus electron density.
We see that by increasing the density, the lower branch
! ¼ 1 vanishes when reaching a critical value [27] $c ¼
1:4 ( 1011 cm% 2. In the right-hand panel, the magneto-
polariton frequencies fj;! ¼ !j;!=2% are depicted as a
function of the magnetic field just below the critical density
$c. We notice a strongly asymmetric dispersion when
increasing the magnetic field together with the vanishing
frequency of the lower branch fLP;1. Above the critical
point, nonzero photonic ha!i and electronic hm !i ground
state coherences spontaneously appear [28].
In conclusion, we have shown that the physics of gra-

phene leads to remarkable cavity QED properties. In par-
ticular, the coupling of the graphene cyclotron transition is
qualitatively different from the case of massive electrons in
semiconductors. In the ultrastrong coupling regime, a vac-
uum instability analogous to the one occurring in the Dicke
model can also occur for graphene, whereas for massive
quasiparticles this is not the case. In free-space graphene
(without cavity), the anomalous properties of Dirac quasi-
particles are known to lead to an unusual behavior of the
optical conductivities [29]. For cavity embedded Dirac fer-
mions, our work paves the way to interesting developments,
such as cavity-controlled magnetotransport in graphene.
We would like to thank M.O. Goerbig, S. De Liberato,

and P. Nataf for fruitful discussions. C. C. is member of
Institut Universitaire de France (IUF).
Note added in proof.—In the following letter by Chirolli

et al., the authors consider the role of interband transitions
by extrapolating the low-energy Dirac Hamiltonian at
high-energy and thus dealing with an ultraviolet diver-
gence depending on a cut-off energy. We note that with
the exact finite-bandwidth graphene band limited to the
Brillouin zone, no divergence would occur in the theory.
The role of interband transitions in graphene and the
physical meaning of cutoff-dependent effects obtained
with the low-energy Dirac Hamiltonian is the subject of
debate [30].
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FIG. 2 (color online). Left-hand panel: Normalized frequen-
cies !j;!=!cav (solid lines) of the graphene magnetopolariton

lower (LP) and upper (UP) branches as a function of the carrier
density for a given magnetic field B ¼ 22 mT. The dashed lines
depict the bare cavity andmagnetoplasmon frequencies. Parameters
are & ¼ 3:9, Lz ¼ 760 ' m, and L ¼ 5Lz, optical mode with
q ) ðnx ¼ 1; ny ¼ 1; nz ¼ 1Þ, and !cav ¼ 0:628 THz rad% 1

(fcav ¼ 0:1 THz). Right-hand panel: Same quantities (unnormal-
ized anddividedby2%) as a functionof themagneticfield just below
the critical density $c ¼ 1:4 ( 1011 cm% 2.
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Superradiant phase transition in excitonic insulators

Eq. (5) for g in the limit α → 0þ. In the case of non-
interacting electrons U ¼ 0 at zero temperature this cor-
responds to the solution of

Ω0 −
4

N

X

k

ΓðkÞ2

jε1ðkÞ − ε2ðkÞj
¼ 0: ð6Þ

Using the definition of Ω0 and ΓðkÞ, it is easy to see that
this condition can never be satisfied for any value of g,
electronic dispersions ενðkÞ or ω0 > 0. This shows that no
superradiant transition is possible: it is prevented by the
diamagnetic coupling Δ that grows as g is increased
[Eq. (4)]. This result extends to the case of itinerant
electrons the “no-go theorem” for the Dicke transition
[28,29,40]. The same result is obtained in the opposite
atomic limit thop → 0 independently of electronic inter-
actions [42,43].
Superradiant excitonic insulator.—The above picture

dramatically changes once both electronic interactions U
and electronic delocalization thop are taken into account.
From now on we fix thop ¼ 0.5. For g ¼ 0, Fig. 2(a), the
electronic system is unstable towards the formation of an EI
below a dome-shaped critical temperature TcðUÞ [51–54],
between two critical interactions Uc1ðTÞ < U < Uc2ðTÞ
that merge at the maximum Tmax

c;0 . At a high temperature, the
system evolves from a metal (0 < m < 1) for U < U⋆ to a
direct gap semiconductor (m ≃ 1) for U > U⋆ with a gap
opening up between the two effective HF bands atU ¼ U⋆.
At finite light-matter coupling, as expected by the above

symmetry considerations, the EI phase transforms into a
superradiant excitonic insulator (SXI), characterized
by nonzero superradiant and excitonic order parameters
[Fig. 4(c)]. This is easily understood as the EI ground state
is characterized by a macroscopic electronic dipole moment

[41,55]. Remarkably, when the system is not in the EI
phase at g ¼ 0, there is (for U ≠ 0) a critical value of the
light-matter coupling gc beyond which the SXI appears.
As a result the phase space (temperature and interactions)
for which the SXI is realized is significantly enhanced
as the strength of the light-matter coupling is increased
[Fig. 2(b)].
The occurrence of this intertwined light-matter collective

phase is shown on Fig. 1, displaying the phase diagram as a
function U and g for a temperature at which no coherent
phase can be stabilized in the absence of light-matter
coupling. The SXI phase intrudes between the metallic
and semiconducting phases. At weak interaction U < U⋆,
gc increases upon decreasing U and diverges as U → 0, as
expected from the no-go theorem discussed above. On
the contrary, in the strong interaction regime, gc is an
increasing function of U and approaches the finite value
g∞c ¼ 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½ðω0ω12Þ=ðf2loc − 1Þ&

p
with floc ¼ ð1=NÞ

P
kfk as

U → ∞. At intermediate values of the interaction, corre-
sponding to U ∼U⋆, the critical coupling has a minimum.
By decreasing temperature such a dip in the phase
boundary moves towards the g ¼ 0 axis until it becomes
zero for T ¼ Tmax

c;0 and splits into two points at U ¼ Uc1

and U ¼ Uc2, respectively, for T < Tmax
c;0 .

Exciton-polariton softening.—The entangled nature of
the SXI phase is investigated by looking at polariton modes
resulting from the dressing of the cavity photon with the
electronic transitions. This is characterized by the exci-
tonic susceptibility χðωÞ ¼

P
kk0 χ12kk0ðωÞ þ χ21kk0ðωÞ. Here,

χνν
0

kk0ðτ − τ0Þ ¼ −hT τc
†
kνðτÞckν0ðτÞc

†
k0ν0ðτ

0Þck0νðτ0Þi are the
two-particles Green’s functions computed in the random
phase approximation (RPA) and in the absence of light-
matter coupling:

FIG. 2. (a) Phase diagram in the absence of light-matter coupling: metal (red), semiconductor (blue), and excitonic insulator (green).
Uc1 and Uc2: critical interactions for the EI. The red (blue) intensity map: orbital polarization as in Fig. 1. Dashed line: critical
interaction for gap opening in the normal phase. (b) Phase diagram for increasing g (arrow): g ¼ 0 (green line) g ¼ 0.2, 0.4, and 0.6
(yellow lines). At finite g the EI (green) transforms into a SXI (yellow). (c) Excitonic and superradiant order parameters as a function of g
at T ¼ 0.025 and three values of U.
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Superradiant Quantum Materials
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There is currently great interest in the strong coupling between the quantized photon field of a cavity and
electronic or other degrees of freedom in materials. A major goal is the creation of novel collective states
entangling photons with those degrees of freedom. Here we show that the cooperative effect between strong
electron correlations in quantummaterials and the long-range interactions induced by the photon field leads
to the stabilization of coherent phases of light and matter. By studying a two-band model of interacting
electrons coupled to a cavity field, we show that a phase characterized by the simultaneous condensation of
excitons and photon superradiance can be realized, hence stabilizing and intertwining two collective
phenomena which are rather elusive in the absence of this cooperative effect.

DOI: 10.1103/PhysRevLett.122.017401

Introduction.—Collective phenomena due to interactions
between light and matter have become in recent years a
major focus of interest spanning different fields of research.
By allowing us to create and control entangled quantum
states of light and matter, cavity quantum electrodynamics
(QED) offers a fascinating platform in this context. This has
led to several highly successful research directions, in fields
as diverse as atomic physics [1–4], quantum information
[5–8], and quantum fluids of polaritons [9–11]. Advances
in controlling and probing light-matter interactions have
allowed for the investigation of collective effects in solid-
state systems such as atomically thin or layered materials
[12–19]. Recently, pioneering work has also explored
strong light-matter coupling in molecules and molecular
solids [20–22].
One of the earliest and most important examples of

collective phenomena in coupled light-matter systems is
superradiance. Originally introduced by Dicke [23] in the
description of the collective enhancement of spontaneous
emission, superradiance signals a coherence in a ensemble
of dipoles collectively interacting with the same radiation
field. At equilibrium, superradiance appears as a phase
transition [24,25] characterized by the macroscopic pop-
ulation of photons in the ground state and the collective
ordering of dipoles induced by a photon-mediated effective
dipole-dipole interaction. Analogous transitions have been
studied in nonequilibrium conditions [26,27] and in the
context of circuit QED [28–32].
In condensed matter physics, a wealth of emergent

collective phases has been found in “quantum materials”
[33], which result from strong interactions between elec-
trons as well as other degrees of freedom. In this context,
the engineering of new forms of effective interactions by

means of collective light-matter coupling raises the fasci-
nating possibility of exploring novel emergent collective
phenomena involving entangled states of light and matter
[34–38].
Littlewood and Zhu proposed early on [39] that super-

radiance may occur when electron-hole transitions in
semiconducting quantum wells are coupled to a cavity
photon. In their work, electronic interactions were not
included and, most importantly, the photon diamagnetic
term, which has been shown to impede superradiance
[28,29,40], was neglected.
In this Letter, we demonstrate theoretically in a simple

model of interacting electrons coupled to a cavity field how
a cooperative effect between light-matter coupling and
intrinsic electronic interactions can lead to the stabilization
of a coherent light-matter phase, the “superradiant excitonic
insulator” (SXI), characterized by the simultaneous appear-
ance of equilibrium superradiance in the photon field and
the condensation of excitons in the electronic system. As
summarized in Fig. 1, superradiance cannot be reached in
the absence of electronic interactions. At the same time
coupling to the cavity promotes excitonic condensation in
regimes in which it cannot be stabilized by electronic
interactions only. Hence, SXI is a phase that intertwines
superradiance and excitonic condensation in conditions
where the two phases cannot be individually stabilized.
Light-matter Hamiltonian.—We consider spinless elec-

trons moving in valence (ν ¼ 1) and conduction (ν ¼ 2)
bands with hopping parameters t2 ¼ −t1 ¼ thop, originat-
ing from localized atomic orbitals separated by an energy
gap ω12. The electrons interact via a local repulsive
interaction U acting when two electrons sit on the same
site. The electronic Hamiltonian reads:
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Drude Weight, Cyclotron Resonance, and the Dicke Model of Graphene Cavity QED
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The unique optoelectronic properties of graphene make this two-dimensional material an ideal platform

for fundamental studies of cavity quantum electrodynamics in the strong-coupling regime. The celebrated

Dicke model of cavity quantum electrodynamics can be approximately realized in this material when the

cyclotron transition of its 2D massless Dirac fermion carriers is nearly resonant with a cavity photon

mode. We develop the theory of strong matter-photon coupling in this circumstance, emphasizing the

essential role of a dynamically generated matter energy term that is quadratic in the photon field and

absent in graphene’s low-energy Dirac model.

DOI: 10.1103/PhysRevLett.109.267404 PACS numbers: 78.67.Wj, 42.50.Pq, 73.43.!f

Introduction.—Graphene, a 2D honeycomb crystal of
carbon atoms [1], is emerging as an ideal platform to study
light-matter interactions for both fundamental and applied
purposes [2– 5]. Recent experimental advances have made
it possible to monolithically integrate graphene with opti-
cal microcavities [6,7], paving the way for cavity quantum
electrodynamics (QED) [8] at the nanometer scale with
graphene as an active medium. Graphene cavity QED
offers a plethora of unique advantages. First, graphene is
a highly tunable active medium [6] since its electrical and
heat transport properties can be easily controlled by
employing gates. Second, graphene offers many pathways
to achieve the so-called strong-coupling regime of cavity
QED [8]. These include [4,5] the exploitation of intrinsic
Dirac plasmons or the combination of graphene with other
plasmonic nanostructures. Finally, the active medium can
be enriched by embedding inside planar cavities 2D verti-
cal heterostructures [9] comprising graphene as well as
other 2D crystals [10] such as MoS2, h-BN, etc.
A central role in cavity QED is played by the Dicke

model [11], which describes a nondissipative closed sys-
tem of identical two-level subsystems interacting with a
single-mode radiation field. For a sufficiently strong light-
matter coupling constant, the thermodynamic limit of
the Dicke model exhibits a second-order quantum phase
transition to a superradiant ground state (SPT) [12] with
macroscopic photon occupation and coherent atomic
polarization. Wide interest in these SPTs has emerged
recently in the context of circuit QED [13– 16] and ultra-
cold atom gases in optical cavities [17,18]. When an ex-
ternal magnetic field is applied to a 2D electron system,
transitions between states in full and empty Landau levels
(LLs) are dispersionless, mimicking atomic transitions and
enabling a condensed matter realization of the Dicke
model. In particular, recent pioneering work [19,20] has
shown that these systems can be driven toward the ultra-
strong coupling [21] limit by tuning the cyclotron transition

energy of an ordinary parabolic-band 2D electron gas to
resonance with the photonic modes of a terahertz metama-
terial. The main scope of this work is to lay down a theory
of the Dicke model of graphene cavity QED. This is not
only a fundamental building block of cavity QED, but it
also offers a number of intriguing twists when it is realized
on a graphene platform.
The light-matter interaction in the Dicke Hamiltonian is

linear in the vector potential Aem of the cavity. For con-
densed matter states described by parabolic band models, a
quadratic A2

em term whose strength is related to the sys-
tem’s Drude weight [22] and f-sum rule [23] also emerges
naturally from minimal coupling. It has long been under-
stood [24] that the Dicke model’s SPT is suppressed when
the quadratic terms are retained. Demonstrations of this
property are often referred to as no-go theorems. (Standard
no-go theorems do not apply [25] to ultracold atoms which
are driven by an external pump field and subject to signi-
ficant cavity losses.) Electronic states near the neutrality
point of a graphene sheet are described at low energies by a
2D massless Dirac fermion (MDF) Hamiltonian [1], which
is linear in momentum p. One of the twists offered by the
Dicke model of graphene cavity QED is therefore the
following [26]: minimal coupling applied to the MDF
Hamiltonian does not generate a term proportional to
A2

em. Cyclotron resonance in this material, which has
been extensively investigated experimentally and theoreti-
cally over the past decade [27], seems therefore to provide
an example of an active medium which could enable a SPT
[26] when the graphene sheet is embedded in a cavity.
In this work we demonstrate, however, that in the strong
coupling regime the Dicke model for graphene cavity
cyclotron resonance must be supplemented by a quadratic
term that is dynamically generated by interband transitions
and again implies a no-go theorem.
Gauge invariance and SPTs.—We consider an elect-

ronic system in D spatial dimensions coupled to an
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Università di Catania, Via S. Sofia 64, I-95123 Catania, Italy
4
INFN, Sez. Catania, I-95123 Catania, Italy

5
NEST, Scuola Normale Superiore and Istituto Nanoscienze-CNR, I-56126 Pisa, Italy

6
Department of Physics, The University of Texas at Austin, Austin, TX 78712, USA

In spite of decades of work it has remained unclear whether or not superradiant quantum phases,
referred to here as photon condensates, can occur in equilibrium. In this Letter, we first show that
when a non-relativistic quantum many-body system is coupled to a cavity field, gauge invariance
forbids photon condensation. We then present a microscopic theory of the cavity quantum elec-
trodynamics of an extended Falicov-Kimball model, showing that, in agreement with the general
theorem, its insulating ferroelectric and exciton condensate phases are not altered by the cavity and
do not support photon condensation.

Introduction.—Superradiance [1–5] refers to the co-
herent spontaneous radiation process that occurs in a
dense gas when a radiation field mode mediates long-
range inter-molecule interactions. Superradiance was ob-
served first more than 40 years ago in optically pumped
gases [2, 3] and has recently been identified in optically
pumped electron systems in a semiconductor quantum
well placed in a perpendicular magnetic field [6]. In 1973
Hepp and Lieb [7] and Wang and Hioe [8] independently
pointed out that for su�ciently strong light-matter cou-
pling the Dicke model, often used to describe superradi-
ance in optical cavities, has a finite temperature second-
order equilibrium phase transition between normal and
superradiant states. To the best of our knowledge, this
phase transition has never been observed [9]. In the su-
perradiant phase the ground state contains a macroscop-
ically large number of coherent photons, i.e. hâi 6= 0,
where â (â†) destroys (creates) a cavity photon. To avoid
confusion with the phenomenon discussed in the original
work by Dicke [1], we refer to the equilibrium superradi-
ant phase as a photon condensate.

Theoretical work on photon condensation has an inter-
esting and tortured history. Early on it was shown that
photon condensation is robust against the addition of
counter-rotating terms [10] neglected in Refs. [7, 8]. Soon
after, however, Rzażewski et al. [11] pointed out that ad-
dition of a neglected term related to the Thomas-Reiche-
Kuhn (TRK) sum rule [12] and proportional to (â+ â

†)2

destroys the photon condensate. These quadratic terms
are naturally generated by applying minimal coupling
p̂ ! p̂ � qA/c to the electron kinetic energy p̂2

/(2m).
More recent research has focused on ground state proper-
ties. The quantum chaotic and entanglement properties
of the Dicke model photon condensate were studied in
Refs. [13, 14]. The authors of Ref. [15] criticized these
studies however, pointing again to the importance of the
quadratic term. The no-go theorem for photon condensa-

tion was revisited in Ref. [16], where it was claimed that
it can be bypassed in a circuit quantum electrodynamics
(QED) system with Cooper pair boxes capacitively cou-
pled to a resonator. Soon after, however, Ref. [17] showed
that the no-go theorem for cavity QED applies to circuit
QED as well. The claims of Ref. [17] were then criti-
cized in Ref. [18]. Later it was argued [19] that the linear
band dispersion of graphene provides a route to bypass
the no-go theorem, and that photon condensation could
occur in graphene in the integer quantum Hall regime.
This claim was later countered in Refs. [20, 21], where it
was shown that a dynamically generated quadratic term
again forbids photon condensation.

Recent experimental progress has created opportuni-
ties to study light matter interactions in new regimes in
which direct electron-electron interactions play a promi-
nent role. For example [22] two-dimensional (2D) elec-
tron systems can be embedded in cavities or exposed to
the radiation field of metamaterials, making it possible
to study strong light-matter interactions in the quantum
Hall regime [23–28]. Other emerging possibilities include
cavity QED with quasi-2D electron systems that exhibit
exciton condensation, superconductivity, magnetism, or
Mott insulating states. This Letter is motivated by in-
terest in strong light-matter interactions in these new
regimes and by fundamental confusion on when, if ever,
photon condensation is allowed. We present a no-go the-
orem for photon condensation that is valid for generic
non-relativistic interacting electrons at T = 0. This re-
sult generalizes to interacting systems existing no-go the-
orems for photon condensation in two-level [11, 16] and
multi-level [17] Dicke models. We then present a theory
of cavity QED of an extended Falikov-Kimball model [29],
which, in the absence of the cavity, has insulating ferro-
electric and exciton condensate phases. We show through
explicit microscopic calculations how the theorem is satis-
fied in this particular strongly correlated electron model.
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Cavity-Mediated Electron-Photon Superconductivity
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We investigate electron paring in a two-dimensional electron system mediated by vacuum fluctuations
inside a nanoplasmonic terahertz cavity. We show that the structured cavity vacuum can induce long-range
attractive interactions between current fluctuations which lead to pairing in generic materials with critical
temperatures in the low-kelvin regime for realistic parameters. The induced state is a pair-density wave
superconductor which can show a transition from a fully gapped to a partially gapped phase—akin to the
pseudogap phase in high-Tc superconductors. Our findings provide a promising tool for engineering
intrinsic electron interactions in two-dimensional materials.

DOI: 10.1103/PhysRevLett.122.133602

Pairing between fermionic quasiparticles in solids
through the exchange of virtual bosonic excitations is
one of the most studied phenomena in the solid state
because it can lead to remarkable emergent phases of matter
like superconductivity. This phenomenon has been exten-
sively investigated for the case of attractive interactions
induced by phonons [1], magnetic excitations [2], and
theoretically by longitudinal photons through the Kohn-
Luttinger effect [3,4]. Vacuum fluctuations of the transverse
electromagnetic field can also provide attractive inter-
actions, albeit with far lower efficiency. These current-
current interactions in the Fermi liquid have to date been
discussed in free space, where effects are restricted to very
low temperatures [5–9], or in strongly correlated materials,
where they could lead to the pairing of spinons [10,11].
However, interactions between current fluctuations and
vacuum excitations of the electromagnetic field can occur
within a cavity over mode volumes far below the free-space
diffraction limit λ3 (e.g., V ∼ 10−5λ3 in Ref. [12]). These
conditions are routinely created in nanoplasmonic cavities
in the terahertz regime [12–19], where the ultrastrong-
coupling regime between light and matter can be reached
even in bad cavities. This compression of the cavity field
increases the vacuum field strength (∼1=

ffiffiffiffi
V

p
), and thereby

enhances the induced interaction (∼1=V) to an experimen-
tally accessible regime.
Furthermore, the cavity structures the electromagnetic

vacuum by inducing a photonic band gap ℏω0 and creating
an effective photon mass ℏω0=c2 (where c is the speed of
light in the cavity filling material) that reduces its group
velocity. The extremely low-temperature scale of the effect
in free space, which is attributed to the smallness of the
Fermi velocity with respect to the speed of light [8], should
thus be enhanced further. In contrast to polariton-mediated
superconductivity [20–22], where the glue for electron

pairing is provided by the exchange of hybridized exciton-
photon or phonon-polariton [23] quasiparticles in a cavity,
the direct interaction with a cavity does not require the
pumping of the cavity, and is also not affected by excitonic
interactions.
In this Letter, we show that the coupling of a terahertz

cavity field to intraband transitions of a two-dimensional
electron gas gives rise to a superconducting instability with
a critical temperature that can reach the low-kelvin regime
using realistic cavity and material parameters.
We consider a two-dimensional electron gas placed into

a cavity made of two mirrors [see Fig. 1(a)]. The electronic
Hamiltonian is given by H 0 ¼

P
k⃗;σϵk⃗c

†
k⃗σ
ck⃗σ, where ck⃗σ

destroys an electron with quasimomentum k⃗ and polariza-
tion σ, and the electron dispersion ϵk⃗ is determined by
the lattice geometry. The cavity is described by the
Hamiltonian H f ¼

P
q⃗;sℏωqa

†
q⃗;saq⃗;s, where aq⃗;s describes

the annihilation operator of a photon with in-plane
momentum q⃗ and polarization s, and with dispersion ωq ¼
ω0½1þ ðcjq⃗j=ω0Þ2&1=2 [24–26]. To leading order, the inter-
action between cavity and electron system is given by the
paramagnetic coupling of the form [27,28]

H int ¼
X

k⃗;σ;q⃗;s

gðq⃗Þ
k⃗;sffiffiffiffi
N

p ðaq⃗;s þ a†−q⃗;sÞc
†
k⃗þq⃗;σ

ck⃗;σ; ð1Þ

where gðq⃗Þ
k⃗;s

is a coupling parameter and N indicates the

number of sites. We model the cavity mode compression
below the diffraction limit by a compression factor A, such
that g ∝ 1=

ffiffiffiffi
A

p
[see Supplemental Material (SM) [29]].

Note that we have not invoked the commonly used dipole
approximation, nor the rotating wave approximation which

PHYSICAL REVIEW LETTERS 122, 133602 (2019)
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How can we probe these phases?
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§ Studying the Landau polariton system
§ Engineering strong coupling via metamaterial

§ Enhancing the vacuum field
§ Probe the ultrastrong coupling beyond optical response?

§ Electro-optic sampling
§ Transport

10.07.19Jerome Faist 7

Systems in the ultrastrong light-matter coupling
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Maximize Coupling strength
§ The coupling energy is given by

Large dipole 
Matrix element

The vacuum electric field for a  
single photon:
Minimize volume V: 

Increase the number 
of oscillators

“molecules interacting with a 
common radiation field cannot 

be treated as independent” 
R H Dicke (1953)R.H. Dicke (1953)

R. H. Dicke
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Landau levels of a 2D electron gas

2DEG

Hagenmüller et al., PRB 81, 235303 (2010)
G. Scalari et al., Science, 335, 1323 (2012) 9

B

Ø Tunable frequency
Ø Large transition dipole moment!~# ∗ %&%'()*(+ *,!-./

Matter part High mobility electron gas Landau levels
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Our system: SRR resonator as Cavity

H.T. Chen, W.J. Padilla et al. Nature,444,7119 (2006)

E-field

Ø Subwavelength Cavity Vcav~!"#$ ⁄& '( )

Ø Strong Vacuum field Evac~ 50 V/m

Split-ring resonator (SRR)

10
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Ratio of Rabi to transition WR/w of unity or above 

⌦

!
= 0.78

A. Bayer, et al., Nano Lett, pp. acs.nanolett.7b03103–5, Sep. 2017.Recent results: W/w = 1.43 

G. Scalari et al., Science, 335, 1323 (2012)
C. Maissen, G. Scalari,  JF Phys. Rev. B. 90, no. 20, p. 205309, (2014)



||Departement of Physics /Institute for Quantum Electronics /Quantum Optoelectronics Group

Can vacuum change electronic transport?

12
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Carrier transport
enhanced by coupling to vacuum fields

14-12-2018G. L. Paravicini-Bagliani 13
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Transport in SRR cavity

Split-ring resonator (SRR)

14

G. Paravicini-Bagliani et al. (2018) Nature Physics, doi:10.1038/s41567-018-0346-y
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Transport in SRR cavity

Split-ring resonator (SRR)

G. L. Paravicini-Bagliani

2DEG stripe
current

15
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Transport in SRR cavity

Split-ring resonator (SRR)

G. L. Paravicini-Bagliani

2DEG stripe
current

16
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Transport in SRR cavity

Split-ring resonator (SRR)

G. L. Paravicini-Bagliani

43

8765

21

current
2DEG stripe

Vxx

17
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Vacuum fields change magneto-transport
no real photons!

Tmix=10 mK
Telectrons=100 mK

E
ne

rg
y

DOS

Landau Levels

EF

!"#$%$&' < 10+,

18
G. Paravicini-Bagliani et al. (2018) Nature Physics, doi:10.1038/s41567-018-0346-y

30 %0 %
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Vacuum fields change magneto-transport
no real photons!

Tmix=10 mK
Telectrons=100 mK

EF

19

20 % 30 %0 %
!"#$%$&' < 10+,

E
ne

rg
y

DOS

Landau Levels

G. Paravicini-Bagliani et al. (2018) Nature Physics, doi:10.1038/s41567-018-0346-y
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The main idea is to follow a Kubo approach to determine the dc magneto conductivity

® Low T: dc conductivity depends on transitions from ground to excited states

Theory: Kubo approach
En

er
gy

Tuning parameter

matter exc.
cavity exc.

!"

Polarit
ons

N. Bartolo and C. Ciuti, Phys. Rev. B 98, 205301 (2018)

® Bright excitations control also transport! 
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Comparison to experiment

21

! ∈ {$%, '%}

N. Bartolo and C. Ciuti, Phys. Rev. B 98, 205301 (2018)
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Comparison to experiment

22

! ∈ {$%, '%}

G. Paravicini-Bagliani et al. (2018) Nature Physics, doi:10.1038/s41567-018-0346-y
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Comparison to experiment

23

G. Paravicini-Bagliani et al. (2018) Nature Physics, doi:10.1038/s41567-018-0346-y
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How to probe a ground state optically?
(start with vacuum) 
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Revisit field correlation function: G(1)(t)

Typical measurement: an interferometer

The correlation of fields is inferred from an intensity measurement 
at the detector

Will yield zero if applied to the ground state of the radiation
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Revisit field correlation function: G(1)(t)

Typical measurement: an interferometer

What about measuring the field directly?
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§ Implementing a field measurement enables a direct 
construction of the correlator

10.07.19Jerome Faist 27

Measuring the fields directly

A. S. Moskalenko and T. C. Ralph, Nature 568, p 178 (2019)
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Field measurement: electro-optic sampling

Q. Wu and X.C. Zhang, Appl Phys Lett 67, 3523 (1995).

G. Zhao, R.N. Schouten, N. van der Valk, W.T. Wenckebach, and P.C.M. Planken, Rev Sci Instrum 73, 1715 (2002).
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Field measurement: electro-optic sampling

Q. Wu and X.C. Zhang, Appl Phys Lett 67, 3523 (1995).

G. Zhao, R.N. Schouten, N. van der Valk, W.T. Wenckebach, and P.C.M. Planken, Rev Sci Instrum 73, 1715 (2002).
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Field measurement: electro-optic sampling

Pockels effect

Q. Wu and X.C. Zhang, Appl Phys Lett 67, 3523 (1995).

G. Zhao, R.N. Schouten, N. van der Valk, W.T. Wenckebach, and P.C.M. Planken, Rev Sci Instrum 73, 1715 (2002).
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Field measurement: electro-optic sampling

Q. Wu and X.C. Zhang, Appl Phys Lett 67, 3523 (1995).

G. Zhao, R.N. Schouten, N. van der Valk, W.T. Wenckebach, and P.C.M. Planken, Rev Sci Instrum 73, 1715 (2002).
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Field measurement: electro-optic sampling

Q. Wu and X.C. Zhang, Appl Phys Lett 67, 3523 (1995).

G. Zhao, R.N. Schouten, N. van der Valk, W.T. Wenckebach, and P.C.M. Planken, Rev Sci Instrum 73, 1715 (2002).

Vacuum field sensing: C. Riek et al, Science, vol. 350, no. 6259, pp. 420–423, 2015.
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Field correlation using electro-optic sampling

I-C Benea-Chelmus et al, Phys. Rev. A 93, 043812 (2016)
I-C Benea-Chelmus et al, Phys. Rev. A 96, 033821 (2017)THz wave

E(t)

E(t+!)

ZnTe bulk crystal

QWP
Balanced detectors

g(2) of a THz laser
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§ Pulse length shorter than 1/bandwidth experimental setup:

§ Vacuum field fluctuations should show correlations at short time scales

10.07.19Jerome Faist 34

Interpretation:
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§ Electro-optic measurement is basically a field measurement

§ Therefore the ”electro-optic” G(1) is 

§ Yields on a thermal photon state 

10.07.19Jérôme Faist 35

Quantum mechanical interpretation

A. Moskalenko et al, PRL 2015Responsivity: phase matching, pulse length..

Non-zero even on the vacuum state!
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Experimental setup
Photon population

To control the thermal population, the measurement must be 
performed in a cryostat

Experiment bandwidth
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Pic from the lab

Laser

Cryostat

Optics
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SNR single pulse

Field measurement 0.001
G(1)(t) measurement 3*10-6

Signal-to-noise properties 

Integration over at least 1011 pulses!
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Room temperature measurement

Response dominated by thermal photons
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Going to 4K (<n> = 0)

I.-C. Benea-Chelmus, F. F. Settembrini, G. Scalari, and J. Faist, Nature, pp. 1–6, Apr. 2019.
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Check: T = 45K 

Enables the comparison because refractive index (phase matching) are 
approximately the same

I.-C. Benea-Chelmus, F. F. Settembrini, G. Scalari, and J. Faist, Nature, pp. 1–6, Apr. 2019.
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Spatial coherence

300K 4K
Measuring the field at two different spatial locations 

I.-C. Benea-Chelmus, F. F. Settembrini, G. Scalari, and J. Faist, Nature, pp. 1–6, Apr. 2019.
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Spatial coherence

I.-C. Benea-Chelmus, F. F. Settembrini, G. Scalari, and J. Faist, Nature, pp. 1–6, Apr. 2019.
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§ In contrast to the coherent state, the vacuum state has no well-defined time 
dependence of the electric field 

§ Classical value of the two-time correlation should be 0!
§ Correlation arises from the effect of the first measurement

7/10/19Ileana-Cristina Benea-Chelmus 44

Interpretation of the measurement

Coherent state Vacuum ground state

Electric field Electric field

https://en.wikipedia.org/wiki/File:QHO-coherentstate3-animation-color.gif
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Conclusion

§ In the ultra-strong light-matter coupling, the ground state 
is modified

§ Measured the effect on electronic transport
§ Transport is driven by the polaritons!
§ See a strong change in the Shubnikov-de Haas oscillations as 

predicted. 

§ Developed a THz field correlation measurement
§ Performed the measurement on both thermal and vacuum 

state
§ Found correlation function as function of delay and 

displacement, a maximum value of 0.25V2/m2 is measured
§ Result requires the back-action of one measurement on the 

second one, and can be interpreted in the framework of a 
spontaneous parametric down conversion.

§ Could be a technique to generate entangled photon pairs 

10.07.19Jérôme Faist 45
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Thanks
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