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Optical driving of materials has emerged as a promising tool to control their macroscopic proper-
ties. In this work we present a microscopic mechanism for efficiently photo-inducing superconductiv-
ity. We investigate an attractive electron-electron interaction mediated by a boson that couples to
an electronic transition between two bands separated by a band gap. While this attraction is small
in equilibrium, we find that it can be increased by several orders of magnitude when the bosons
are driven into a nonthermal state. Moreover, not only is the induced attraction enhanced when
the bosons are driven, but this enhancement is further amplified when the boson is near-resonant
to the electronic interband excitation energy, making this mechanism a potentially ideal candidate
for efficient photo-induced superconductivity. We first use exact diagonalisation calculations of a
two-site model to prove that pairing is indeed resonantly enhanced out-of equilibrium. We then
investigate the potential of this mechanism to increase the superconducting transition temperature,
and find by investigating the gap equation that pairing is resonantly amplified when the bosons are
in a nonthermal state. We argue that our proposed mechanism provides a simple prescription for
designing new platforms that enable photo-induced superconductivity at significant temperatures
and moderate driving strengths, and estimate a transition temperature Tc ≈ 5K for a SrTiO3 –
graphene heterostructure.

INTRODUCTION

Engineering materials properties or even effecting new
phases of matter by irradiating samples with light is one
of the most tantalizing prospects of modern condensed
matter physics.1–3 Experimentally, laser light has been
shown to be a versatile tool in a variety of systems capa-
ble of inducing ferro-electricity4,5 or switching between
charge density wave states6–8. Arguably the most excit-
ing prospect is to use light to engineer superconducting-
like behavior up to room temperature. Experimen-
tally, putative evidence for creating superconducting-like
states in K3C60

9–11 and certain organic compounds12

through laser driving in the THz range have made this
prospect all the more likely.

Theoretically, progress in understanding photo-driven
states has blossomed, with a variety of proposals at-
tempting to understand the phenomenology of photo-
induced superconductivity13–31. However, a simple mi-
croscopic and experimentally realistic mechanism that
predicts efficiently photo-created superconductivity, able
to direct future experimental explorations, remains elu-
sive. In this paper, we explore such a mechanism
based on a boson—such as phonon, plasmon or surface
plasmon—locally coupling to an inter-band electronic
transition as shown in Figure 1(a). We demonstrate that
these ingredients lead to a boson-mediated electron at-
traction that not only increases during pumping but is

further resonantly amplified when the boson frequency is
close to the inter-band transition energy–potentially en-
hancing the efficiency of the light-induced state by orders
of magnitude.

Interestingly, the importance of a local interband-
phonon coupling has been discussed before in the context
of equilibrium superconductivity in doped SrTiO3.32–34

The goal of this paper is to spotlight the potentially
transformational implications for photo-induced super-
conductivity not discussed in the literature before, and
then provide a simple prescription for finding new non-
thermal settings where superconductivity can be effi-
ciently created.

In the following, we present a minimal model and in-
vestigate its properties with a focus on driving-induced
superconductivity. To this end, we first demonstrate that
resonantly enhanced electron attraction is induced in the
boson-driven case by performing exact diagonalisation
calculations on a two-site model. We then explore the
consequences of this mechanism to superconductivity of
extended systems by deriving the gap equation using the
Matsubara formalism. Consistent with the exact diag-
onalisation results, we find that the resonance is absent
in equilibrium, but the boson-mediated electron-electron
attraction can be resonantly enhanced by several orders
of magnitude when the bosons are driven into a nonther-
mal state.

Finally, we propose two-dimensional materials cou-
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FIG. 1. a.) A boson coupling to an electronic inter-band transition can induce an effective electron-electron attraction stemming
from virtual processes that involve the exchange of two bosons. Away from the groundstate, when real bosons populate the
mode, for example when driving the system, this attraction may be resonantly enhanced when tuning the boson frequency close
to the transition energy. b.) Exact diagonalisation results for the proposed mechanism. Local doublon correlation C (Eq. (6))
in the two-site model given by Eq. (1) as a function of bosonic frequency Ω in units of the level separation ∆E. The value in
the groundstate (orange line, left axis) shows no resonant behaviour, but for coherently driven bosons (blue line, left axis) the
time-averaged doublon correlations show a sharp increase when Ω ≈ ∆. On resonance the time-averaged boson number Nbos

(yellow line, right axis) has a dip since carriers are excited into the upper level, detrimental to pairing. The level coupling and
the hopping have been set to g = t = 0.01∆E. c.) Illustration of the hetero structure we propose. Graphene (black) aligned
with hBN (green) is placed on top of bulk SrTiO3 (black bottom layer). Surface plasmon polaritons (light blue shade) on the
surface of SrTiO3 couple the two graphene bands that develop a gap due to the alignment with hBN. The chemical potential
µ is set such that the surface plasma frequency can be close to resonance between the fermi level in the lower band and the
bottom of the upper as shown in the inset. The surface plasmons can be driven by irradiating a tip (orange waves onto tip)
and utilizing its near field.

pled to surface plasma modes of a substrate as an ideal
platform to engineer photo-induced superconductivity at
temperatures much higher than their equilibrium Tc. As
a simple and easily accessible example, we explore a het-
erostructure consisting of graphene aligned with hexag-
onal boron nitride (hBN)35–38 on top of the surface of
SrTiO3. Graphene aligned with hBN hosts two electronic
bands with a small gap, while the SrTiO3 surface pro-
vides surface plasmon polaritons at a similar frequency
as the gap. We estimate that photo-induced pairing in
graphene could be induced up to a critical temperature
of around 5K.

RESULTS

Mechanism for induced electron-electron attraction
We investigate a lattice model of electrons in which each
site has two orbitals that are coupled locally via a boson

H loc = H0 +Hint

H0 =
∑
σ,j

∆E

2

(
d†j,σdj,σ − c

†
j,σcj,σ

)
+ Ωb†jbj

Hint = g
∑
j

(
b†j + bj

)∑
σ

(
d†j,σcj,σ + c†j,σdj,σ

)
.

(1)

Here cσ,j and c†σ,j are annihilation and creation operators
of electrons in the lower level with spin σ at site j while
dσ,j and d†σ,j are annihilation and creation operators of
electrons in the upper level that is separated from the

lower one by the energy gap ∆E. b†j and bj are bosonic
creators and annihilators of the bosonic mode at site j
that has eigenfrequency Ω and couples the two electronic
levels with coupling strength g.

We perform a Schrieffer-Wolf transformation of the
Hamiltonian in Eq. (1) to eliminate the coupling to lead-
ing order in g. As shown in Methods section we find

HSW = H0

− g2 ∆E

(∆E)2 − Ω2

∑
j

(
b†j + bj

)2∑
σ

(
d†j,σdj,σ − c

†
j,σcj,σ

)

− g2 Ω

(∆E)2 − Ω2

∑
j,σ

d†j,σcj,σ + c†j,σdj,σ

2

.

(2)
The second term constitutes an electronic density cou-
pled to the squared boson displacement.24 In Ref. 13 such
an interaction was considered on symmetry grounds and
it was shown that it gives rise to a boson-number depen-
dent attraction :

Hatt = −4g4 ∆E2

Ω ((∆E)2 − Ω2)
2

∑
j

(
b†jbj c

†
j,↑c
†
j,↓cj,↓cj,↑

)
.

(3)
Here we show how such a term arises naturally from a mi-
croscopic model. The prefactor (∆E2 − Ω2)−2 suggests
that this attraction may even be resonantly enhanced
when tuning the bosonic frequency close to the level tran-
sition Ω ≈ ∆E. Despite this intriguing result, to study
the correct attraction close to the resonance both the
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bosonic part and the electronic part involving the up-
per band in equation 2 needs to be taken into account
consistently to order g4. These effects are taken into ac-
count in the following paragraphs by performing ground-
state perturbation theory and exact diagonalisation for
the two-site model.

Groundstate attraction– In this part we treat the full
model using ground-state perturbation theory. We show
that in this case, a resonant enhancement of the induced
electron-electron interaction as indicated by Eq. (3) is
indeed absent. We focus on the most simple two-site
version, j ∈ {1, 2}, of the model in equation (1) and
consider a half filled lower level with two electrons in
the system overall. At vanishing coupling g = 0 the
groundstate of the system with no bosons is degenerate
between two unpaired electrons on different sites and a
singlet on the same site. In other words, the energy of one
doubly occupied site and an empty site EGS

↑↓,− matches

that of two singly occupied sites EGS
↑,↓ . Upon turning

on the coupling g > 0 this degeneracy is lifted: The
state with a doubly occupied site obtains a slightly lower
energy than two singly occupied sites. To leading order
in the coupling g the energy difference is

EGS
↑↓,− − EGS

↑,↓ = −2g4 Ω + 2∆E

(∆E)Ω(∆E + Ω)2
. (4)

We interpret this energy as an attractive interaction be-
tween the two electrons. Consistent with Eq. (3) it is
fourth order in the coupling g. However, Eq. (4) shows
no special features when ∆E ≈ Ω particular to resonant
enhancement of the attraction.

Photo-induced attraction– To explore the induced at-
traction away from the groundstate, we perform exact di-
agonalisation calculations on the two-site model of equa-
tion (1) including a small hopping term parametrized by
the hopping amplitude t

H = H loc − t
∑
j,σ

(
c†j+1,σcj,σ + d†j+1,σdj,σ

)
+ h.c. (5)

First we compute the lower level doublon correlations in
the groundstate,

C =
∑
j

〈ncj,↑ncj,↓〉 − 〈ncj,↑〉〈ncj,↓〉, (6)

as an indicator of an induced electron-electron interac-
tion. The result is shown in Fig. 1(b). Consistent with
our perturbative analysis in equation (4), in the ground-
state, we find positive correlations indicating an effective
attraction that increases towards lower frequencies but
show no specific features at ∆E ≈ Ω.

To analyse the out of equilibrium case, we coherently
drive the bosons and compute the time-averaged den-
sity correlations Eq. (6) as well as the time-averaged bo-

son number
∫ t1
t0

dt 〈b†jbj〉(t) = Nbos, where t0 is a time

shortly after the driving pulse and t1 a later time after
many driving periods. Details on how we perform the
time evolution can be found in the methods section. We
find an overall amplification of the electron-electron at-
traction compared to the equilibrium result. Moreover,
while in equilibrium no enhancement of the interaction
close to resonance Ω ≈ ∆E was found, such an enhance-
ment can indeed be accessed out of equilibrium as can
be seen in Fig. 1(b). The resonance is also evident in
the time-averaged number of bosons, which has a dip in-
dicating that electrons are being excited into the upper
level by absorbing bosons.

Dynamic gap equation.– In this part we investigate
how the mechanism described above might give rise to
superconductivity in real materials. We consider a two-
band system with band dispersions εc(k) and εd(k),
where εd(k) > εc(k) for all quasi-momenta k throughout
the Brillouin zone. We write the uncoupled Hamiltonian
of this system as

H0 =
∑
~k,σ

(
εc(~k) c†~k,σ

c~k,σ + εd(k) d†~k,σ
d~k,σ

)
(7)

where ck,σ annihilates; c†k,σ creates an electron with spin
σ and quasi-momentum k in the lower band while dk,σ an-

nihilates; d†k,σ creates an electron with spin σ and quasi-
momentum k in the upper band. We couple both bands
linearly through a boson

H = H0 +Hint +
∑
q

Ω(q)b†qbq,

Hint =
∑
q

g(q)
(
b†−q + bq

)∑
k,σ

(
c†k+q,σdk,σ + d†k+q,σck,σ

)
,

(8)
where bq annihilates; b†q creates a boson with momentum
q and frequency Ω(q) while g(q) parametrizes the cou-
pling strength to the electrons. We integrate out the
bosons exactly using the Matsubara path-integral ap-
proach yielding a dynamic electron-electron interaction.
The dependence of this interaction on the state of the
bosons is encoded in the frequency structure of the inter-
action. We then perform a saddle point approximation to
compute the intra-band pairing fields ∆c = 〈ψk,↑,cψk,↓,c〉
and ∆d = 〈ψk,↑,dψk,↓,d〉, and we arrive at two coupled
gap equations for ∆c and ∆d, shown diagramatically in
Fig. 2(a) :

∆c(k, ω) =
1

Nβ

∑
~k′,ω′

g(k − k′)g(k′ − k)Ω(k − k′)
(ω − ω′)2 + Ω(k − k′)2

∆d(k
′, ω′)

2Ec(~k′)

(
1

iω′ − Ec(k′)
− 1

iω′ + Ec(k′)

)
,

(9)

∆d(k, ω) =
1

Nβ

∑
k′,ω′

g(k − k′)g(k′ − k)Ω(k − k′)
(ω − ω′)2 + Ω(k − k′)2

∆c(k
′, ω′)

2Ed(k′)

(
1

iω′ − Ed(k′)
− 1

iω′ + Ed(k′)

)
,

(10)
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FIG. 2. a.) Feynman diagrams for the coupled gap equations Eq. (9) and (10). b.) Critical temperature Tc as a function of
frequency Ω for the sawtooth chain. The dispersion of the sawtooth chain is shown in the inset with ξd = εd − µ indicated. In
thermal equilibrium (red line) no significant Tc is found while driving the bosons increasing their occupation by NDrive Eq. (15)
yields a resonantly enhanced Tc for Ω . ξd where both the full expression Eq. (26) (yellow line) and the approximate expression
Eq. (11) (blue dashed line) agree. c.) Nonequilibrium phase diagram as function of temperature T and driving strength nDrive

(Eq. (15)) in units of ξd. At a critival driving strength the system changes from the normal state (NS) to a super conducting
state (SC). The inset illustrates the non-thermal boson distribution we assume according to Eq. (15). The coupling g has been
set to g = 0.2ξd throughout while the chemical potential µ is set such that ξd = 3t, where t is the nearest neighbour hopping.

where we have introduced the Bogoliubov dispersion
Ec/d(k) =

√
ξc/d(k)2 + ∆d/c(k)2 and ξc/d = εc/d − µ.

In order to estimate Tc we assume a local coupling
g(q) = g and a flat bosonic dispersion Ω(q) = Ω. We
next insert the equation for ∆d into that of ∆c arriv-
ing at a single self-consistent gap equation for ∆c. We
find ∆c(ω) to only have a weak frequency dependence for
ω < Ω and therefore neglect this dependence for an esti-
mate of Tc. In this way, we can evaluate all Matsubara
sums by analytically continuing to real frequencies and
introducing bosonic and fermionic occupation functions.
The details of the calculation and the full gap equation

are given in the methods section and the supplementary
material.

Similar to the standard BCS approach for supercon-
ductivity in a single band, we only keep the most diver-
gent terms contributing to the gap equation. We identify
two small parameters close to the Fermi surface when
|ξc| � |ξd| ≈ Ω, namely the detuning between the up-
per band and the phonon frequency, ddΩ = ξd−Ω

Ω , and the

dispersion relation of the lower band, |ξc|Ω , and expand
the gap equation to leading and next-to-leading order in
these parameters. In this situation Tc can be determined
from the following gap equation:

1 = LBCS(Tc) + LNon−BCS(Tc), (11)

LBCS(Tc) =
g4

Ω3

∫ Ω

−Ω

dξc ν(ξc)

∫ Ω

−Ω

dξd ν(ξd) (1+nB(Ω)−nF(|ξd|))
(1− 2nF(|ξc|))

2|ξc|
, (12)

LNon−BCS(Tc) =
g4

Ω2

∫ Ω

−Ω

dξc ν(ξc)

∫ Ω

−Ω

dξd ν(ξd) (nB(Ω)+nF(|ξd|))
(|ξd−Ω|) (1−2nF(|ξc|))−|ξc| (1−2nF(|ξd|−Ω))

|ξc|
(

(|ξd|−Ω)
2 − |ξc|2

) .

(13)

Here nB is the Bose distribution function, nF is the Fermi
distribution function, and ν(ξ) is the density of states at
energy ξ. The integrals have a natural cut-off set by the
bosonic frequency Ω, since the approximate expression
for the gap equation is only valid within this energy win-
dow.

In equilibrium, the next to leading term in the gap

equation denoted as LBCS, Eq. (12), corresponds to a
BCS type gap equation. This gives rise to a Tc that pre-
cisely matches the one found in BCS theory with an effec-

tive local attraction of Ueff = − g4

Ω3 computed from per-
turbation theory in the groundstate (see equation (4)).

The second term in equation (11), LNon−BCS Eq. (13),
has no BCS analogue and diverges even more strongly as
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|ξd|−Ω
Ω , |ξc|Ω → 0. This is a manifestation of the resonance

found in our model when the frequency matches the en-
ergetic distance from the Fermi level to the upper band.
However, towards low temperatures T � Ω, |ξd|, pair-
ing from LNon−BCS is exponentially suppressed because
it is proportional to either the number of phonons or the
number of electrons in the upper band through the fac-
tor nb(ω) + nf (ξd). Therefore the resonance is absent in
thermal equilibrium. We conjecture that, consistent with
our analysis of the two-site model and Eq. (3), the leading
order term, LNon−BCS, in equation (11) can be activated
out of equilibrium when the bosons are driven such that
their distribution does not follow the Bose function.

We use the sawtooth chain39,40 to illustrate the in-
terband phonon mechanism on a concrete example. This
one-dimensional model consists of a dispersive lower band
and a flat upper band:

ξc(k) = −
√

2t(cos(k a) + 1)− µ

ξd(k) =
√

2t− µ.
(14)

where a is the lattice constant, t the hopping between
sites, and µ the chemical potential. The flat upper band
in the sawtooth chain gives rise to a constant detuning,
providing an idealised system to identify the resonance
present in our model. We explore the possibility of using
the nonequilibrium boson distribution as a resource by
switching on the resonant contribution in the gap equa-
tion Eq. (11) through adjusting the equilibrium boson
distribution to (cf. Fig. 2(c) for an illustration):

〈b†qbq〉 = nB(Ω) + nDrive. (15)

We compute Tc as a function of the boson frequency
Ω and explore the resonance by tuning Ω across ξd. The
result is shown in Fig. 2(b). In equilibrium we do not
find a significant Tc for the coupling of g = 0.2ξd and
the selected frequencies. However, a significant Tc ap-
pears close to the resonant region as soon as we assume
a nonthermal boson distribution according to Eq. (15).
This behaviour is in agreement with the resonantly en-
hanced electron-electron interaction found in our exact
diagonalisation calculations Fig. 1b. Both the full ex-
pression of the gap equation show in the methods section
and the approximate expression in equation (11) match
precisely close to the resonance. Unlike in the two-site
model, in the extended system the driven-boson-induced
interaction turns into repulsion for blue-detuned frequen-
cies Ω ≥ ξd. Physically, we attribute this to the fact
that the driven boson enables real transitions from the
partially filled lower band to the empty upper band. In-
triguingly, even though our semi-analytical treatment of
the gap equations neglects a change of Fermi occupation
functions, the mere possibility of real transitions is ap-
parently reflected within Eq. (13), and it is detrimental
to pairing. Importantly, an improved, but more involved
treatment of the true nonequilibrium problem within the

Keldysh formalism is expected to exhibit the same qual-
itative behavior, since the excitation of real electronic
quasiparticles above the gap will suppress pairing even
further for a blue detuned boson frequency.

In order to summarize our findings for the driven saw-
tooth chain, we compute an out-of-equilibrium phase di-
agram as a function of temperature and driving strength
(Fig. 2c), fixing Ω slightly below resonance, Ω = 0.99ξd.
While the system is in the normal state down to very low
temperatures in equilibrium (NDrive = 0) for g = 0.2ξd,
populating the bosonic mode gives rise to a finite Tc.

Graphene-hBN-SrT iO3 heterostructure.– We con-
clude by proposing an experimentally realizable platform
for resonantly induced superconductivity, namely a het-
erostructure of graphene aligned with hBN placed on
top of bulk SrTiO3, as shown in Figure 1(c). Graphene
aligned on hBN leads to a gap at the Dirac points of
graphene, with size ∆E = 16meV41, which will form the
basis of our two-band electronic system. The bosonic
mode key to our pairing model is provided by a low en-
ergy surface phonon polariton that exists in the quantum
paraelectric SrTiO3 and couples the two bands through
their dipole moment.42 We compute this light-matter
coupling using the mode functions obtained in Ref. 43
for the surface polaritons, and approximate the resulting
coupling by a box function g(q) = g̃ θ(|q| − 1

d ), where
d is the distance between the graphene and the SrTiO3

surface which provides a natural cut-off for surface plas-
mon induced interactions. We assume an hBN thick-
ness of 5nm, corresponding to approximately 15 atomic
layers.44 For a conservative estimate, we include the bare
local Coulomb repulsion in graphene of U = 9.3eV. Dy-
namical suppression of the bare Coulomb repulsion due
to high energy electrons via the Morel-Anderson renor-
malisation would enhance our results even further.45 Our
estimate is obtained by solving the full gap equation (26).

Without any driving the large Coulomb repulsion pre-
vents any pairing. We find that when driving the sys-
tem with nDrive = 1.5 polaritons per site we obtain a
Tc = 4.8K – a temperature that is readily accessible in
helium cooled setups. Surface modes can not be directly
driven with a laser since their dispersion lays outside the
light-cone but can instead be driven by irradiating a tip
that then produces near-fields driving the modes.46

Discussion.– We introduced a simple microscopic
mechanism based on a boson coupled to an electronic
interband transition which demonstrates both photo-
induced enhancement of superconductivity, as well as
resonant amplification of this enhancement when the
phonon frequency is red-detuned but nearly aligned with
the electronic excitation energy between the Fermi level
in the partially filled lower band and the empty upper
band. We demonstrated that this is true both using ED
for a two-site model and by deriving a gap equation for
extended systems.

Tantalizingly, we showed that this interaction can be
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engineered in a two-dimensional material on a surface
phonon polariton platform. For an example heterostruc-
ture of graphene-hBN-SrTiO3, we computed that super-
conductivity can arise at temperatures around Tc ≈ 5K.

Away from resonance the authors have studied
the potential of this model to induce long-lived
superconductivity.47 This raises the compelling prospect
that resonantly photo-induced superconductivity may
not be only a transient phenomenon but live long af-
ter the driving has been switched off. To estimate the
life-time and dynamics of the driven system, a fully non-
equilibrium approach needs to be adopted so that heat-
ing, electron and phonon decoherence processes, ignored
in our analysis, are taken into account on the same foot-
ing as the induced attraction.

In view of the resonant nature of our mechanism, an
interesting future direction is to explore its applicabil-
ity in the context of cavity material engineering48–52 for
which several proposals for cavity-induced superconduc-
tivity already exist.53–57

METHODS

Schrieffer-Wolf transformation We perform a
Schrieffer-Wolf transformation of the local Hamiltonian
Eq. (1) according to

HSW = eSH loce−S (16)

using as transformation matrix58

S =
α

ω

∑
j

(
b†j − bj

)∑
σ

(
d†j,σcj,σ + c†j,σdj,σ

)
+ i

β

ω

∑
j

(
b†j + bj

)∑
σ

(
d†j,σcj,σ − c

†
j,σdj,σ

)
.

(17)

with α and β to be determined by the condition

[S,H0] = −Hint. (18)

This condition is satisfied when

α =
gω2

∆2 − ω2

β =− i gω∆

∆2 − ω2

(19)

The effective Schrieffer-Wolff Hamiltonian to order g2 are
calculated via 1

2 [S, V ] which gives rise to equation (2) in
the results section.

Attractive correlations in ED.– In order to explore
the resonant regime Ω ≈ ∆ for the model Eq. (5) we
perform ED calculations using a cutoff in the number-
state basis in the bosonic part of the Hilbertspace. To
explore the out of equilibrium properties we add a driving
term to the Hamiltonian

H(t) = H + F (t) sin(ωDt)
∑
j

(
b†j + bj

)
(20)

where ωD is the driving frequency and F (t) has normal-
ized Gaussian shape in time multiplied by a bare driving
strength F0. We always drive the bosons on resonance
setting ωD = Ω. We evolve the system in time with

the time evolution operator U(t) = T exp
(
i
∫ t1
t0
H(t)dt

)
,

where T is the time-ordering operator, using finite time
steps. We compute the time-averaged local doublon cor-
relations

C̄ =

∫ t1

t0

〈ncj,↑ncj,↓〉(t)− 〈ncj,↑〉(t)〈ncj,↓〉(t) dt (21)

reported in Fig. 1b together with the time-averaged bo-
son number. Here t0 is a time shortly after the pump
while t1 is a later time after many driving periods.

Effective electron-electron interaction.– We use the
path-integral formalism to derive a dynamic electron-
electron interaction from the model Eq. (8). The bare
action of the system, including bosonic modes, can be
written as

S0 =
∑
q

b̄qD(q)−1bq +
∑
k,σ,n

ψ̄k,σ,nG
−1
0 (k, n)ψk,σ,n (22)

where k = (~k, iω) and q = (~q, iΩ) are composite indices

of a lattice momentum ~k or ~q and a fermionic(bosonic)
Matsubara frequency ω(Ω). The bq are complex field,
b̄q their complex conjugate and D(q)−1 = iΩ − Ω(~q) is
the inverse bosonic propagator. ψk,σ,n and ψ̄k,σ,n are
Grassmann valued field with spin index σ ∈ {↑↓} and

band-index n ∈ {c, d} and G−1
0 (k, n) = iω − εn(~k) is the

inverse bare electronic Green’s function. We introduce
an inter-band coupling via the bosonic fields as

Sint =
∑
q

g(~q)
(
bq + b̄−q

)∑
k,σ,n

ψ̄k+q,σ,nψk,σ,n̄

 . (23)

Assuming a 2-band model we have introduced n̄ as the
band complementing that labelled by the band index n.
g(~q) is the ~q dependent inter-band coupling. Now we
can integrate out the bosons with a suitable substitution
of the bosonic fields in the path integral to arrive at an
effevtive interaction

Seff
int = −

∑
q

g(~q)g(−~q)D(q)∑
k,σ,n

ψ̄k+q,σ,nψk,σ,n̄

 ∑
k′,σ′,m

ψ̄k′−q,σ′,mψk′,σ′,m̄

 .

(24)
Due to the sum over q and since all other terms are even
in q one may perform the replacement

D(q)→ −Ω(~q)

Ω2 + Ω(~q)2
(25)

taking only the part of the propagator even in q. Equa-
tions (9) and (10) are derived using the saddle point
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approximation in the Cooper channel, leading to a self-
consistent equation shown schematically in Fig. 2(a). A
key aspect of our work is performing the Matsubara sums
analytically and expressing the result in terms of occu-
pation distributions of the bosons and fermions. In the
main text we show an approximate formula of the most
divergent terms, for completeness we report here the full

gap equation. We take the full ω and k dependence of
∆d by replacing the expression for ∆d in equation (10)
into equation (9), to arrive at a self-consistent equation
for ∆c only. We then find that the expression for ∆c is
weakly frequency dependent for ω � Ω which allows to
approximate ∆c as indpendent of ω and k. The resulting
gap equation is found to be:

1 =
1

N2

∑
k′,k

|g|4 1

E1(k)E2(k′)
×

(
(2nf (E1)− 1)(E1(k)2(2E2(k′)nb(Ω) + E2(k′)− 2nf (E2)Ω + Ω)

Ω (Ω2 − E1(k)2) ((E2(k′)− Ω)2 − E1(k)2) ((E2(k′) + Ω)2 − E1(k)2)
+

(2nf (E1)− 1) ((Ω− E2(k′))(E2(k′) + Ω)(2E2(k′)nb(Ω) + E2(k′) + (2nf (E2)− 1)Ω))

Ω (Ω2 − E1(k)2) ((E2(k′)− Ω)2 − E1(k)2) ((E2(k′) + Ω)2 − E1(k)2)

)
+

4E1(k)E2(k′)(nf (Ω + E2(k′))− 1)(E2(k′) + Ω)(nb(Ω)− nf (E2) + 1)

−4E2(k′)2Ω(E2(k′) + Ω)(E2(k′) + 2Ω) ((E2(k′) + Ω)2 − E1(k)2)

+
4E1(k)E2(k′)(nf (Ω− E2(k′))− 1)(E2(k′)− Ω)(nb(Ω) + nf (E2))

4E2(k′)2Ω(E2(k′)− 2Ω)(E2(k′)− Ω) ((E2(k′)− Ω)2 − E1(k)2)

+
−4E1(k)E2(k′)nf (Ω− E2(k′))(E2(k′)− Ω)(nb(Ω) + nf (E2))

−4E2(k′)2Ω(E2(k′)− 2Ω)(E2(k′)− Ω) ((E2(k′)− Ω)2 − E1(k)2)

+
4E1(k)E2(k′)nf (Ω + E2(k′))(E2(k′) + Ω)(nb(Ω)− nf (E2) + 1)

−4E2(k′)2Ω(E2(k′) + Ω)(E2(k′) + 2Ω) ((E2(k′) + Ω)2 − E1(k)2)

+
E1(k)E2(k′)(nb(Ω) + 1)

(
E2(k′)2(2nb(Ω) + 1) + E2(k′)(2nf (E2)− 1)Ω− 2(2nb(Ω) + 1)Ω2

)
Ω2 (E1(k)2 − Ω2) (E2(k′)4 − 4E2(k′)2Ω2)

E1(k)E2(k′)nb(Ω)
(
E2(k′)2(2nb(Ω) + 1) + E2(k′)(2nf (E2)− 1)Ω− 2(2nb(Ω) + 1)Ω2

)
Ω2 (E1(k)2 − Ω2) (E2(k′)4 − 4E2(k′)2Ω2)

)

(26)

Graphene coupled to surface phonon polaritons.– In
this part we outline the estimate of the pairing tem-
perature of our proposed heterostructure consisting of
Graphene aligned with hBN on top of bulk SrTiO3.
We use the q-dependent surface phonon-polariton modes
given in Ref. 43 that read

φ(z > 0) =N

 qx
|qxy|

,
qy
|qxy|

, i

√∣∣∣ ε(ω)

εHBN

∣∣∣
T

e
−
√
| εHBN
ε(ω)| |qxy|zei(qx x+qy y−ω t)

φ(z < 0) =N

(
qx
|qxy|

,
qy
|qxy|

,−i
√∣∣∣εHBN

ε(ω)

∣∣∣)T

e

√
| ε(ω)
εHBN

|qxy|zei(qx x+qy y−ω t)

(27)

where the upper half-space z > 0 is assumed to be filled
with hBN with dielectric constant εhBN = 559 while the
lower half-space is made up of the SrTiO3 with ε(ω) =

ε∞
ω2

LO−ω
2

ω2
TO−ω2 . We use ε∞ = 6.360, ωTO = 1.26THz and

ωLO = 5.1THz.61 The normalization N of the modes can

be determined form the normalization condition43

~Ωsε0

∫
V

dr ε(Ωs)v(Ωs)|φ(r)|2 = 1. (28)

with v(ω) = 2+ω∂ωε(ω) and ε0 the vacuum permittivity.
The limiting surface phonon frequency when c2q2 � ω2

LO

is Ωs = 3.9THz which we will use throughout for our es-
timate. In order to estimate the light-matter coupling we
focus on the Dirac cone at which the Hamiltonian, includ-
ing the gap opening due to an effective onsite potential
induced through the proximity of hBN to the graphene
layer, reads

H =
V0

2
σz + ~vF(k + eA) · σ. (29)

where V0 is the onsite potential, vF the Fermi velocity
and A the vector potential due to the surface polari-
tons. At the K-point the inter-band coupling is equal
to ginter = 1 while far away from the K-point it can be
estimated from the Dirac Hamiltonian without including

an onsite potential which yields ginter = i~vF(k×A)
|k| . Us-

ing the coupling away from the K-point as a conservative
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estimate, we get for the inter-band coupling

gk,q = i

√
4πα√
N

f(ω)
~vF
√
c√

ΩsScell

(k × q)
|q||k|

√
|qxy|e−|qxy|z (30)

where f(ω) =
(

4ω
2(ε∞+εHBN)
ω2−ω2

TO

)− 1
2

, Scell is the area of

the unit cell in graphene, α the fine-structure constant
and c the speed of light. In order to obtain a simple
estimate we approximate the coupling by a box function
gk,q → g̃θ

(
|q| − 1

d

)
. The cutoff 1

d is naturally provided
by the mode-function Eq. (27) since ε(ω) → −εhBN for
q2c2 � ω2

LO and therefore |θ(q)|2 ∼ e−2qd. We determine
g̃ by fixing the integral

g̃2 =

∫
R2

|gk,q|2 dq =
2πα

3
√

3N
f(ω)2 ~2v2

Fc

a2d
(31)

where we use g2 since this appears in the interaction.
Due to the box-function the coupling has now attained
a q dependence in principle leading to a k-dependence
of the gap itself. We compute the gap at k = K and
assume it to be zero outside of the coupling radius θ(k).
Additionally, the momentum transfer k − k′ is limited
due to the box coupling by a factor θ(k−k′). We set the
chemical potential µ = −15meV slightly into the lower
band and otherwise the parameters from the main text.
With these approximations we are in a position to eval-
uate Eq. (26) on a finite k-grid for which we use the size
500× 500. For the driven case we assume a non-thermal
boson occupation according to Eq. (15).
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[52] Hübener, H. et al. Engineering quantum materials
with chiral optical cavities. Nat. Mater. 20, 438–

442 (2021). URL https://www.nature.com/articles/

s41563-020-00801-7. Number: 4 Publisher: Nature
Publishing Group.

[53] Andolina, G. M. et al. Can deep sub-wavelength cavi-
ties induce Amperean superconductivity in a 2D mate-
rial? (2022). URL http://arxiv.org/abs/2210.10371.
ArXiv:2210.10371 [cond-mat].

[54] Schlawin, F., Cavalleri, A. & Jaksch, D. Cavity-Mediated
Electron-Photon Superconductivity. Phys. Rev. Lett.
122, 133602 (2019). URL https://link.aps.org/doi/

10.1103/PhysRevLett.122.133602. Publisher: Ameri-
can Physical Society.

[55] Gao, H., Schlawin, F., Buzzi, M., Cavalleri, A. & Jaksch,
D. Photo-induced electron pairing in a driven cav-
ity. Phys. Rev. Lett. 125, 053602 (2020). URL http:

//arxiv.org/abs/2003.05319. ArXiv:2003.05319 [cond-
mat].

[56] Chakraborty, A. & Piazza, F. Long-Range Photon
Fluctuations Enhance Photon-Mediated Electron Pair-
ing and Superconductivity. Phys. Rev. Lett. 127,
177002 (2021). URL https://link.aps.org/doi/10.

1103/PhysRevLett.127.177002. Publisher: American
Physical Society.
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