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coherent state in Ref. 36,
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where J is the electronic hopping matrix element be-

tween sites l = 1, 2, c(†)
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, g2 is the nonlinear electron-phonon cou-
pling with bosonic phonon annihilation (creation) opera-

tors b(†)
l

on site l, ⌦ is the phonon frequency, and F (t) is
a driving field coupling to the phononic position (dipole)
operator x̂l ⌘ b

l
+ b

†
l
. In a generic lattice with inversion

symmetry, the phonon modes to which F (t) couples are
ungerade and thus infrared active, which does not allow
for a linear term and makes the g2 term the lowest order
allowed interaction term for infrared phonons. By multi-
plying out the (b

l
+b

†
l
)2 term, one finds that the nonlinear

interaction renormalizes the phonon frequency locally on
site l to ⌦e↵ ⌘ ⌦+2g2hn̂li, where hn̂li ⌘ hn̂l,"+ n̂l,#i = 1
is the average local electronic occupation with electron
number operator n̂l,� ⌘ c

†
l,�

c
l,�

. The system is driven
out of equilibrium by a time-dependent periodic field

F (t) = F sin(!t), (2)

with laser frequency !.
The time-evolved wave function of the system is com-

puted by starting in the ground state | 0i at time t = 0
and propagating forward in time,

| (t)i = T e
�i
´ t
0 H(t0)dt0 | 0i. (3)

In practice we use the commutator-free fourth order
scheme introduced in Ref. 37 to compute the time-
ordered (T ) exponentials, which allows us to use a rel-
atively coarse time step of �t = 0.5 without time dis-
cretization issues. Convergence in the time step size was
checked. The phononic Hilbert space is truncated us-
ing up to 20 phonons per site, and convergence checked.
Signatures of electron-phonon coupling in the electronic
single-particle spectrum are extracted by computing the
time-resolved electronic spectrum38 for site 1 and spin "
with spectral intensity
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using the retarded Green’s function. The second and
third lines in Eq. (4) are the lesser and greater Green’s

functions, which contain information about the occupied
and unoccupied spectral intensities, respectively. We em-
ploy a Gaussian probe pulse shape function
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centered around probe time t0 with probe duration �.
The duration of the probe pulse plays the role of the
time scale of an e↵ective degree of freedom that “sees”
signatures of e↵ective couplings out of equilibrium.
We set J = 0.15, ⌦ = 0.5, and g2 = �0.05 and prop-

agate the wavefunction from t = 0 to t = 50. For the
given parameters the renormalized phonon frequency is
⌦e↵ = 0.40. We note that this choice of negative g2 is not
mandatory, and the light-induced spectral weight trans-
fer discussed in the following can be observed for positive
g2 as well. However, the present case is particularly in-
teresting, as the phonon is softened by the coupling to
the electrons, and in principle strong driving could also
lead to a dynamical lattice instability in this case. The
probe duration is taken to be � = 8 with center time
t0 = 25.

III. RESULTS

A. Spectral weight transfer
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FIG. 1. Light-induced spectral weight transfer. Single-
particle spectrum for g2 = �0.05 and di↵erent field strengths
F , as indicated. Spectra are shifted vertically for clarity. The
dashed vertical line indicates the peak position of the bonding
state in the undriven case. For the lowest curve, the coherent
part of the spectrum that emerges from the main peaks at
weak driving field is indicated by the grey-shaded area.

Fig. 1 shows the spectral intensity during laser irradi-
ation with slightly o↵-resonant field frequency ! = 0.55

nonlinear	
electron-phonon	
coupling	
n*Q^2:	
enhanced	coupling	
for	classically	driven	
phonon	
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Cavity materials 

4	

H	=	Hel	+	Hel-phon	+	Hel-phot	+	Hphon-phot		

~Aphot	*	Qphon	~nel	*	Qphon	

quantum	electrodynamics:	
enhancement	effects	already	in	vacuum	
and	for	bi-linear	couplings?	

M.	A.	Sentef,	M.	Ruggenthaler,	A.	Rubio,	arXiv:1802.09437	
Science	Advances	4,	eaau6969	(2018)		
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Cavity materials 
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BCS	superconductors:	phonon-mediated	superconductivity	
Ginzburg,	Phys.	Lett.	13,	101	(1964):	exciton-mediated	superconductivity?	
Ruvalds,	Phys.	Rev.	B	35,	8869(R)	(1987):	plasmon-mediated	superconductivity?	

Hagenmüller	et	al.,	1801.09876	
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monolayer FeSe/STO: ARPES 
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replica	bands:	forward	(small-q)	
electron-phonon	scattering	

experiment	 theory	
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monolayer FeSe/STO: interfacial phonon 
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Huang	and	Hoffman,	Annu.	Rev.	CMP	8,	311	(2017)	

Lee	et	al.,	Nature	515,	245	(2014)			bare	el-phonon	vertex	
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Cavity engineering 
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•  idea:	use	phonon	polaritons	to	modify	electron-
phonon	coupling	

	

Huang	and	Hoffman,	Annu.	Rev.	CMP	8,	311	(2017)	

cavity	photon	
E	field	
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Model and Method 
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electrons	 polaritons	el-polariton	coupling	

G-self-consistent	Migdal-Eliashberg	diagram	

Mass	enhancement:	

bare	el-phonon	vertex	
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Cavity materials: Phonon polaritons 
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Cavity superconductivity? 
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T	(K)	

suppressed	superconductivity	despite	enhanced	el-ph	coupling	

vs.	
forward	scattering	

q-independent	scattering	
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Summary 
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•  cavity	leads	to	enhanced	electron-phonon	coupling	
•  FeSe/STO:	works	in	conjunction	with	other	pairing	mechanisms	
•  can	one	also	enhance	superconductivity?	

M.	A.	Sentef,	M.	Ruggenthaler,	A.	Rubio,	arXiv:1802.09437	
Science	Advances	4,	eaau6969	(2018)		
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Cavity-induced	quantum-anomalous	
Hall	effect	in	graphene:	
Xiao	Wang,	E.	Ronca,	M.	A.	Sentef	
arXiv:1903.00339	


