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Quantum materials 
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B. Keimer et al., Nature 518, 179 (2015) 

complex phase diagram 

W. Hu et al., Nature Materials 13, 705 (2014) 

crystal structure couplings 
electron-electron 
electron-phonon 
electron-magnon 

... 

electron band structure 

L. F. Mattheis, Phys. Rev. Lett. 58, 1028 (1987)  
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quantum optics 
nanoplasmonics 

polaritonic chemistry 

R. Chikkaraddy et al., Nature 535, 127 (2016) 

Y. Cao et al., Nature 556, 43 (2018) 

condensed matter 
quantum materials 

atomic-scale control 

nonequilibrium 
materials engineering 

QED: vacuum fluctuations 

pump-probe: strong classical fields 
Image courtesy: J. Sobota 

ultrafast spectroscopy 
revealing elementary couplings 

light-induced new states of matter 

Engineering materials with light 
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Engineering materials with light 
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F. Mahmood et al., Nature Physics 12, 306 (2016) 

© F. Mahmood 

Hamiltonian engineering 
e.g., Floquet-Bloch bands 

Distributional engineering 

J. Sobota et al., JESRP 195, 249 (2014)  

many ingredients, hard to disentangle 
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Engineering materials with light 
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Light-induced new states 
transient superconductivity? 

M. Mitrano et al., Nature 530, 461 (2016) 

©Jörg Harms, MPSD 

microscopic understanding? 

Dark resistance of 100nm film of 1T-TaS2

Resistance after a laser pulse
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Au contacts 

50 um

Switching to a hidden state in 1T-TaS2 : 
Resistance change after a (single) 35 fs pulse
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1T-TaS2 single crystal, ~100 nm thick.
Au contacts by laser lithography (LPKF LDI).

Igor Vaskivskyi

L Stojchevska et al. Science 2014;344:177-180

Exposing hidden states 
nonthermal switching process 

The trajectory to a hidden 
state in 1T-TaS2

1T-TaS2

Crystal of 1T-TaS2 grown by Petra Sutar
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L. Stojchevska et al., Science 344, 177 (2014) 
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Pump-probe spectroscopy 
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•  stroboscopic	investigations	of	dynamic	phenomena	

Muybridge	1887	 F.	Schmitt	et	al.,	Science	321,	1649	(2008)		
Image	courtesy:	J.	Sobota	/	F.	Schmitt	

TbTe3	CDW	metal	

gap	
angle/momentum	
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Ultrafast Materials Science today 
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Image	courtesy:	
D.	Basov	

Understanding	ordered	phases	
§  Collective	oscillations	
§  Competing	orders	

Creating	new	states	of	matter	
§  nonequilibrium	topological	states	

Nature	Comm.	6,	7047	(2015)	
Nature	Comm.	8,	13940	(2017)	
Nature	Comm.	9,	4452	(2018)	

Understanding	the	nature	of	quasiparticles	
§  Relaxation	dynamics		
§  Control	of	couplings	

PRL	111,	077401	(2013)	
PRX	3,	041033	(2013)	
PRB	87,	235139	(2013)	
PRB	90,	075126	(2014)	
Nat.	Comm.	7,	13761	(2016)	

PRB	95,	024304	(2017)	
PRB	95,	205111	(2017)	
PRL	121,	097402	(2018)	
arXiv:1802.09437,	Sci.	Adv.	
arXiv:1808.02389	
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arXiv:1806.08187	
arXiv:1808.00712	
arXiv:1808.04655	
arXiv:1810.06536	
	
	



Max Planck Institute for the Structure and Dynamics of Matter 

Electron-boson coupling 
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Electrons 
(Fermi gas/liquid) 

Bosons 
(e.g., Einstein phonon) 

Electron-boson 
coupling 

Holstein	model	(minimal	version):	

ε(k)→ε(k,t)
Pump laser:
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Method: Keldysh Green functions 

history	

initial	state	
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been successfully used to describe the melting of a charge
density-wave state24 and the time evolution of electrons
in correlated metals25,26 via tr-ARPES and tr-reflectivity.
We connect the microscopic interaction parameters of
the electron-phonon interaction directly to the observed
timescales, and discuss the extension of the results ob-
tained here to more general models.

II. METHOD

We describe the time-evolution of the system via the
non-equilibrium Keldysh formalism. All Green’s func-
tions have two time arguments, where each time is lo-
cated on the Keldysh contour (see Fig. 1). The sys-
tems starts in equilibrium at a temperature T and time
t = tmin, and evolves until t = tfinal. The time-ordered,

tmin

tmin � i�

tmax

FIG. 1: Keldysh contour used in the description of the double-
time Green’s functions and self-energies.

anti-time-ordered, lesser and greater Green’s functions
are formed by selecting t and t⇥ on appropriate parts of
the contour (see Refs. 1–3,7,8).

The driving fields are included directly into the propa-
gators via the Peierls substitution in the standard double-
time formalism, which leads to the bare non-equilibrium
Green’s function

G0
k(t, t

⇥) =i [nF (�(k))� ⇥c(t, t
⇥)]

⇥ exp

⌥
�i

� t

t0
dt̄ � (k�A(t̄))

�

where nF is the Fermi function at temperature T :
nF (⌅) = 1/(exp(⌅/T ) + 1), t and t⇥ lie on the Keldysh
contour, ⇥c is the contour-ordered Heaviside function,
�(k) is the single-particle dispersion, which we choose
to be a square lattice tight-binding model with nearest-
neighbor and next-nearest-neighbor hoppings Vnn = 0.25
eV and Vnnn = 0.075 eV, and a chemical potential
µ = �0.255 eV.

�(k) = �2Vnn (cos kx + cos ky) + 4Vnnn cos kx cos ky � µ

A(t) is the vector potential at time t, which is related
to the electric field via A(t) = �

´
E(t)dt. Here, we use

the convention that h̄ = c = e = 1, and we work in the
Hamiltonian gauge, i.e. the scalar potential is set to zero.
Energies and frequencies are measured in units of eV.

To illustrate the momentum-dependent quasiparticle
relaxation rates we introduce coupling of electrons to a

non-dispersive optical phonon with energy ⇥. As our
starting point, we use the Holstein model which couples
a band of electrons to a single species of optical phonon:

H =
 

k

�(k)c†kck +
 

q

⇥

⇧
b†qbq +

1

2

⌃

+
 

k,q,i

c†k+qck
⇤
bq + b†�q

⌅

We include the electron-phonon interactions in the
Migdal limit, which is appropriate for weak coupling.
Furthermore, since we are primarily interested in the re-
sponse of the electronic system, we will limit the discus-
sion to just the e⇤ects of the phonons on the electrons,
and will neglect the feedback of the electronic system on
the phonons.
For a non-dispersive optical phonon, the electronic self-

energy is

�(t, t⇥) = ig2
 

k

D0(t, t⇥)G0
k(t, t

⇥)

where g is the electron-phonon coupling strength. The
bare phonon Green’s function D0(t, t⇥) is

D0(t, t⇥) =� i [nB(⇥) + ⇥c(t, t
⇥)] exp (i⇥(t� t⇥))

� i [nB(⇥) + 1� ⇥c(t, t
⇥)] exp (�i⇥(t� t⇥))

where nB(⇥) is the Bose function at temperature T :
nB(⌅) = 1/(exp(⌅/T )� 1). In the following, we will use
various values of the electron-phonon coupling strength
g and the optical phonon frequency ⇥.
With the self-energy above, we solve the Dyson equa-

tion

Gk(t, t
⇥) = G0

k(t, t
⇥) +

�
dt1dt2G

0
k(t, t1)�(t1, t2)Gk(t2, t

⇥)

This can be done by casting the Dyson equation as
a matrix equation. However, for the case of electron-
phonon coupling, better numerical stability can be ob-
tained by expanding the integral through Langreth rules
and solving the equations of motion for the retarded, real-
imaginary, and lesser Green’s functions.4,5 This leads to
a set of Volterra integrodi⇤erential equations that can be
solved via standard numerical integration.6 We find that
the solution of the Dyson equation by integrating the
Volterra equations leads to more stable and inherently
causal algorithms. Some details about number of time
points go here.
The pulse that is of direct interest to pump-probe ex-

periments is, by nature, a propagating light pulse; this
implies an oscillating field without a zero-frequency com-
ponent. We model the pump via an oscillating vector po-
tential along the (11) direction with a Gaussian profile,
where we assume that the field is slowly varying spatially
and thus neglect the spatial dependence:

A(t) = (x̂+ ŷ)
Fmax

⌅p
sin(⌅pt) exp

�
� (t� t0)2

2⇤2

⇥

Gk(!) = G0
k(!) +G0

k(!)⌃(!)Gk(!)

self-energy Σ:
electron-electron scattering
electron-phonon scattering
...

9	
pump-probe	photoemission	
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Electron-boson coupling 

Weak	pump	 Strong	pump	

time	unit	=	0.66	fs	

nonlinear	response	for	strong	pump	

boson	window	effect	for	fast	versus	slow	relaxation	

10	

PRX	3,	041033	(2013)	

Rameau	et	al.,	Nat.	Comm.	7,	13761	(2016)	
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Ordered phases 
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PRB	92,	224517	(2015)	
	
Higgs	amplitude	mode	
oscillations	in	pump-
probe	photoemission	
spectroscopy	

PRB	93,	144506	(2016)	
	
Light-enhanced	superconductivity:	
electron-phonon	scattering	versus	
collective	order	parameter	dynamics	
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Theory of light-enhanced phonon-mediated superconductivity

M. A. Sentef,1, 2, ∗ A. F. Kemper,3 A. Georges,4, 5, 6 and C. Kollath1

1HISKP, University of Bonn, Nussallee 14-16, D-53115 Bonn, Germany
2Max Planck Institute for the Structure and Dynamics of Matter,
Center for Free Electron Laser Science, 22761 Hamburg, Germany

3Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA
4Centre de Physique Théorique, École Polytechnique, CNRS, 91128 Palaiseau Cedex, France

5Collège de France, 11 place Marcelin Berthelot, 75005 Paris, France
6Department of Quantum Matter Physics, University of Geneva,

24 Quai Ernest-Ansermet, 1211 Geneva 4, Switzerland
(Dated: May 29, 2015)

We investigate the dynamics of a phonon-mediated superconductor driven out of equilibrium.
A decrease of the electronic hopping amplitude with time is applied, which mimics the effect of
a resonant THz light pulse transiently modifying the lattice through nonlinear phonon coupling.
The induced increase of the density of states near the Fermi-level leads to an enhancement of
superconductivity. We provide a time- and momentum-resolved view on the interplay of slow order
parameter dynamics and fast single-particle scattering. The importance of electron-phonon coupling
for the rapid enhancement and the efficient thermalization of superconductivity is demonstrated.

PACS numbers: 74.90.+n, 74.40.Gh, 78.47.J-

Light control of structural and electronic properties of
solids is a tantalizing prospect of ultrafast materials sci-
ence [1–3]. In pump-probe experiments, a short pump
laser pulse drives a solid out of equilibrium. The ensu-
ing dynamics is monitored with a second probe pulse at
well-defined delay times. Pump excitations at optical fre-
quencies usually create electron-hole excitations, which
can be used to study transient dynamics in a variety of
correlated materials [1, 2], like Mott or charge-density
wave insulators [4–8], or superconductors [9–15]. In con-
trast, lower frequency mid-IR or THz lasers can excite the
system in resonance with structural [16] or other collec-
tive modes. In particular, intense THz light pulses enable
a mode-selective vibrational excitation [16], opening up
the field of “nonlinear phononics” [3, 17, 18].
A lattice deformation can be induced that lasts for hun-

dreds of femtoseconds [16–19], which has been suggested
as a basis for light-enhanced superconductivity [20–23].
Thus the important question arises how fast the elec-
trons in a solid can follow a nonadiabatic change of the
lattice structure. In particular, the situation is unclear
for slow collective modes in a symmetry-broken ordered
state, such as a superconductor or a charge-density wave.
Theoretically, the order parameter dynamics in purely

electronic models has been investigated in BCS mean-
field theories for superconductors [24–39], and in
nonequilibrium dynamical mean-field theory for antifer-
romagnets [40, 41]. In contrast to such closed systems,
where the electronic energy is conserved after the ex-
ternal perturbation, in electron-lattice systems energy is
transferred between electrons and phonons via electron-
phonon (el-ph) coupling [42]. The electronic relaxation
in electron-phonon models has been theoretically inves-
tigated using a variety of methods [43–56].
In this work we investigate the nonequilibrium dynam-

∆

time

THz
pump

el-ph
coupling∆0

∆(t)

∆f
(a)

J0

Jf

(b)
Jf

J0

Tc,0

∆

temperature Tc,f

FIG. 1. THz pump enhances superconductivity. (a)
Through a lattice distortion, the electronic hopping amplitude
decreases from J0 to Jf (red shaded area). As a consequence,
the superconducting order parameter∆0 is boosted to a larger
value ∆(t) > ∆0. At longer time scales (blue shaded area) the
order parameter approaches its thermal value ∆f correspond-
ing to Jf in the presence of efficient electron-phonon (el-ph)
coupling. (b) Sketch of equilibrium order parameters ∆0 and
∆f corresponding to J0 and Jf < J0, respectively, leading to
a larger critical temperature Tc,f > Tc,0.

ics of a phonon-mediated superconductor induced by a
transiently modified electronic structure through nonlin-
ear phonon coupling. We consider a tight-binding el-ph
Hamiltonian which contains both a retarded pairing in-
teraction mediated by phonons as well as dissipation of
heat into the lattice. The light-induced lattice distortion
is accounted for by a change of the electronic hopping
amplitude J0 to a smaller value Jf on a typical time
scale of fractions of a picosecond. Due to this change the
electronic density of states close to the Fermi surface is
enhanced, which results in an increased equilibrium order
parameter ∆f (see Fig. 1).

Out of equilibrium, the order parameter is therefore ex-
pected to increase if the change is slow enough and not
too much energy is deposited into the electronic degrees

2

of freedom. Since typically the time scale of the lattice
distortion – while much longer than the bare electronic
time scale – is rapid compared to the slow collective dy-
namics of the superconducting condensate, understand-
ing the response of the superconducting order parameter
∆(t) to such a relatively fast change is of great impor-
tance. We show that even for this rapid change of the lat-
tice structure, the superconducting order parameter can
be drastically enhanced. The dynamics can be separated
into two different regimes: (i) the short time dynamics
of the order parameter, which can approximately be de-
scribed by BCS theory, and (ii) the intermediate to long
time dynamics, where el-ph scattering and the relaxation
of energy into the dissipative phonon bath dominate. Im-
portantly, the phonon dissipative channel is essential for
asympotically reaching the final thermal value. Surpris-
ingly, very fast nonadiabatic ramps are predicted to lead
to quick enhancement of superconductivity on very short
time scales in the presence of dissipation.
We investigate the electron-phonon Hamiltonian

H =
∑

kσ

ϵ(k, t)c†kσckσ +
∑

q,γ

Ωγb
†
q,γbq,γ

−
∑

q,γ,σ

gγc
†
k+qσckσ

(

bq,γ + b†−q,γ

)

(1)

with fermionic creation operators c†kσ for dimension-
less momentum k = (kx, ky) and spin σ = ↑, ↓ on a
two-dimensional square lattice with dispersion ϵ(k, t) =
−2J(t)(cos kx+cos ky). The time dependence of the elec-
tronic hopping amplitude J(t) mimics a deformation of
the lattice induced via a nonlinear coupling to an IR ac-
tive optical phonon driven by the THz light pulse [18].
We assume for t < τ a linear ramp J(t) = J0+(Jf−J0) t

τ
and for t > τ the constant J(t) = Jf with J0 = 0.25 eV,
Jf = 0.20 eV, and ramp time τ . The change of the hop-
ping parameter by 20% is rather large, but not out of
reach for an experimental realization [18]. In an experi-
ment, the deformation of the lattice will decay typically
on the order of several picoseconds, and we focus on the
dynamics within this time frame. Energies are measured
in eV, and time scales in fs, using ! = 0.658 eV×fs.
The electrons are coupled to branches (γ) of phonons

with bosonic creation operators b†q,γ, energy Ωγ , and
electron-phonon coupling gγ . We consider a dominant
optical phonon at Ωopt = 0.1 eV, which induces super-
conductivity, and acoustic low-energy phonons. We use
a reference set of electron-phonon couplings, labeled “1.0
g2” [57], and another set with the same spectrum but
reduced coupling strengths (“0.8 g2”). We solve this
model in the Migdal-Eliashberg approximation [58–60]
with a local, self-consistent self-energy for the electrons,
and treat the phonons as an infinite heat bath at equi-
librium. The effective phonon spectra weighted by el-ph
coupling (Eliashberg functions) for “1.0 g2” and a param-
eter set without acoustic branch are shown in the inset
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FIG. 2. Light-enhanced superconductivity. (a) Dynam-
ics during and after τ = 100 fs (dark colors) and τ = 3 fs
(light colors) ramps for different initial equilibrium tempera-
tures (Tc,0 ≈ 135 K). Solid (dashed) lines show the results of
the el-ph (BCS) model and arrows indicate the final thermal
equilibrium values ∆f . Dark (light) grey shaded rectangles
indicate the ramp durations. (b) Order parameter change
during the 100 fs ramp, ∆ramp − ∆0, relative to ∆f − ∆0

(symbols). This change scales almost linearly with the initial
value ∆0 (dashed line). (c) Dependence of final steady state
value on ramp duration τ within BCS theory for different
temperatures. Arrows show the data points for 100 fs ramps
corresponding to panel (a). Dashed line indicates τ∆0 = !.

to Fig. 4(a).
The time evolution is obtained from solutions of the

Kadanoff-Baym-Gor’kov equations [57, 60, 61]. We
choose initial conditions that put the system in the super-
conducting initial state below Tc and ignore the compet-
ing instability towards charge-density wave order. The
time-dependent order parameter ∆(t) is defined by

∆(t)

∆0
≡

∑

k fk(t)
∑

k fk(0)
(2)

using the dimensionless momentum-resolved anomalous
expectation value fk(t) ≡ F<

k (t, t) ≡ ⟨c−k↓(t)ck↑(t)⟩.
The initial value ∆0 = ∆(t = 0) and final value ∆f are
obtained from the anomalous component of the equilib-
rium self-energy, including energy band renormalization
with quasiparticle weight Z due to el-ph coupling [57].
Our choice of a large el-ph coupling λ, which results

in a large value of the order parameter compared to real
materials [62], is motivated by the times we can reach
in the numerical simulations. Even though the Migdal-
Eliashberg approximation is not expected to be quantita-
tively accurate in this regime, the generic effects observed
should remain valid.
The fundamental question we address is whether and

on which time scales superconducting order can be en-
hanced by the change of the hopping amplitude. Fig. 2(a)
shows the dynamics of ∆(t) at different initial temper-

(many	others:	Murakami,	Eckstein,	Werner,	Knap,	Demler,	Thorwart,	Mitra,	Kennes,	Millis,	...)	
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Some recent key results 
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Part	I:	Optical	control	of	chiral	superconductors	
	Short	laser	pulses	allow	for	switching	of	Majorana	modes	
	M.	Claassen	et	al.,	arXiv:1810.06536	

Part	II:	From	classical	to	quantized	photon	fields	
	Materials	engineering	in	an	optical	cavity	using	vacuum	fluctuations	
	M.	A.	Sentef	et	al.,	Science	Advances	4,	eaau6969	(2018)	

	

	

 
How to engineer materials with light? 
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I Optical control of Majoranas 

•  prior	work:	optical	control	of	competing	orders	

– near-resonant	laser	driving	switches	between	phases	

13	

s-wave	superconductor	

charge-density	wave	
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I Optical control of Majoranas 

•  can	one	switch	the	chirality	of	a	2D	topological	
superconductor?	

	Sr2RuO4,	highly	doped	graphene,	twisted	bilayer	graphene,	...?	

	

14	

(c)

key	idea:	use	two-pulse	sequence	with	linearly	and	circularly	polarized	light	
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Nonequilibrium pathway to switching 

15	

fr
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y	

px	+	ipy	 px	–	ipy	

s,	sext	,	d,	…	

�equilibrium ⇠
⇢

px + ipy
px � ipy

�non-eq(t) ⇠ cos(✓) “px + ipy” + sin(✓)ei� “px � ipy”
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Model and Method 

16	

multiband	Bogoliubov-de-Gennes	Hamiltonians	for	doped	graphene	(d+id)	and	Sr2RuO4	(p+ip)	
coupling	to	fermionic	reservoir	to	dissipate	energy	
laser	driving	via	Peierls	substitution		
	
	
self-consistent	Keldysh	equations	of	motion	for	Nambu	Green‘s	functions:	
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Optical control of Majoranas 
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A B C D E A B C
D
E

(a)

(b)

(c) (f)(d)

(e)

two-pulse	sequence		
reverses	d+id	state	

in	graphene	

time-resolved	
spectroscopy	tracks	
chirality	reversal	
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Bloch vector rotation 

18	
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A „programmable“ topological quantum computer? 

non-Abelian	statistics	of	Majorana	fermions:	
o  half-quantum	vortices	of	chiral	superconductors	

host	single	Majorana	fermions	

o  Two	Majoranas	represent	one	electron:	½	+	½	=	1		

à Braiding	between	Majoranas	is	a	non-Abelian	
operation	in	electron	(charge)	basis!	

Ivanov,	PRL	86,	268	(2001)	

p+ip p+ipp-ip
1

2
p+ip p+ip

p-ip p-ip

p+ip
1

2
p+ip p+ipp-ip

1

2
p+ip p+ip

p-ip p-ip

p+ip
1

2

simplest	operation:	a	switchable	Hadamard	gate	

B.	Lian	et	al.,	PNAS	115,	10938	(2018)	
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Summary I 
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•  All-optical	control	of	chiral	Majorana	modes	
•  towards	arbitrarily	programmable	quantum	computer?	

	„program	the	gate	optically,	read	it	out	electrically“	

M.	Claassen 	D.	Kennes	

M.	Claassen	et	al.,	arXiv:1810.06536,	
submitted	to	Nat.	Phys.	
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From classical to quantum light 

21	

collective strong light-matter coupling 
 
what about cavity materials? 

R. Chikkaraddy et al., Nature 535, 127 (2016) 
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II Cavity materials 

•  can	one	use	enhanced	vacuum	fluctuations	to	
change	materials	properties?	

	

22	

2D material (FeSe)

dielectric substrate (SrTiO3)

cavity mirror

cavity mirror

©Jörg Harms, MPSD 



Max Planck Institute for the Structure and Dynamics of Matter 

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	

1804.07142	
1802.09437	

1804.08534	

1805.01482	

1806.06752	

1807.06601	
1810.02672	



Max Planck Institute for the Structure and Dynamics of Matter 

monolayer FeSe/STO 
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monolayer	FeSe/STO:	Tc	>	65	K	
bulk	FeSe:	Tc	=	9	K	

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



Max Planck Institute for the Structure and Dynamics of Matter 

monolayer FeSe/STO: ARPES 
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Lee	et	al.,	Nature	515,	245	(2014)			 Rademaker	et	al.,	New	J.	Phys.	18,	022001	(2016)				

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	enhance	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 

29	

ω
(q

)

B

ω+ (upper polariton)

cq (photon)

Ω (phonon)

ω− (lower polariton)

0 q0/4kF

g
2
(q

)

q

C

phonon

lower polariton

upper polariton

enhanced	electron-phonon	coupling,	
controlled	by	cavity	volume	

 0.17

 0.18

 0.19

 0.2

 50  60  70  80  90  100  110  120

λ

ωP=0.0
ωP=0.5
ωP=1.0
ωP=1.5
ωP=2.0
ωP=2.5
ωP=3.0
ωP=3.5
ωP=4.0
ωP=4.5
ωP=5.0

A

B

C

q0/kF = 0.105

q0/kF = 0.053

q0/kF = 0.021

 0.17

 0.18

 0.19

 0.2

 0.21

 50  60  70  80  90  100  110  120

λ

A

B

C

q0/kF = 0.105

q0/kF = 0.053

q0/kF = 0.021

 0.17

 0.18

 0.19

 0.2

 0.21

 0.22

 0.23

 0.24

 0.25

 0.26

 50  60  70  80  90  100  110  120

λ

T (K)

A

B

C

q0/kF = 0.105

q0/kF = 0.053

q0/kF = 0.021

T	(K)	

Migdal-Eliashberg	theory	



Max Planck Institute for the Structure and Dynamics of Matter 

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 II 
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•  cavity	leads	to	enhanced	electron-phonon	coupling	
•  can	one	also	enhance	superconductivity?	

M.	A.	Sentef,	M.	Ruggenthaler,	A.	Rubio,	arXiv:1802.09437	
Science	Advances	4,	eaau6969	(2018)		

2D material (FeSe)

dielectric substrate (SrTiO3)

cavity mirror

cavity mirror
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