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Image Credit: 
Department of Theoretical Physics at Ural University 

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) 

condensed matter 
quantum materials 

atomic-scale control 

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

nonequilibrium 
materials engineering 

QED: vacuum fluctuations 

pump-probe: strong classical fields 

ultrafast spectroscopy 
revealing elementary couplings 

light-induced new states of matter 

Image courtesy: J. Sobota 

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
1T-TaS2 

Au contacts 

50 um

Switching to a hidden state in 1T-TaS2 : 
Resistance change after a (single) 35 fs pulse

35 fs (800 nm)

Laser pulse

35 fs (800 nm)

50 um

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

Dark resistance of 100nm film of 1T-TaS2

Resistance after a laser pulse
1T-TaS2 

Au contacts 

50 um

Switching to a hidden state in 1T-TaS2 : 
Resistance change after a (single) 35 fs pulse

35 fs (800 nm)

Laser pulse

35 fs (800 nm)

50 um

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

L. Stojchevska et al., Science 344, 177 (2014) 
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Research profile 
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Images: 
Koichiro Tanaka (Kyoto U) 

Jörg Harms (MPSD) 

nonequilibrium dynamics 
Keldysh Green‘s functions 
time-dependent density functional theory 

materials science 
lattice models 
effective models 
ab initio 

G. E. Topp et al., Nature Comm. 9, 4452 (2018) 

pump-probe spectroscopy 
bridge to experiments 

H. Hübener et al., Nature Comm. 8, 13940 (2017) 

mission statement: to understand and predict emergent properties of 
quantum materials interacting with light away from their thermal equilbrium 
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Engineering topology with light 
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H. Hübener et al., Nature Comm. 8, 13940 (2017) 

Hamiltonian engineering 
Light-induced Weyl fermions in Na3Bi 
Floquet time-dependent density functional theory 

youtube.com/watch?v=tP88f-SwO_E 

Kapitza pendulum 

Dancing Weyl fermions 

©Jörg Harms, MPSD 
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Engineering topology with light 

10	

G. E. Topp et al., Nature Comm. 9, 4452 (2018) 
N. Tancogne-Dejean, MAS, A. Rubio, PRL 121, 097402 (2018) 

Coupling engineering 
Dynamical ab initio Hubbard U 
Light-induced Weyl fermions in pyrochlore iridates 

©Jörg Harms, MPSD 

Time-resolved photoemission 
nonthermal effects 
bands + distributions important 
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Ultrafast transport 
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J. W. McIver et al., arXiv:1811.03522  

Optical control of transport and topology 
Light-induced anomalous Hall effect in graphene 

S. A. Sato et al., in preparation 
MAS et al., Nature Comm. 6, 7047 (2015) 

Theory: bands + distributions important!	
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Optical control of chiral condensates 
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p+ip p+ipp-ip
1

2
p+ip p+ip

p-ip p-ip

p+ip
1

2

(c)

M. Claassen et al., arXiv:1810.06536, Nat. Phys. in review 

Switching a topological superconductor 
Universal optical switching of chiral Majoranas 
Dynamical BCS-Keldysh 
Towards programmable quantum gate? 

(c)

(or p+ip) 

(or p-ip) 

M. Claassen et al., in preparation 
cf. B. Lian et al., PNAS 115, 10938 (2018) 

p+ip p+ipp-ip
1

2
p+ip p+ip

p-ip p-ip

p+ip
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2

program the gate optically, 
read it out electrically 

light 
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From classical to quantum light 
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collective strong light-matter coupling 
 
what about cavity materials? 

R. Chikkaraddy et al., Nature 535, 127 (2016) 
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MAS, M. Ruggenthaler, A. Rubio, Science Advances 4, eaau6969 (2018) 
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Polaritonic materials engineering 
Light-enhanced electron-phonon coupling in monolayer FeSe/SrTiO3 
Migdal-Eliashberg theory 

©Jörg Harms, MPSD 

no heating 
no need for strong lasers 
long lifetime of light-induced states 

Cavity materials 



SENTEFLAB 
ul!afast ma"rials science

Ongoing and outlook 
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Cavity materials 
cavity topology engineering (X. Wang, E. Ronca, S. Latini, ...) 

polaritonic 2D materials (V. Rokaj et al., arXiv:1808.02389) 

Inhomogeneous systems and THz STM 
real-space imaging of 2D ordered phases (D. Kennes, S. Loth) 

chiral domains and programmable quantum gates (M. Claassen, D. Kennes) 

© S. Loth 

Method development for ultrafast transport and condensates 
ultrafast transport in 2D materials (G. Topp, S. Sato, L. Xian, J. McIver, B. Schulte, G. Jotzu) 

bridging Boltzmann and Keldysh, excitonic insulators (R. Tuovinen et al., 1808.00712) © J. McIver 

Driven low-dimensional correlated systems 
time-dependent density matrix renormalization group (M. Kalthoff, D. Kennes) 

machine learning variational Monte Carlo for driven systems (D. Hofmann, G. Carleo) 

Dynamical band structure engineering 
Subgap melting of charge density wave in quantum wires (M. Chávez-Cervantes et al., 1810.09731) 
Floquet versus subcycle spectroscopy in time-resolved ARPES (G. Topp, I. Gierz) 

© F. Mahmood 

... and more!
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Team and collaborators 
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Funded through DFG 
Emmy Noether Programme 
(SE 2558/2-1) 

thank you for your attention!

MPSD theory department 2018 

group (summer 2018) 
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Ultrafast spectroscopy 
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Muybridge 1887 

Stanford running horse pump-probe spectroscopy today 

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

TbTe3 charge-density wave 

gap melting 
angle/momentum 

Stanford running horse 
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Method: Keldysh Green functions 

history	

initial	state	

2

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
...

19	pump-probe	photoemission	


