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key importance of light-matter interactions for …

photosynthesis stability of matter

key importance of nonequilibrium for life
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Can we employ light-matter interactions to change materials properties?

light-matter coupling strength g
la

se
r d

riv
in

g 
st

re
ng

th
 / 

ph
ot

on
 n

um
be

r
many-body groundstates

vacuum: g = α

light-matter strong coupling

cavity quantum materials

strong laser driving Fig. 1

nonthermal quantum materials,

Floquet engineering

classical to quantum crossover
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FIG. 2 Illustration of nonthermal pathways triggered by laser excitation. All panels show a potential or free-energy landscape
as a function of a system coordinate, e.g., an electronic order parameter or a lattice displacement. (a) Weak excitations around
a stable minimum (ground state) permit probing collective modes and their mutual couplings. (b) With a short, more intense
laser pulse, one can switch between degenerate ground states (A and B), or drive the material to a nonthermal, metastable
excited state C. (c) Nonequilibrium critical behavior can be induced by a short, even more intense excitation that transiently
modifies the potential energy landscape itself. (d) With a strong excitation, the system can also be driven into anharmonic
regimes with deviations from parabolic behavior, which allows to probe nonlinear e↵ects and change e↵ective couplings in the
material.

tools to gain insight into specific physical systems, often
based on some intuition of the relevant physics. Exam-
ples include the time-dependent Gutzwiller approxima-
tion (Schiró and Fabrizio, 2010; Seibold and Lorenzana,
2001), variational Monte Carlo (Carleo et al., 2011),
Gaussian and non-Gaussian variational states (Hackl
et al., 2020; Shi et al., 2018), or Gross-Pitaevskii equa-
tions (Gross, 1961; Pitaevskii, 1961). More recently, ma-
chine learning-inspired restricted Boltzmann machines
have emerged, which provide a more flexible varia-
tional subspace for time evolution (Carleo and Troyer,
2016). To summarize, common to all these techniques
are Ansätze for the many-body wavefunction with an
economical number of free parameters, which are gov-
erned by equations of motion as determined via the time-
dependent variational principle. The general usefulness
of these techniques for simulations related to pump-probe
experiments is not quite clear yet. However, they can
provide a good starting point whenever a suitable varia-
tional manifold can be identified.

III. EMERGENT PHENOMENA AFTER PULSED LASER
EXCITATION

We discuss here emergent phenomena in quantum ma-
terials occurring after photoexcitation with an ultrafast
laser pulse. Comprehensive reviews of these e↵ects can
be found by Basov et al. 2011, Orenstein 2012, Zhang
and Averitt 2014 and Giannetti et al. 2016. In par-
ticular, we focus on processes dominated by dynamics
that cannot be described by a hot electronic subsystem
which thermalizes back to equilibrium through heat ex-
change with the cold crystalline lattice (phonons), the
so-called two-temperature models (Allen, 1987; Anisimov
et al., 1974) or n-temperature generalizations (Koopmans
et al., 2010). These descriptions rest on the assumption
that the mutual couplings between degrees of freedom are

not modified by the excitation (Allen, 1987; Bauer et al.,
2015; Petek and Ogawa, 1997). In quantum materials,
this is not necessarily the case, and the optical excitation
can result in modified or suppressed coupling constants
(Ishioka et al., 2008; Murakami et al., 2015). More im-
portantly, these simplified models neglect nonthermal ef-
fects resulting from ultrafast light-matter coupling. For
example, in many correlated systems the notion of ther-
mality, in the sense of a unique thermal density matrix
and temperature, breaks down on ultrashort (femtosec-
ond) to intermediate (sub-picosecond) time scales (Kem-
per et al., 2018). This departure from the thermal re-
sponse makes the pulsed excitation of quantum materials
a unique strategy for creating and controlling quantum
phenomena.

To better summarize this rapidly evolving and complex
field, we depict in Fig. 2 di↵erent scenarios of transient
phenomena in terms of a simplified potential energy land-
scape as a function of growing excitation strength. In
the weak-excitation regime, the optical drive can excite
collective oscillations of the underlying order parameters
(Fig. 2(a), Sec. III.A). By tracking these modes in the
time domain one can disentangle microscopic degrees of
freedom and their mutual couplings, exploiting the in-
trinsically di↵erent relaxation timescales. In some ma-
terials, photoexcitation can drive the system into a dif-
ferent low-energy state or into hidden states not accessi-
ble in thermal equilibrium (Fig. 2(b), Sec. III.B). Under
the right excitation conditions, ultrafast transient mod-
ifications of the free-energy landscape can also induce
nonequilibrium phase transitions and enable the study
of nonthermal critical behavior (Fig. 2(c), Sec. III.C).
Finally, strong excitations can drive a system into non-
linear regimes, dynamically modifying the e↵ective mi-
croscopic couplings governing its quantum many-body
wavefunction, thus providing another strategy to investi-
gate emergent phenomena without equilibrium counter-
part (Fig. 2(d), Sec. III.D).
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I. INTRODUCTION

Quantum materials host a wide range of many-body
and topological phenomena that both challenge our phys-
ical understanding of solids and o↵er possibilities for
next-generation technologies. From unconventional su-
perconductivity to topologically protected edge modes,
the remarkable physics in quantum materials emerges
from complex interactions between spin, charge, lattice,
and orbital degrees of freedom (Keimer and Moore, 2017)
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Dynamical phase transitions in quantum magnets

Motivation Method Results Summary

Dynamical critical behavior in Quantum Magnets

Nonthermal Antiferromagnetic Order and
Nonequilibrium Criticality in the Hubbard

Model
[N. Tsuji et al., Phys. Rev. Lett. 110, 126404 (2013)]

Dynamic antiferromagnetic critical behavior in
an optically pumped Mott insulator

[A. de la Torre et al. in review: Nature Physics]
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FIG. 7 Out-of-equilibrium phase transitions. (a) As the criti-
cal fluence Fmelt of the CDW compound LaTe3 is approached,
the time ⌧ needed to suppress CDW order diverges. This is a
consequence of the transient, flat free-energy landscape (left)
and demonstrates the phenomenon of critical slowing down
in out-of-equilibrium phase transitions. Adapted from Zong
et al., 2019a. (b) Similarly, the antiferromagnetic Mott in-
sulator Sr2IrO4 is in the weak-excitation regime for fluences
F < Fc where the order parameter � remains finite. Due to a
delicate interplay of excited photo carriers and magnon relax-
ation processes, two critical points emerge at higher fluences.
For F � Fc the system enters a state characterized by � = 0.
However, divergent recovery dynamics is only observed for
F > F

⇤
> Fc. Adapted from De La Torre et al., 2020.

dynamics, a softening of the CDW amplitude mode is ob-
served when the system approaches the phase boundary
(Yusupov et al., 2010). These phenomena are indicative
of critical slowing down and the formation of topologi-
cal defects (Mertelj et al., 2013; Zong et al., 2019b), as
expected in dynamical phase transitions (Zurek, 1996).
Similarly to what occurs in thermal equilibrium, in the
vicinity of a second-order transition, spatial fluctuations
of the order parameter diverge. A small displacement
from the equilibrium position in the potential energy
landscape takes a divergent long time to recover right
at the transition point.

Nonthermal behavior and deviations from the stan-
dard phenomenology have been predicted to emerge in
strongly correlated systems when driven far from equi-
librium (Chiocchetta et al., 2017; Sandri and Fabrizio,
2013). For example, quenching of the electron-electron

correlation U in the antiferromagnetically ordered phase
of the Hubbard model results in a suppression of the
magnetization �. Depending on the size of the quench
it was shown (Tsuji et al., 2013) that a nonzero order
parameter and coherent excitations associated with its
amplitude mode survive even to high fluences at which
the system absorbs more energy than the equilibrium or-
der would survive in a thermal state. This gives rise to
an out-of-equilibrium phase diagram similar to the one
shown in Fig. 7(b), where the suppression of the am-
plitude mode is associated with a secondary nonthermal
critical point. It is worth noting that such a transition is
not expected within the Ginzburg-Landau picture, where
the amplitude mode oscillations vanish as the curvature
of the free-energy potential is suppressed and, conse-
quently, the restoring force disappears (Hohenberg and
Halperin, 1977).

This separation between order parameter and recovery
dynamics has recently been observed upon optical sup-
pression of the antiferromagnetic order in the strongly
spin-orbit-coupled layered Mott insulator Sr2IrO4 (De
La Torre et al., 2020). The � = 0 state is reached for
a pump fluence F � Fc, associated with the number of
holon-doublon pairs required to suppress the antiferro-
magnetic order, while the recovery dynamics remain non-
divergent up to F > F

⇤ [Fig. 7(b)]. This phenomenology
is only seen in the out-of-plane magnetic degrees of free-
dom. While the charge degree of freedom and the two-
dimensional magnons recover within ⌧0 ⇡ 1 ps, three-
dimensional long-range order, as measured via X-ray
di↵raction, remains suppressed for up to 1 ns (Dean et al.,
2016). This is consistent with a nonthermal population
of an e↵ectively isolated c-axis magnon degree of freedom
that can only relax through internal processes. This sig-
nifies a nonthermal phase transition: Although the op-
tical drive generates enough photocarriers to instanta-
neously suppress antiferromagnetism at ultrashort time
delays, there is still a restoring force which determines
the relaxation dynamics given by ⌧

�1 = ⌧
�1
0 � �Nmag,

where � encodes the magnon-magnon interaction, and
Nmag is the total number of thermal and nonthermal
magnons. A similar phenomenology was found in LaVO3

thin films (Lovinger et al., 2020), which can be explained
by stochastic Langevin equations describing the rele-
vant subsystem (Sieberer et al., 2016). Thereby, out-
of-equilibrium phase transitions open new opportunities
to implement optical control by exploiting the di↵erent
regimes defined by the intrinsic dynamics of each sub-
system, where the dynamical transition is controlled via
nonthermal populations of relevant collective modes, e.g.,
electrons, magnons, or phonons.

Dynamical critical behavior in optically pumped 214 iridate 
de la Torre et al., unpublished

Motivation Method Results Summary

Floquet-driven Antiferromagnet

[N. Walldorf et al Phys. Rev. B 100, 121110(R) (2019)]
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Floquet-driven Antiferromagnet
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y

z

[N. Walldorf et al Phys. Rev. B 100, 121110(R) (2019)]

! Superthermal magnons at large driving
amplitudes

! Dynamic Phase Transition
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Noninteracting-magnon theory of a driven-dissipative phase transition: 
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Motivation Method Results Summary

The Driven-Dissipative System without interactions

[N. Walldorf et al Phys. Rev. B 100, 121110(R) (2019)]
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Magnon Interactions in a 2d Heisenberg antiferromagnet
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Interacting theory: 
Magnon-magnon scattering at semiclassical Boltzmann level

interacting 
magnons

in

out

Motivation Method Results Summary

The Driven-Dissipative System without interactions

[N. Walldorf et al Phys. Rev. B 100, 121110(R) (2019)]

@tn = gin(1 + n) � �out

 
n +

✓
n

nT̃ (!)

◆2
!

with g =
gin

�out

Dynamical Critical Point g = 1

• g > 1 ! n (!) diverges faster than 1/!

• g < 1 ! n (!) is finite for all !

• g = 1 Thermal Distribution at
temperature T̃

6 / 9

Nonlinear kinetic equation for noninteracting magnons:

noninteracting 
magnons
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Dynamical phase transition in 2D Heisenberg AFM

Dynamical phase transition in a driven-dissipative Heisenberg antiferromagnet M. H. Kalthoff, D. M. Kennes, A. J. Millis, M. A. Sentef, in prep.
Mona Kalthoff    Andy Millis    Dante Kennes
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Dynamics with neural quantum states (NQS)

Role of generalization error in the dynamics of neural quantum states 
D. Hofmann, G. Fabiani, J. H. Mentink, G. Carleo, M. A. Sentef, in prep.

input layer

weights 

hidden layer

probability amplitude

↑
↑

↑

↑

↑
↑↓ ↓

↓ ↓

↓↓ ↑

↑
↑

↑
↑

↑↓ ↓

↓ ↓
↓↓

(1) (2)

ψθ(s)

θ(1) θ(2)

↓ ↓

↓ ↓

↓ ↓
S(1)θ(1) = F(1) S(2)θ(2) = F(2)

r2(1) r2(2)
↓ ↓

↓ ↓

r2
val

°0.25

0.00

0.25

0.50

A
p

=
0.

02

(a) 8 £ 2, MCMC
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Floquet engineering of quantum materials

A. de la Torre, D. M. Kennes, M. Claassen, S. Gerber, J. W. McIver, MAS, arXiv:2103.14888

Oka & Kitamura, Ann. Rev. Condens. Matter Phys. 2019
Rudner & Lindner, Nat. Rev. Phys. 2020

Floquet engineering of spin exchange 
Mentink, Balzer, and Eckstein, Nat. Commun. 6, 6708 (2015)

Photon dressing of intermediate states modifies kinetic exchange

But: need for strong lasers, problems with heating, short-lived effect

Question: can we control spin exchange with cavities?
Answer: yes, if we replace strong fields by strong light-matter coupling 
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QED quantum materials: strong light-matter coupling

Cavity control of Hubbard model 
M. A. Sentef, J. Li, F. Künzel, M. Eckstein,
PRResearch 2, 033033 (2020)

Polaritonic chemistry 
T. Ebbesen, Acc. Chem. Res. 49, 2403 (2016)
J. Feist et al., ACS Photonics 5, 205 (2017)
M. Ruggenthaler et al., Nat. Rev. Chem. 2, 0118 (2018)
R. F. Ribeiro et al., Chem. Sci. 9, 6325 (2018)
J. Flick et al., Nanophotonics 7, 1479 (2018)
A. F. Kockum et al., Nat. Rev. Phys. 1, 19 (2019)

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

Quantum materials: towards cavity-controlled electron-boson coupling, superconductivity

Cavity materials: Laussy, Kavokin, Shelykh 2010, Cotlet et al 2016, Kavokin & Lagoudakis 2016, Schlawin, Cavalleri, Jaksch 2019, Hagenmüller et al 2019, Curtis et al 2019, Wang, Ronca, MAS 2019,
Kiffner et al 2019, Mazza & Georges 2019, Andolina et al 2019, Gao et al 2020, Chakraborty & Piazza arXiv 2020, Li & Eckstein 2020, Hübener et al 2020, Ashida et al 2020, Latini et al arXiv 2021, …

Our work: cavity control of spin exchange
Crossover from quantum to classical Floquet engineering

Jiajun Li    Martin Eckstein
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QED quantum materials: quantum to classical crossover

Cavity control of Hubbard model 
M. A. Sentef, J. Li, F. Künzel, M. Eckstein,
PRResearch 2, 033033 (2020)

Quantum system -> Floquet system for
(large photon number, weak light-matter coupling strength g)

Photon number states are good enough to see Floquet-engineering effects
at sufficiently large coupling strength g – coherent states not required!

Question: can we control spin exchange with cavities?
Answer: yes, if we replace strong fields by strong light-matter coupling 

Cavity Schrieffer-Wolff transformation 
(confirmed by numerics)
Cavity Schrieffer-Wolff transformation 
(confirmed by numerics)

A: effective vector potential 
g: light-matter coupling strength

Hubbard model in cavity

Jiajun Li    Martin Eckstein
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QED quantum materials: how to reach strong coupling?

trivial quantum geometry non-trivial quantum geometry

Light-matter coupling and quantum 
geometry in moiré materials 
G. E. Topp, C. J. Eckhardt, D. M. Kennes,
M. A. Sentef, P. Törmä,
arXiv:2103.04967

Non-trivial quantum geometry
enables light-matter coupling in flat 
bands

Can we reach strong light-matter 
coupling by quenching electronic 
kinetic energy?

Also cf. Iskin PRA 2019;
Ahn, Guo, Nagaosa, Viswanath arXiv 2021

3

Linear (Aµ) Quadratic (AµA⌫)

Intra-band (n) @µ"n @µ@⌫"n �
P

n 6=n0("n�"n0) (h@µn |n
0
i hn

0
|@⌫ni + h.c.)

Inter-band (n, m) ("n � "m)hm |@µni


1
2
(@µ"n � @µ"m)hm |@⌫ni +

1
2
"mh@µ@⌫m |ni

+
1
2
"nhm |@µ@⌫ni +

X

n0

"n0
�
h@µm

��n0↵
hn

0
|@⌫ni

�
#

+ (µ $ ⌫)

TABLE I. Linear and quadratic intra- and inter-band light-matter couplings. The dependence on the quasi-momentum k is
not marked explicitly, it should be kept in mind that all the couplings are k-local. The light-matter couplings are determined
not only by the bandstructure but also by the quantum geometric properties of the wavefunctions.

expectation for the LMC in flat-band systems is that
LMC should vanish since both the band velocity and the
band curvature are zero in a strictly flat band. Obvi-
ously this is the case in single flat bands corresponding
to the atomic limit, and may happen also in multi-band
systems. However, we will show in the following that
in multi-band systems with specific geometric properties
the LMC actually does not vanish.

We now proceed to calculate the light-matter couplings
(LMCs) for generic multi-orbital tight-binding models
with the Hamiltonian

H0 =
X

i,j

X

a,b

ta,b(i, j)c
†
i,acj,b . (1)

Here i, j are sites on a Bravais-lattice and a, b are orbital
indices. Furthermore, c(†) are annihilation (creation) op-
erators of electrons and t denotes the hopping integral.
Throughout the paper we omit the spin of the electrons.
We couple this system to light via the Peierls substitution
adding a phase to the hopping integral

H =
X

i,j

X

a,b

ta,b(i, j)e
i
R Ri
Rj

dr0µAµ(r
0,t)

c
†
i,acj,b, (2)

where Aµ(r, t) is the component in µ direction of the elec-
tromagnetic vector potential in the Coulomb gauge. We
use natural units setting e = ~ = c = 1 and throughout
the paper employ Einstein’s summation convention. One
can expand the exponential in Eq. (2) which yields

H = H0+
X

i,j

X

a,b

ta,b(i, j)


L
A
µAµ +

1

2
L
AA
µ⌫ AµA⌫ + . . .

�
c
†
i,acj,b ,

(3)

where we have defined the light-matter couplings as

L
A
µ =

�
@Aµ(r,t)H

�
|A=0,

L
AA
µ⌫ =

�
@Aµ(r,t)@A⌫(r0,t0)H

�
|A=0.

(4)

We denote these terms as linear and quadratic LMC, re-
spectively.

In this work we are mainly interested in the long-
wavelength limit and thus set Aµ(r, t) = Aµ(t) in
what follows. In this part we also suppress the time-
dependence of the vector potential denoting it as Aµ as
it is irrelevant to the derivations.

We now diagonalize the Hamiltonian H0 to

H0 =

Z
dk  

†
k h(k) k , (5)

where  (†)
k is an annihilation (creation) operators in the

orbital basis and h(k) is a matrix in orbital space that
depends continuously on the quasi-momentum parameter
k. Performing a Fourier transform of the light-matter
coupled Peierls Hamiltonian H and assuming a spatially
constant vector potential one obtains

H =

Z
dk  

†
k h(k + A) k . (6)

In this manner we may interpret the Hamiltonian and the
LMCs as matrices that continuously depend on the quasi-
momentum k as a parameter. We can thus calculate the
matrix elements of the LMCs in a convenient way as

L
A
µ,ab(k) = ha|

�
@AµH(k)

�
|A=0 |bi

= ha|
�
@kµH0(k)

�
|bi ,

L
AA
µ⌫,ab(k) = ha|

�
@Aµ@A⌫H(k)

�
|A=0 |bi

= ha|
�
@kµ@k⌫H0(k)

�
|bi ,

(7)

where |ai and |bi are again vectors in the orbital basis.
Through a standard basis transform the above equation
can be written in any basis and not only the orbital one.
However, in order for Eq. (7) to hold one must only dif-
ferentiate the k-dependence of the LMC with respect to
the quasi-momentum k and not a possible k-dependence
of the basis vectors.

In what follows we will be particularly interested in
the matrix elements of the LMCs in the band basis – i.e.

curvature without band curvature
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Quantum chain in cavity

An exactly solvable model for a quantum chain in a cavity 
C. J. Eckhardt, G. Passetti, M. Othman, C. Karrasch, F. Cavaliere, M. A. Sentef, D. M. Kennes, in prep.

Christian Eckhardt  Giacomo Passetti Moustafa Othman Dante Kennes

Photon wavefunction is a squeezed state

kinetic energy

current

q=0 approximation

Electronic spectral function

quantum to classical crossover of Floquet 
shakeoff peaks in ARPES signal

Ω

Ω
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Summary

Colloquium: Nonthermal pathways to 
ultrafast control in quantum materials,   
A. de la Torre, D. M. Kennes, M. Claassen,
S. Gerber, J. McIver, MAS, arXiv:2103.14888
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Floquet engineering
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Cavity control of Hubbard model 
MAS, J. Li, F. Künzel, M. Eckstein,
PRResearch 2, 033033 (2020)

Light-matter coupling and quantum geometry in 
moiré materials, 
G. E. Topp, C. J. Eckhardt, D. M. Kennes, MAS, P. Törmä, 
arXiv:2103.04967

An exactly solvable model for a 
quantum chain in a cavity 
C. J. Eckhardt, G. Passetti, M. Othman, C. Karrasch,
F. Cavaliere, MAS, D. M. Kennes, in prep.

Role of generalization error in the dynamics of neural 
quantum states 
D. Hofmann, G. Fabiani, J. H. Mentink, G. Carleo, MAS, in prep.

Dynamical phase transition in a 
driven-dissipative Heisenberg antiferromagnet 
M. H. Kalthoff, D. M. Kennes, A. J. Millis, M. A. Sentef, in prep.
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Looking for PhD students
next IMPRS-UFAST call expected to open in September 2021

get in touch anytime if interested
https://lab.sentef.org

michael.sentef@mpsd.mpg.de

This could be your PhD topic:
• moiré cavity dynamics with neural quantum states
• cavity Kitaev materials
• dynamical correlations in 2D materials
• quantum-geometric light-matter coupling in moiré TMDs
• … [insert your research idea here]

https://lab.sentef.org

