Colloquium: Nonthermal pathways to
ultrafast control in quantum materials,
A.de la Torre, D. M. Kennes, M. Claassen,

S. Gerber, J. Mclver, MAS, arXiv:2103.14888

Cavity control of Hubbard model
MAS, |. Li, F. Kunzel, M. Eckstein,
PRResearch 2, 033033 (2020)

Light-matter coupling and quantum

geometry in moiré materials,
G. E. Topp, C. |. Eckhardt, D. M. Kennes, MAS,
P.Torma, arXiv:2103.04967

Cavity >

~ s
_— -~

ogPePe o9 ey oot Pely et oty o 9 F 09
) ® 0L OO L L R » © ), ©
o ‘Pedo® "0 % %" %% " ¥ o-¢
82O e o - 4 o
‘3 P e ) L e ® .
® ® G.O. © o L \Q ® OO
® ® o
5} @ @

Michael A. Sentef

lab.sentef.org
Funded through DFG Emmy Noether programme (SE 2558/2)

MAX PLANCK INSTITUTE \
FOR THE STRUCTURE AND DYNAMICS OF MATTER ‘\

~ e ®
( L] ¢
Sa ( ‘ - - = f - - 5
T3 09 T S TS Ceg e oo @290 e op® ©
* o ¢ P C Ce ¢ Ce ®( C e ® (
R 9080 V% 909:;9 %, 5P % &5 %0 52" ¢
- ‘ ¢ ¢ |1 O %0 ©¢ %0 ©C¢ W
@ 3 e o9 15 o9 G Pk |
@ c e o O ¢ i, 99 e
c o9 e . &9 o
© @ © ©
@ @ © ¢

Long Range Colloquium

Virtual Science Forum
April 28,2021



https://ww.mpsd.mpg.de/

Hamburg | '— . . — = - e _ .

gz S NTEN
B = ey 7 N\, - o S {
.- NRRR " il - =g |
; !"w Nl | g il ——
= _;1 Ji Y 1 il | |
i) M ‘ : il ;
I NN - - [ il

E 3 )

a 4 \:’—%-;—_w-—f— — . g | i e T
§ = | = -
! : ¥ ki [V 1] —

Want a PhD

in Ultrafast Science?

Apply now for a PhD position at the cutting edge
of light sources research!

Top cross-disciplinary research
work using ultra-intense
electron and X-ray sources on
Hamburg’s Science

Campus.

A 3-year structured

funded PhD program in English,
covering an advanced scientific
curriculum and transferable skills.

: ., 1 I \ S W Supervision by more than 30 =23 [Oai0O)
SIMONS FOUNDATION v internationally renowned scientists - ; :
from the IMPRS-UFAST partners -

Application deadline:
15. November 2020

=\ I
//\U FAST

www.IMPRS-UFAST.de

T IFNLQHTRSTNE. Center for Computational
- Quantum Physics

https://www.simonsfoundation.org/flatiron/center-for-computational-quantum-physics/
Max Planck Institute for the Structure and Dynamics of Matter



@ Wikimedia Commons

key importance of nonequilibrium for life

Erwin
S CHRODINGER
WAS IST [EBEN?

Einfihrung von
Ernst Peter
Fischer

key importance of light-matter interactions for ...

photosynthesis

oxygen

carbon g
dioxide—"" “I"




Can we employ light-matter interactions to change materials properties?

Article Talk
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many-body groundstates light-matter strong coupling

vacuum: g =a light-matter coupling strength g
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slide by Matteo Mitrano

Optical corlmtrol of quantum materials
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Colloguium: Nonthermal pathways to ultrafast control in quantum materials

We review recent progress in utilizing ultrafast light-matter interaction to control the
macroscopic properties of quantum materials. Particular emphasis is placed on photoin-
duced phenomena that do not result from ultrafast heating effects but rather emerge
from microscopic processes that are inherently nonthermal in nature. Many of these
processes can be described as transient modifications to the free-energy landscape re-
sulting from the redistribution of quasiparticle populations, the dynamical modification
of coupling strengths and the resonant driving of the crystal lattice. Other pathways
result from the coherent dressing of a material’s quantum states by the light field. We
discuss a selection of recently discovered effects leveraging these mechanisms, as well as
the technological advances that led to their discovery. A road map for how the field can
harness these nonthermal pathways to create new functionalities is presented.
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Dynamical phase transitions in quantum magnets

Dynamical critical behavior in optically pumped 214 iridate Noninteracting-magnon theory of a driven-dissipative phase transition:

de la Torre et al., unpublished
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Dynamical phase transition in 2D Heisenberg AFM

Interacting theory:
Magnon-magnon scattering at semiclassical Boltzmann level
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Dynamlcal phase transition in 2D Heisenberg AFM

Mmagnon-magnon scatterlng stronger

finite size scaling analysis:

thermal + ®-function at W=0 in
thermodynamic limit

divergence in superthermal phase g>1;
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Dynamical phase transition in a driven-dissipative Helsenbergkantlferromagnet M. H. Kalthoff, D. M. Kennes, A. ]. Millis, M. A. Sentef, in prep.
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Dynamics with neural quantum states (NQS)

Pulse-driven 2D AFM Heisenberg models (ladder versus square lattice)
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Role of generalization error in the dynamics of neural quantum states https://www.netket.org/
D. Hofmann, G. Fabiani, J. H. Mentink, G. Carleo, M. A. Sentef, in prep. also cf. Long Range Colloquium on May 28 by Giuseppe Carleo
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Floquet engineering of quantum materials

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

Floquet engineering of spin exchange
(@) Equilibrium (b) v S Mentink, Balzer, and Eckstein, Nat. Commun. 6, 6708 (2015)
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A.de la Torre, D. M. Kennes, M. Claassen, S. Gerber, ].W. Mclver, MAS, arXiv:2103.14888
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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

Michael Sentef — Max Planck Institute for the Structure and Dynamics of Matter 11



QED quantum materials: strong light-matter coupling

Polaritonic chemistry . :
T. Ebbesen, Acc. Chem. Res. 49, 2403 (2016) OUIP Wl 8 Evie7 GoEie] @i SR GEEEE e

]. Feist et al., ACS Photonics 5, 205 (2017) Crossover from quantum to classical Floquet engineering

M. Ruggenthaler et al., Nat. Rev. Chem. 2,01 18 (2018) (a) (b) Energy

R. F Ribeiro et al., Chem. Sci. 9, 6325 (2018)
J. Flick et al., Nanophotonics 7, 1479 (2018) U+ 20
A. F Kockum et al., Nat. Rev. Phys. I, |9 (2019) AT IR

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

Cavity quantum-electrodynamical polaritonically Exploring Superconductivity under Strong Coupling with
enhanced electron-phonon coupling and its influence the Vacuum Electromagnetic Field
on SupercondUCtIVIty A. Thomas!, E. Devaux', K. Nagarajan', T. Chervy!, M. Seidel!, D. Hagenmiiller', S. Schiitz’,

J. Schachenmayer!, C. Genet!, G. Pupillo'* & T. W. Ebbesen'*
arXiv:1911.01459

M.A. Sentef, M. Ruggenthaler, A. Rubio,

Science Advances 4, eaau6969 (2018) Polymer < 9
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Cavity control of Hubbard model

Au mirror
. M.A. Sentef, |. Li, F. Kunzel, M. Eckstein,
PRResearch 2, 033033 (2020)
Cavity materials: Laussy, Kavokin, Shelykh 2010, Cotlet et al 2016, Kavokin & Lagoudakis 2016, Schlawin, Cavalleri, Jaksch 2019, Hagenmdiller et al 2019, Curtis et al 2019,Wang, Ronca, MAS 2019, ‘
Jiajun Li  Martin Eckstein

Kiffner et al 2019, Mazza & Georges 2019,Andolina et al 2019, Gao et al 2020, Chakraborty & Piazza arXiv 2020, Li & Eckstein 2020, Hubener et al 2020, Ashida et al 2020, Latini et al arXiv 2021, ...
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QED quantum materials: quantum to classical crossover

Hubbard model in cavity Cavity Schrieffer-Wolff transformation
@) (b) AEnergy . y (confirmed by numerics)
— At A A
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@
=
Quantum system -> Floquet system for | n — 00, g+/n fixed. -1+
(large photon number, weak light-matter coupling strength g)
Photon number states are good enough to see Floquet-engineering effects -2 : . L . . L
at sufficiently large coupling strength g — coherent states not required! 0 0.5 1 1.5 2 2.5 3 3.5

Question: can we control spin exchange with cavities?

Answer: yes, if we replace strong fields by strong light-matter coupling Cavity control of Hubbard model
M.A. Sentef, J. Li, F Kunzel, M. Eckstein,
PRResearch 2, 033033 (2020)

Jiajun Li  Martin Eckstein
Michael Sentef — Max Planck Institute for the Structure and Dynamics of Matter 13



QED quantum materials: how to reach strong coupling?

trivial quantum geometry

T
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non-trivial quantum geometry
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Non-trivial quantum geometry
enables light-matter coupling in flat

bands

Also cf. Iskin PRA 2019;
Ahn, Guo, Nagaosa,Viswanath arXiv 202|

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

Light-matter coupling and quantum
geometry in moiré materials

G. E. Topp, C. . Eckhardt, D. M. Kennes,
M.A. Sentef, P. Torma,
arXiv:2103.04967
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Ouantum chain in cavity

q=0 approximation

Photon wavefunction is a squeezed state
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An exactly solvable model for a quantum chain in a cavity Christin Eckhardt Gi - ccetti Moustafa Othrman Dance K
) ] . ristian ECKnar 1AaCOMO FasSsettl Iioustara Man ante Kennes
C. J. Eckhardt, G. Passetti, M. Othman, C. Karrasch, F. Cavaliere, M. A. Sentef, D. M. Kennes, in prep.
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Dynamical phase transition in a

driven-dissipative Heisenberg antiferromagnet
M. H. Kalthoff, D. M. Kennes, A. |. Millis, M. A. Sentef, 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.

Cavity control of Hubbard model
MAS, J. Li, F. Kunzel, 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.Torma,
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.
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~Floquet engineering
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Colloquium: Nonthermal pathways to

ultrafast control in quantum materials,
A.de la Torre, D. M. Kennes, M. Claassen,
S. Gerber, J. Mclver, MAS, arXiv:2103.14888

cavity quantum materials
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