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Pump-probe spectroscopy (1887) psd W

e stroboscopic investigations of dynamic phenomena

Muybridge 1887
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Pump-probe spectroscopy (today) mpsd Y

e stroboscopic investigations of dynamic phenomena

TbTe3 CDW metal
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Simulations of time-resolved ARPES: PRX 3, 041033 (2013), PRB 90, 075126 (2014), /mage courtesy:
J. Sobota / F. Schmitt

PRB 92, 224517 (2015), Nature Commun. 7, 13761 (2016)
Max Planck Institute for the Structure and Dynamics of Matter 3



Ultrafast Materials Science today

Understanding the nature of quasiparticles

mpsd

N

= Relaxation dynamics (Lex Kemper’s talk yesterday) Wavelength
= Control of couplings : : :
PRL 111, 077401 (2013)
PRX 3, 041033 (2013) Terahertz
PRB 87, 235139 (2013) 2DEG Plasmons

PRB 90, 075126 (2014)

Infrared
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Nature Commun. 7, 13761 (2016)
PRB 95, 024304 (2017) Surface Plasmons 2D & 3D

PRB 95, 205111 (2017)
Understanding ordered phases

Polarons

Free Carrier Response / Dynamics

» Collective oscillations

= Competing orders
PRB 92, 224517 (2015)

PRB 93, 144506 (2016)
PRL 118, 087002 (2017)
Creating new states of matter

= Floquet topological states

Nature Commun. 6, 7047 (2015)
Nature Commun. 8, 13940 (2017)
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Outline osa®

How to modify couplings with light

* Partl: Light-enhanced electron-phonon coupling
Resonant excitation of IR phonon enhances electron-phonon coupling
E: Pomarico et al., PRB 95, 024304 (2017) — experiment (bilayer graphene)
M. A. Sentef, PRB 95, 205111 (2017) — theory

* Partll: Light-reduced Hubbard U

Nonresonant laser driving reduces Hubbard U in NiO
N. Tancogne-Dejean et al., in preparation — theory
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| Resonant excitation of crystal lattice -

—

M. Forst et al., Nature Physics 7, 854 (2011)
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Classical nonlinear phononics —_—1

r Q.
Rectified phonon field =»directional force
/ S
Qgs
t
Simplest model: classical dynamics ,,nonlinear phononics”
) o)
Qrs + Qs Qrs = AQf H = AQIRQRS
b ) e*Eo .
Qr+ QR OQRr = sin(Qrt)F(t) M. Férst et al., Nature Physics 7, 854 (2011)

VMg
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Classical nonlinear phononics —_—1

Explains a number of observed effects, e.g.,

e structurally induced metal-insulator transitions
Rini et al., Nature 449, 72 (2007)

* phononic rectification in YBCO
Mankowsky et al., Nature 516, 71 (2014)

* ferroelectric switching in LiINbO,
Subedi et al., Phys. Rev. B 89, 220301 (2014)
Mankowsky et al., Phys. Rev. Lett. 118, 197601 (2017)

Classical mechanistic phonon dynamics does not
explain all effects in IR-driven materials.
examples: - light-induced superconductivity

- light-enhanced el-ph coupling
... quantum nature of phonons important?
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Light-induced superconductivity? mpsd W)

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

Lattice control of reflectivity in K;Cg, S

Not (easily) explained by classical nonlinear phononics

-
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Hard problem! Involves ordered-phase dynamics and
nonequilibrium quantum many-body physics
Kennes, Millis, Knap, Demler, Murakami, Eckstein,
Werner, Mazza, Georges, Fabrizio, Raines, Galitskii,
Sentef, Kollath, ...

o
~

R(w) (sample-diamond)
o
o

©
o

Simpler question: what happens to electron-phonon
coupling under IR driving in a metal?
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Electron-boson coupling (bilinear) osd®)

Holstein model (minimal version):
H = Ze(k)c,tck + QZb;rb,- — ch;rc,-(bi + b;r)
k ] i

Electrons ‘Bosons * Electron-boson
(Fermi gas/liquid) (e.g., Einstein phonon) coupling

Q
2=m
<

g N(E) g

Migdal-Eliashberg theory
boson-mediated pairing
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Quantum nonlinear phononics 49
PRB 95, 205111 (2017)

3 1 ) also cf.

H(t) — _J Z(CI,JCQ,U + 62,0'6150- Kennes et al-,

7 Nature Physics 13, 479 (2017)
+g2 Y fueb + b}@

o,l=1,2 .
electron-occupation dependent

+Q Z b;bl + F'(t) Z (b, + blT), squeezing of the phonon;
1=1,2 1=1,2 g, can be positive or negative in materials
-> mode hardening or softening

Idea: Drive nonlinearly coupled IR-phonon, analyze electronic response
Drive: F(t) = F'sin(wt),
Response: I(w,tg) = Re/dt1 dty e =) g o (to)
time-resolved
1,1 Zp(tl»"‘

spectral function
+ (W(t) ey 1 Te ™ e T J(ta))]

X [( (t2)]c! T7'6_1'f1tt12 H)dt .
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|IR-driven nonlinear el-ph system

Driving F(t):
forced coherent phonon oscillation

Phonon coordinate
—_Ww N — o — N w

() s —

: 5 09 e
enhancement of local electronic 5 sl | 2= |
s C°L LN =0
double occupancy YA (A W AW YN
RS /ATAVANA\WYe < iy
a 05—!/‘/\_1‘,/\/\ B

sum of two effects: | .
induced disorder (cf Kennes) . 03

) A Ao

92n12bb _//A\//Qv‘ Vaia
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04 r

induced el-el attraction

Double occupancy w/o disorder

Time ¢
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Time-resolved electronic spectrum prg 95 205111 (2017) 1p:d®

Here: g2=—0.05<0 , , , —
(does not matter for light-enhanced coupling)

—
o
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Dynamically enhanced coupling rpss W)

Enhanced electron-phonon coupling in graphene with periodically
distorted lattice

E. Pomarico, M. Mitrano, H. Bromberger, M. A. Sentef, A. Al-Temimy, C. Coletti, A. Stéhr, S. Link, U. Starke,
C. Cacho, R. Chapman, E. Springate, A. Cavalleri, and |. Gierz
Phys. Rev. B 95, 024304 - Published 13 January 2017

PRB 95, 024304 (2017)
enhanced electron-phonon for pump on resonance with IR

phonon
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Dynamically enhanced coupling pst®

Enhanced electron-phonon coupling in graphene with periodically_
distorted lattice  prg 95, 024304 (2017)

transient reduction of THz Drude weight accelerated tr-ARPES relaxation
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3-fold enhancement of effective A, !
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Field scaling PRB 95, 205111 (2017) mpsa®

Theory Data by E. Pomarico,
1 unpublished
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Coherence peak weight loss: proportional to field
intensity FA2 consistent with experiments
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Quantum nonlinear phononics

Forced coherent oscillation  {X;(%)) o< F' sin(wt)

Coupling term in ,,mean—ﬁeld”:g_zﬁl(bl (b,(1)) + b; (b;(f»)

nonlinear ~F

A/ ~E
o m
a(t) a(t)

Migdal-Eliashberg diagram
effective induced linear coupling

X(t,t)=ig(g*(t)G(,t')D(t,t")
time-dependent vertex, amplitude g"2 ~ FA2
=> light-induced coupling, lambda scales ~ FA2
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Summary | osa®)

* enhanced electron-phonon coupling in
phononically driven bilayer graphene
PRB 95, 024304 (2017)

: \ Ak
N y = M

E. Pomarico l. Gierz A. Cavalleri

Exact solution of electron-phonon model system: .
e theoretical proposal: nonlinear el-ph coupling

as mechanism behind this enhancement
PRB 95, 205111 (2017)
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Il Dynamical modification of Hubbard U .. %

Can we drive a charge-transfer insulator toward
Mott insulator?

30p T
E PN
25
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NiO as prototypical charge-transfer insulator ... %

NiO:
Antiferromagnetic type 2

Band gap: ~4 eV (exp.)

Néel temperature: 523K
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Time-dependent U with TDDFT+U mpsd W)

DFT with ab initio and self-consistent Hubbard U (Hybrid functional)

Eppr1[n, {1 }] = Eppr[n]+Eee {1y H—Eac[{nimom}]

Electron-electron interaction Double counting

occupations Coulomb integrals

1 S
) - / 1/ 111
Eee = 3 g g P P (mm|mm™)

U U—1J
Eeer > Y NGN7+ — > NgNY, > ) o
/ 1 B B
tm}o e =3 Z Z P P im/ m)
Usual expression in DFT+U {m} «
ACBNO functional

PRX 5,011006 (2015)

e alternative to constrained RPA
 numerically efficient
e direct extension to time-dependent case (adiabatic approximation)
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Ultrafast modification of Hubbard U in NiO .. %

7.2 : . . ] .
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Reduction of U: mechanism —_—-)

U measures the Coulomb interaction
screened by itinerant electrons

Laser excites electrons from occupied o S AT, T —
] ] . /6 Iy =5x 101;Wcm:z —
localized orbitals (3d of Ni and 2p of O) s R e —
ERnvAr _
= /

m

. =
1.66 -
1.64

Demagnetization of Ni atoms 162 |
16 1 1 | 1 |

e Polarization of itinerant electrons increases
* Enhanced screening
e Decrease of U
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Summary ” mpsd‘\\

e Ultrafast reduction of Hubbard U in NiO via induced
extra screening

 Towards light-induced Mott insulators?

N. Tancogne-Dejean et al., in preparation ., reduce U with laser!

.

25F

20

10+

g,
b \ A4 —
b b

N. Tancognhe-Dejean A. Rubio L Smio, ¥

Mott-Hubbard
regime
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Summary & Outlook mpsd W)

Ultrafast laser engineering of
* band structure, topology (Floguet)

Nature Commun. 6, 7047 (2015)
Nature Commun. 8, 13940 (2017)

» electron-phonon coupling (quantum
nonlinear phononics)

PRB 95, 024304 (201 o %
PRB 95, 2052+ n equ'\\\bnum

— tO\NardS no s Joresonant

path Y2 onsin correlated insulators) -
forthcoming % o

e superconductivity o 0 » o w =
PRB 92, 224517 (2015)
PRB 93, 144506 (2016)

PRL 118, 087002 (2017)
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Summary & Outlook psd®)

Pump-probe pros and cons:

+ ultrafast switching (magnetism, metal-insulator, ordered phases, ...)
+ nonthermal: disentangling of complexity, selectivity of excitation

+ time-resolved: movies are more fun than static data

- ultrashort: lifetime of light-induced states (Floquet, transient SC, ...)
- heating: often bad for interesting states

- strong lasers: useful for device applications?

Interesting future direction:
Bridging quantum optics and ultrafast materials

From classical light to quantum photons
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Summary & Outlook pst Y

Atoms and molecules in cavities, from weak to strong a
coupling in quantum-electrodynamics (QED) chemistry
Johannes Flick*', Michael Ruggenthaler®, Heiko Appel®, and Angel Rubio®®! PNAS 114’ 3026 (2017)

a Isolated dimer b Dimer in cavity

lg)

X
al., Nature Physics 10, 803 (2014)

(c) N. Tancogne-Deis .
a S Polariton condensates
patn 1‘()\'\'a‘:::\\ﬂr\ ohoton®’
with qua™ gnt-matter coupling in confined geometries

quantum photons to induce novel phases with
* less heating
* lower laser power
* longer lifetimes
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