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Time- angle-resolved photoelectron spectroscopy on quantum

material

Quantum materials: / Quantum material \

Entangled degrees of freedom give rise

to macroscopic quantum phenomena: Electrons +
«  High Tc superconductivity Wavef“”?ion lattice
*  Topological phases SESHEY

ARPES

 Direct access to electronic structure {'—'GHT /W J

» Spectral function: Microscopic couplings

 Momentum resolution

How does light interact with quantum materials?

Time-resolved ARPES

Can we use light to control quantum materials?

Study light-matter interaction at its relevant microscopic time scales
(femtosecond 10 fs )
Use light to control quantum materials/generate novel phases
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Topological
Insulators

Charge-Ordered

Materials Superconductors

\ probe

% P y
1 ¢

Transition Metal Excitonic
Dichalcogenides Insulators

Boschini Rev. Mod. Phys. 2024, 96 (1), 015003.

OUTLINE:

 trARPES basics

* Unoccupied band structure mapping

« Excitonic effects

* Light-driven quantum materials

Band structure and
Excitons in TMDS

1.55 eV excitation

06 08 10 12 14
k;, (A1)

Dong*, Puppin* et al., Nat Sci. 2021;1:e10010

Floquet engineering in SnTe

-0.2 =01 (] 01
ky (A ky (A7)

Chassot, F; Nat. Phys. 2026, 22 (8), 1282—1286.
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Photoemission experiment

Static photoemission

Electron analyzer E ¢ /hv E
kin
N Evac
\ 0}
‘_% y o EB

* Probe pulse: hv > ¢
« VUV photons > 6 eV Eyin = hv — ¢ — Ep,

Unoccupied

Occupied

(3]
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OF& 5

: IS,

Pump pulse at t, s %
= 3

hv, :

Pump-probe method: time-resold photoelectron spectroscopy

2 x synchronized pulses: optical pump
pulse excites the system at time t,

Probe pulse at t, o,

Populates the unoccupied state that become observable » Excited state lifetime T

vac

Unoccupied

Occupied

o
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2d
At = —
c

-0.40 ps

0.00 ps

Probe pulse at t, <t

026ps 057ps 1.00ps 1.72ps

Zhu et al. DOI: 10.1038/srep13213

2d = 1um — 3.3fs

2.97 ps

4.28 ps

7.40 ps

relaxation

vac

Several ,movie frames” collected by
changing At
Time resolution pump-probe time

convolution

Energy resolution linked to probe
duration (1825 meV fs )

~
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“PFL trARPES momentum resolution EDC(t) : energy distribution curves @ k,
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T T T ” T T
Kinetic energy
MDC(t): momentum distribution curves @ E
=y
(%]
C
£
Energy analyzer -

Ky (A7)

The electron spectrum is measured for a specific angle of emission 6
Time traces @ (E, k)

a . =
%— flkH YA 2mEkin Sll’l(tg), ‘g
! £
% » Energetic photons (= 10 eV) are needed to access the whole BZ

3 * Momentum specific dynamics 0

time delay (ps)
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“PEL Time evolution after femtosecond pulse excitation in a solid
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pump after probe time overlap pump before probe
Pump Probe
Sample
-4 Q & g g
At S
| T
At <0 Positive delay, At>0

At=0
e
Non-the-ribution

Microscopic scattering processes
fs » ps

B 360 CARLA — trARPES

Electron-electron scattering m Electron-phonon scattering
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At=0

Dherent phas \

Non-thermaldistribution \\

Hot electron relaxation ,

Dephasing (10s Q Thermalization @ Inelastic scattering with
ephasing (10s fs) . (10s-100 fs) . ohonons (100 fs — 10 ps)

> v
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E- EF (GV) Bovensiepen, U. J. Phys.: Condens. Matter 2007, 19 (8), 083201
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Example : electron dynamics in semiconducting TMD (1H:WSe, )

DFT calculation:
M
H 3.1eV,
50 fs

Momentum k
1H:WSe,

M

K A

Transition metal dichalcogenide

d)

e 4

A S S
1 1
1-50fs .-~ = 1100fs° - :... {1ps =
4'0 - = e . TS . M
3.2 1 ChidEER 1 e =
2.4 ﬁ\ 1 & e -
16 7 00 01 | 2] a 00 05 10
081, if:*:l- -bﬂ:{- : : -
-0.8 0.4 0.0 -0.8 -0.4 0.0
k

Non-thermal distribution

Hot electron relaxation

The nonthermal distribution of electrons relaxes (fast!)
populating for short time a large portion of the conduction
band.

trARPES with fs pulse can map conduction band

pueq uolPnNpuo)

-
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Excited state band structure mapping (1H:WSe, )

EDC : energy distribution curves @ K

10 a) b)
o 1.80 —
B
o
5 2 - I 178 —
o 3 |
£ I
) —
> | 5176 g )
= R “ 174 el
3x10 | 172 { i
|
58 ]
T i 1.70 I T I
o 05 00 05 1.0 15 20 25 0 50 100 150
1 <
— Energy (eV) Fluence (uJ/cm?)
0
Full bandgap visualization in a TMD semiconductor (100 fs) » Bandgap renormalization due to many-body effects:

Comparison with theory (GyW,) low excitation limit 1.76 eV

Puppin, M.; Phys. Rev. B 2022, 105 (7), 075417
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=PrL Exciton dynamics in 1H:WSe,

Optical absorption spectrum
s1ev 2d layered materials

1.0 =~

0.8 —

0.6 —

Absorption

0.4 —

0.2 —

0.0 T T I | | T I
15 20 25 30 35 40 45

Photon energy (eV)

TMDs are 2d layered semiconductors:
+ Weakly screened electron-hole Coulomb interaction
« Strong excitonic resonances (even in bulk TH:WSe, )

B 360 CARLA - trARPES
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trARPES with resonant exciton pump 1H:WSe,

K z r
2.0
e
\-_ 1.6 — |
1.2
% 08
'S
u
L
0.4
: JH
e : 00
” H .
4 |, .
/ g . H -
N Y -

Pump Probe Delay = -200 fs

-1.4 -1.2

Pump: 800 nm (1.55 eV), 30 fs
Excitation (nearly) resonant with the exciton peak

40
ky (A7)

-0.8

-0.6

-100 —

—>

-200 —'=—

t[fs]

Unoccupied states

dynamics:

+ Initial signal at K

» Ultrafast
scattering at
sigma

In-gap states:

* Replicas of the VB:

appear only during
temporal overlap:

-
»
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=PrL Resonant versus above band gap excitation
. . (a) 1.55 eV excitation (b) 3.1 eV excitation g
Optical absorption spectrum 5 K EDC
31eV - max 2.5 25
1.0 , g "
1.55eV -

08— min 1.76}2 3
c N 15 S ¥ ~
2 - S Ak~ S - A | S, C— o
o 06— B >
2 1.0 16*6—1.5"'."
< 04 = : L

ur 0.5
0.2 —
0.0 T 1 | T | T T
15 20 25 30 35 40 45
Photon energy (eV)
06 08 10 12 14 10 12 14

9 K, (A1) kyy (A1)
;7 » Energy difference in the excited state spectrum
S « Excitonic resonance at K: k distribution and dispersion
= Dong*, Puppin* et al., Nat Sci. 2021;1:e10010
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Exciton lifetime in 1H:WSe,

2 K

Time traces

",

Coherent
state

-e— K valley

- Z valley

———T T T
50 0 50 100 150 200
Time delay (fs)

~ R

06 08 10 12 14
k, (A1)

« Multilevel fit of coupled optical-Bloch equations:
+ “Bright” K exciton population decay time to “dark” states T,=18 + 4 fs
(electron-phonon scattering)
» Band replicas signature of coherent light matter interaction
* Dephasing time from model fitting T,=17 £ 9 fs

-
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*+f herent phasel}
t=0

Replica states signal the presence of coherent light-matter interaction, particularly evident under strong fields
Minimize dephasing (due to scattering), excitation close or below the band gap.

d 0 150 300
€ 1.00 500 100 fi = 27:% 10" em™2

No pump

1 ﬁ. “ .- e '-'-"’-':“-... T ! Pareek, V. Nat. Phys.

A s

& g 2026, 22 (2), 209-217

@ o

S o g, Coherent replicas in

WS, monolayer

o} 0.55 110 1.65
k(A

4] 0.55 110 1.65
k (AT

NEW PHENOMENA CAN BE OBSERVED IN QUANTUM MATERIAL IN THE COHERENT REGIME!
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FLOQUET FORMALISM: FLOQUET-BLOCH SIDEBANDS

E

] E <<”” VAN W
AVAV vAv T TITT T AAA

~_1
S Bloch

Floquet

» Treat pump electric field as a time periodic term
* Floquet theorem for time-periodic Hamiltonian: time-periodic function that can
be expressed on a basis of sidebands at energy mhw (photon-dressed states)

FLOQUET ENGINEERING: Periodic E-field

Replicas of the bands (Floquet-Bloch) l/\ W Dynamical gap
may overlap and interact with the original /\ /\ /\ t — /\/\ opening
band structure: hybridization, gap \/ \/ \/

opening, new topological phases ’/\

Bao, C; Nat Rev Phys 2022, 4 (1), 33-48
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=PrL Example 3: FLOQUET ENGINEERING IN BLACK PHOSPHORUS

Semiconductor T T T T T T T T 11T
Before pump AC

2nd derivative

Michele Puppin

Direct gap
A semiconductor
E,=0.33 eV
o o
t 0 f Floquet sidebands 02 Withipep 2nd derivative
= S 2 -
Fios \ / Floquet band engineering
n=- M o (n(iB_.{) I iA
Py //\ VB y //’
s 1 1 1 40 L L !
-0.1 0 0.1 1 2 3
K (A Pump fluence F (mJ cm™)

Band structure and electronic properties transiently and reversibly modified on fs time scale
Challenge: requires intense (108-107 V/m) MIR sources, combined with good energy resolution

B 360 CARLA - trARPES

Zhou, S; Nature 2023, 614 (7946), 75-80
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Example 4: Electronic structure of SnTe

High T
Rocksalt

5\\?//
N

g Dirac

1.0
08
- 0.6

0.2
- 0.0
p=0.2

L

—-0.2-0.1 0.0 0.1 0.2
ky (A7D

- —0.4

* Topological crystalline insulator

- 0.4 =P 0.4 - E

Low T
Rhombohedral
15
0.8 - -
€01 i i

; SS1
0.2+ .

0.04 VB

—0.2
-0.4

-0.2-0.1 0.0 0.1 0.2
ky (A7Y

* Ferroelectric polar structure

» Topologically trivial surface states

trARPES experiment in the low T phase (no Dirac cone) at gap resonance.

Chassot, F; Nat. Phys. 2026, 22 (8), 1282-1286.
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Example 4: OBSERVATION OF FLOQUET-TOPOLOGICAL phase in SnTe
At=-800fs — E-E,=CB
1.0 Fry — E- E; €Dirac
w
c
3
0.8 k=
CB 9 .11 100 fs
0.6 = « Resonantat0.88 eV +
' £ polarization
_ 2 independent
2 04 : « Cannot be explained
— Dirac cone :
o | | | as repll_ca band of the
w 02 0 500 1,000 1,500 Underlylng states
Pump-probe delay, At (fs)
0.0
1.0 + i ® s polarization @ p polarization
-0.2
0.5 }
-10 0 10 g ¢ ¢ o
Angle (°) o1, : : : : : : :
0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
Pump photon energy (eV)

Chassot, F; Nat. Phys. 2026, 22 (8), 1282—-1286.
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“PEL LIGHT-DRIVEN BAND INVERSION
» P
A& / »
ali:
&

Bulk bands Bulk + Light Surface

1.0 4 \ / 1.0 -

-

* Floquet driving induces VB-CB state
mixing

* Band inversion drives a topological
phase transition

« Adirac cone appears connecting driven
VB and CB while the field is applied

1.0

05 ;¥:Vi

0 0 i 0
& ; // \
o
é § 7/ AVA\ \
! T T T T T -0,
é -0.3 O 0.3 -0.3 O 0.3 -0.3 O 0.3 -02 -01 © 01 02
o _ o _ o _ k(AT
|

Light driven quantum material
Chassot, F; Nat. Phys. 2026, 22 (8), 1282—1286.
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SU M MARY: 1.55 eV excitation 3.1 eV excitation
) K EDC
max 2.5 v z 25
Xx60 i
E 2 -
b KM—Z >
or2 g
« trARPES on TMD semiconductors: S Lisw
« Unoccupied band structure mapping 1
« Excitonic effects and electron 0 N 00 10
. I (norm.)
dynamics 03 e

06 08 10 12 14 10 1.2 14
. . . k, (A1) k;, (A1)
« Light-driven quantum materials

» Floquet sidebands
» Light induced topological phase

Dong, S. Natural Sciences 2021, 1 (1), e10010

a T<Toty

E-E;(eV)

N\

ss0carla | ASFRS/EY T .

/ ky (A7)

Chassot, F; Nat. Phys. 2026, 22 (8), 1282-1286.

THANKS FOR YOUR ATTENTION !
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