Ultrafast exciton dynamics in moiré heterostructures:
A time-resolved momentum microscopy study
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Microscopic interactions in solids
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Far-from-equilibrium many-body interactions
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» How do we characterize matter far away from equilibrium?
» How do we control materials on-demand?

Typical Questions:
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Static photoelectron spectroscopy

ultraviolet photoelectron spectroscopy
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Angle-resolved photoelectron spectroscopy
I

» ARPES: powerful tool for new materials, many-body interactions, correlated phases...
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Angle-resolved photoelectron spectroscopy

» ARPES: powerful tool for new materials, many-body interactions, correlated phases...
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Angle-resolved photoelectron spectroscopy

» ARPES: powerful tool for new materials, many-body interactions, correlated phases...
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Angle-resolved photoelectron spectroscopy
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Time-resolved Two-photon Photoemission (TR-2PPE)
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Time-resolved Two-photon Photoemission (TR-2PPE)
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The experimental challenge...
I

so far: focus on femtosecond dynamics around the I" point 2> Why?
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Creating femtosecond XUV pulses
B
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Objective lens system Transfer lens system & ToF detector (DLD)
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Emergent properties in moiré materials
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Emergent properties in moiré materials
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Emergent properties in moiré materials
B

/moiré interlayer excitons \

Moiré potential

gk TWo major research questions:
1) How are ILX formed?
2) Impact of the moiré potential?
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10° twisted WSe,/MoS,: sample characterization
I

sample fabrication: AbdulAziz AlMutairi and Stephan Hofmann, University of Cambridge
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10° twisted WSe,/MoS,: static band mapping

static band mapping
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Open tasks: exciton dynamics and moiré hallmarks
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Interlayer excitons probed in trARPES
I

A

e [identification of ILX in momentum integrated energy-distribution-curves]
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Interlayer excitons probed in trARPES
I
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> ILX formation on sub-100 fs timescale




Interlayer excitons probed in trARPES
I

A

[identification of ILX in momentum integrated energy-distribution-curves]
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> ILX formation on sub-100 fs timescale

» no ILX in WSe, monolayer!
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Momentum-resolved identification of excitonic fingerprints




Excitonic momentum fingerprints

Madéo et al., Science 370, 1199 (2020); Wallauer et al., Nano Lett. 21, 5867 (2021); Dong et al., Natural Sciences 1, €10010 (2021).
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Excitonic momentum fingerprints
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Excitonic momentum fingerprints

interlayer exciton

E — Evem (eV)




Excitonic momentum fingerprints

interlayer exciton

E — Evem (eV)

[ » unexpected threefold signature ]
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Excitonic momentum fingerprints

E — Evem (eV)

interlayer exciton

[ » unexpected threefold signature ]
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Excitonic momentum fingerprints

moiré interlayer exciton
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» moireé superlattice hallmark!
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Excitonic momentum fingerprints

E — Evem (eV)

moiré interlayer exciton

T
] S
o
—————
” -

/ -?l\'.#"f. ‘ £
" ! '
\

i

\ ‘

’
o

-
%
3
"\
A
¢ ‘
~ g
't
§
ammm——

» moireé superlattice hallmark!

» only observed for ILX!



ILX wavefunction in the moiré superlattice
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ILX wavefunction in the moiré superlattice
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ILX wavefunction in the moireé superlattice
I
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ILX wavefunction in the moiré superlattice
I

[ 1) manipulate twist angle J
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ILX wavefunction in the moiré superlattice
I

1) manipulate twist angle
2) change exciton density
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ILX wavefunction in the moireé superlattice
I

1) manipulate twist angle
2) change exciton density
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[> trARPES: access to correlated states }
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ILX formation dynamics

> What is the dominant charge transfer channel?




2 y-exciton Ay -exciton
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ILX formation dynamics

> What is the dominant charge transfer channel?

| . | delayed onsets:
~ 107 eoom —— ° ® e e 0 0
- ll R u /, o ® t”_X-tA: 54i7 fS
) i ! .ﬁl../: ° ]
2 081 Y /o oo | o ty-t,= 3346 fs
2 06 f o !/ m, Y w
— [ I / ® - \/ILX
T | efr e ®
No4al I e .
I [ 4 ® m B m
| / - ’ s :
S 02} "f S o . "
| «7/, ¢ * o e ® ® o ¢ o o]
 »7
0.0 < &

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Delay (ps)



2 y-exciton A -exciton
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ILX formation dynamics
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2 y-exciton Ay -exciton
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ILX formation dynamics

> direct tunneling at the K-valleys is strongly suppressed!




ILX formation dynamics

A -exciton

2 y-exciton

> direct tunneling at the K-valleys is strongly suppressed!
> factor 100 to 1000 higher scattering rate over Z valley!



ILX formation dynamics
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1) exciton-phonon scattering to Z valley

2) charge transfer at layer hybridized Z valley




The perfect model system?
B

take-home messages:
(1) ILX formation: K, = £ 2 K,
(2)moiré hallmark on ILX momentum map




