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A guided tour ...
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A duantum puzzie ...

In principle, a simple problem
Only one type of interaction — Coulomb

However, ...



State-of-the-art methodology

Density-functional theory

Kohn-Sham equation
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State-of-the-art methodology

inverse photoemission
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State-of-the-art methodology

Many-body perturbation theory
G,W, approximation

QP <nk|>: VIS nk)

€k — Enk
] Density-functional theory
Kohn-Sham equation
T Vere(D)+ Vir(0) + Vae(0) | 019 (r) = /S5 (r)




State-of-the-art methodology
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electron-hole pair = exciton
effective hydrogen atom
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tate-of-the-art methodology
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Bethe-Salpeter eqauation

Two-particle eigenvalue problem
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Bethe-Salpeter eauation

Spin singlets
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Examples ...
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Crystal phases

Several polymorphs, e.g ...

monoclinic rhombohedral

4. Galazka. Semicond. Sci. Technol. 33. 113001 (2018).



Structural fingerprints

Complementing ELNES experiments
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Structural fingerprints
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Electronic structure

Kohn-Sham bands

PBEsol functional

Mainly O p character
hybridized with Ga s and p states
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Core excitations Exp. 1: V. L. Pool et al., J. Appl. Phys. 109, 07B529 (2001).
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Exp. 2: . Shimizu et al., Chem. Commun. 1827 (1996).
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Core excitations

Exp. 1: V. L. Pool et al., J. Appl. Phys. 109, 07B529 (2001).
Exp. 2: K. I. Shimizu et al., Chem. Commun. 1827 (1996).
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Ontical excitations




Ontical excitations
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Intervliay between core and valence excitations



Resonant inelastic x-ray scattering - RIXS
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Resonant inelastic x-ray scattering - RIXS
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C. Vorwerk, F. Sottile, and C. Draxl, Phys. Rev. Research 2, 042003(R) (2020).



RIXS in Ga,0,

Ga L,-edge

Ga 2p —> Gas Gas— Ga2p
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Pronounced exciton-exciton scattering
due to hybridization of valence bands C. Vorwerk, D. Nabok, C. Draxl, preprint.



RIXS in Ga,0,
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Dark valence excitons in Ga L, RIXS
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Organic molecules on 2D materials ...

Nature of excitons

Pyrene@MoS,

‘ . l. Gonzales, F. Caruso, P. Pavone, and C. Draxl, Phys. Rev. Materials 6, 054004 (2022).
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Ontical excitations

Nature of excitons
Bethe-Salpter equation

In the visible range:

Charge-transfer excitons
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Ontical excitations

Example: CT exciton in pyrene@MoS,

Exciton wavefunction
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AN elephant in the room ...

Type-l alignment
Lowest excitations are MoS,-like

Band structure
Not dramatic

Spectra

Significant see also A. Marini et al.

P .y \
—— PBE+SO0C - — BSE
/y —— BSE+S0C

*/'\
P
\

o H N W

E [eV]
Im &




AN elephant in the room ...
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Impact of SOC
Optical spectra
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Our instrument http://exciting-code.org

v \ A. Gulans, S. Kontur, C. Meisenbichler, D. Nabok, P. Pavone, S. Rigamonti, S. Sagmeister,
eX. l ng U. Werner, and CD, J. Phys: Condens. Matter 26, 363202 (2014).
C. Vorwerk, B. Aurich, C. Cocchi, and C. Draxl, Electronic Structure, 1, 037001 (2019).
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Our instrument http://exciting-code.org
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Our instrument http://exciting-code.org
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From electiron-hole interaction ...

eee 1O EXCItON-PhONON coupling



Polarons and self-trapping

Structural relaxation in excited state

Coupled equations for

exciton wavefunction
atomic displacement

Input
Solution of BSE
momentum transfer

Electron-phonon coupling
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sEIf—trﬂppinﬂ symmetric stretch mode
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