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Challenges for Ab /nitio Calculations

H(r(t); R(t))

4/,.-——
N———

Reaction Coordinate

Time-dependent dynamics
Nonadiabatic effects

e-h
interaction

e-pl_'l Spin-orbital
coupling Coupling

Different interactions



Hefei — Nonadiabatic Molecular Dynamics
(Hefei-NAMD)

A Red
Yoy Eg:2H*+ 26'=H,
<|O> € €O, = CH,, CH;0H
Vg ] £ % [ ox
Band gap .
§ | el Single
h* Eg:2H,0+4h*=0,+4H* Y R
o organics = degradation (CO,,H,0) Pa rt|C|e Degeneracy
Dynamics //j
Photocatalysis \ i ﬁi =
E ytronics Sl

lati
@ === ®

Distortion < | |Anisotropy
ht i

T let e[ o
of bt W% LEx|e8 valleytronics
A L Cd i
aaaaa {“ . S p I n . Exc Ito.n %/Ewcvsﬂc‘
s @ Dynamics dynamics el
b %
Spintronics

optoelectronics

http://staff.ustc.edu.cn/~zhaojin/code.html



Surface Hopping Combined with TDKS

single particle representation time-dependent Kohn-Sham equation
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GIWV + BSE to Describe the Exciton
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Bethe-Salpeter Equation (BSE): Screened
Coulomb (W) and exchange (v)
interaction of electron and hole

GW: self-energy take place of exchange
correlation potential

Accurate Quasi-particle energies Exciton binding energy and wave

function



Exciton Dynamics is Important

Exciton dynamics:

\/ Exciton relaxation
. Bright-to-dark transition
Eup'r

FFr Single-to-multi transition

Singlet fission
A Exciton annihilation (radiative and nonradiative)

10,000 times of GW+BSE calculations are too expensive!



Realization of GIW + Real-Time BSE

From GW
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Diabatic Representation

Single-particle

TDDFT
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Adiabatic Representation
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Diagonalize the BSE Hamiltonian to get the exciton basis sets

Adiabatic:
Expand the state ket |W) in time-dependent two-particle
Schrodinger equation
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where |z) is the eigenstate of exciton:
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Adiabatic:
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Exciton with Spin
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Exciton dynamics with SOC
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Realization of GIW + Real-Time BSE

Single-particle

electron
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Real-time - BSE
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v" Many-body interaction: Coulomb and exchange
v' Exciton-phonon interaction: real-time BSE + molecular dynamics
v" Spin orbital coupling: adiabatic and diabatic representation

v Nonadiabatic: surface hopping
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Workflow of Real-Time GW-BSE NAMD

ab initio MD to target temperature GW for primitive cell

Ekcin and |kO'H> by DFT

NAC SOl BSE W&v

Evolution Hamiltonian

Loop for one MD trajectory
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Surface
hopping

Average over multiple MD trajectories



Fast Intervalley Bright Exciton Scattering in
Transition Metal Dichalcogenide

Intervalley bright exciton scattering requires the spin flip and momentum
transition of both electron and hole

Puzzle: how can such intervalley bright exciton happen within several
picoseconds?



Test of the Dielectric Function Approximation
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The dielectric function and GIW QP correction almost does not change with the structure



Energy [eV]

Time Dependent Quasi-Particle Energies and
Optical Band Gap of MoS,
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Exciton Dynamics in MoS,
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Exchange Interaction Induced Bright Exciton Scattering

Nonadiabatic Coupling Elements:

Single particle dynamics: e-ph
Exciton dynamics: e-ph + W (e-h Coulomb) + v (e-hexchange) + SOC
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Bright Exciton transition is induced by e-/ exchange interaction




Single Particle Picture
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Ultrafast Charge Transfer at TMD Heterostructure
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Different Stacking of MoSe,/WSe,
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Band Structure of MoSe,/WSe,
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Exciton Dynamics at MoSe,/WSe,
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Mechanism of Exciton Dynamics at MoSe,/WSe,
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Summary
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Future work based on G/ + rt-BSE NAMD Simulation
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v'Exciton-Phonon Interaction from GW + rt-BSE NAMD
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v'Exciton-Polaron interaction Machine learning for excited state
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Photocatalysis
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