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Carrier Dynamics in Condensed Matter Systems
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Applications of Photoexcited Carrier Dynamics
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Determining Factors of Carrier Dynamics
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Ab initio Code for Excited Carrier Dynamics
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Beyond Born-Oppenheimer Approximation

Mixed Quantum-Classical approximation

N

V(r,R,t) = Qi(R, t)P;(r; R); Hel(r; R)®;(r; R) = E;(R)®;(r; R)

Photoproduct
Photoproduct .

Ehrenfest Dynamics Surface Hopping

MoRy = —Vo(H(r,R)) MaRo = — Vo EZ(R)



Fewest surface hopping

fewest switches
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Assumptions

Ensemble of independent trajectories have same coefficients C;(t).

Internal consistency condition Nj(t)ocCJ.*(t)Cj(t) = pji(t).

Hops from j to different k # j are independent.

Overall trajectory hops should be minimum.

Fewest-Switches: Hopping Probability

Transition from current state j to state k # j is allowed only if population of state j is decreasing.

2 S§+At dt [h_l Im(pijjk) — Re(pjkdjk . R)] 0)

Pjc(t, At) = max| —
Pjj
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Surface Hopping Combined with TDKS

single particle representation time-dependent Kohn-Sham equation

Up(r,t) = > c),-(r)[f.aj-(r; R 3 OUp(r, 1)

J ot

[ ;‘héj(t) _ ch(t)(c’fk(sjk — fhdjk) ]<—[ jk = <f C)k\]
k

v Nonadiabatic coupling (NAC)
FSSH hopping probability
2Sr+Ar [Re P;kaﬂk)] O] [ CIaSS|claI—P:?\th ]

Aprroximation
Pjj

= H(r;R)p(r, t)

Pjc(t, At) = max [

A. Akimov and O. Prezhdo: Pyxaid
Q. Zheng, X. Jiang, et. al. J. Zhao: Hefei-NAMD



Electron-phonon interaction — Nonadiabatic
coupling

)

Nonadiabatic coupling

. 9,
Hki = Ek5ik — ih <k‘ %

0
di = (9] 5|04
(§0j VRH ¢R)R

€ — €j Electron-phonon matrix elements

P E] Lo,
dji = (il =219k
;

(Dj(t)|dk(t + At))y — (&j(t + At)|dp(t))
2At

charge transfer dynamics
Electron-hole recombination

ANERN
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Electron-phonon interaction - Decoherence
Correction
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Potential / V vs. NHE at pH 7

What is Photocatalysis
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Crucial Processes in Photocatalysis on Surfaces

v Photo-absorption
absorption spectra (DFT, GW+BSE)
v Photoexcited carrier trapping
Lifetime of photoexcited carriers
Carrier migration to surface
Carrier trapping by molecules
v Photochemical reaction on the surface

Excited state reaction barrier



Crucial Processes in Photocatalysis on Surfaces

v Photo-absorption

absorption spectra (DFT, GW+BSE)

| Excited Carrier Dynamics

(v Photoexcited carrier trapping
Lifetime of photoexcited carriers

Carrier migration to surface

\_ Carrier trapping by molecules

v Photochemical reaction on the surface

Excited state reaction barrier



CH;OH behaves as a hole scavenger on TiO,

[Sed Se
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2 "“ observed by Bing Wang et.al.
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Henderson et.al. believes that CH,0 is the
hole trapper in stead of CH;0H

M. Shen and M. A. Henderson, J. Phys. Chem.
Lett. 2, 2707-2710 (2011)



Hole transfer to HOMO (%)

Hole trapping sites
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CH;OH as a Hole Scavenger on TiO, Surface

oH

CB ) .

Different adsorption structures
~15% hole trapped
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TiO:2 ~150fs CHs OH

W. Chu, W. A. Saidi, Q. Zheng*, Y. Xie, Z. Lan, O. V. Prezhdo, H. Petek and J. Zhao* J. Am. Chem. Soc, 138, 13740, (2016)



Nuclear Quantum Effects in NAMD

Mixed Quantum-Classical

N

WPPrOXiMAIONR);  Ha(R)®;(nR) = ER)®; ™

Photoproduct

Photoproduct quantum particle classical ring-polymers

Ring-polymer molecular dynamics (RPMD)

Q: #{AEmixed quantum-classical approximation RE [E{Z% = FHMN
A: RPMD + NAMD



Different Adsorption Structures of CH;OH on TiO,
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Nuclear Quantum effects (NQEs) on the Adsorption Structures
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Nuclear Quantum effects on the Energy Level Alignment
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Nuclear Quantum Effects on Hole Trapping
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Collective Nuclear Quantum Motion Coupled Hole Transfer
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Collective quantum motion

In the H-bond network, the quantum proton motion is collective,
which couples with hole trapping dynamics.



Experimental Evidence by STM
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Summary - Example |
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W. Chu et al. X. Li*, ). Zhao* Sci. Adv. 8, eab02675 (2022)



Probability
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Spin Dynamics

a Electron in an atom

Proton’s point of view Electron’s point of view
: Proton’s
Sp'_rf_.._é magnetic field .
4"'” ,‘:‘ /'." i ":’.

'— Orbit e

Spin-Orbital Interaction
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Dynamics of Photogenerated Spin Hole Current
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C. Zhao, et al. and J. Zhao™, Phys. Rev. B 96, 134308 (2017)
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NAMD with SOC

The time-dependent Schrodinger equation

AW R(D), s, 1))

ot

= T (r, R(t),s)|W(r, R(t),s, t))

where the total Hamiltonian is given by
A (r,R(t),s) = HO(r, R(1)) + H®(r, R(1), s)

by expanding the wavefunction with a basis set {|;)} or different representations

W) = Z Vi )i V) = Z cilvi)

1
and substituting eq (3) into eq (1), we have
oci(t) 1, vtor) cod
# = = >[I N ) + <;f.sfu'\a\=¢tw,>] ci(t)

d

1

_ _Z (;‘h—lHﬁ + ;'E_IHJ?}OC - Tﬂ) ci(t)

1

,.
= — 2| iR A ) + i R ) + il =l | <i(0)
= | C

(2)

(3)
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Choices of Representations

Ising Model - L . _
vectors point @ “Spin-diabatic” representation

UP OR DOWN 0 Hﬁ = E;0j, ie. {1} = eigenstates of H’.
ONLY > simplest o H:’* = 0 for same spin multiplicity.
1 ¢ ' H 7Jj,- = O. for different spin multiplicity.
1 ? | ” Used with weak SOC.
@ “Spin-adiabatic” representation
i HJI ° !—;ﬁ + H7 = Njidji, i.e. {|#hi)} = eigenstates of
?:(mt.
o Hopping solely determined by Tj;.
o Strong SOC.

Heisenberg Model -
vectors point in
any direction

IN SPACE
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Ed
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° & ] ¢ § ) > J
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Spin up electrons will flip to Spin down electrons due to SOC
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Spin down electrons will NOT flip to Spin up electrons due to SOC
They will decay to spin down electrons with lower energies.
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e-ph Couplings
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In Ni, e-ph coupling > SOC. The electron tends to
decay through the orbitals with the same spin.
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Z.Zheng, Q. Zheng*, J. Zhao*, Phys. Rev. B 105, 085142 (2022)
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Excited Electron Dynamics in Bi,Se;
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Back scattering between TSS@+S and TSS@-S is forbidden
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Backscattering Between two TSS@+S
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Excited State Spin Dynamics in

Spin Polarization

Spin Polarization
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Ultrafast Spin Relaxation of the Excited TSS Electron

(a) surface optical (b) ultrafast (c) intraband (d) interband

orientation depolarlzanon carrier cooling  recombination
(a) e-ph coupling sSOoC Ultrafast Spin
. _ “|  Relaxation
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NAC Backscattering ] o2 ?
Gedik* et al. Phys. Rev. Lett. 107, 077401 (2011)
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FIG. 2. Helicity-dependent population asymmetry. (a)-(c)
Momentum distribution curves (MDCs) of the unoccupied band
structure, excited with o, (dashed purple line) and o_ (solid
t = 0 t ~ 50 fs t ~ 20 ps green line) polarized pulses. (a) and (b) were taken at A7 = 0, and
(c) at Ar = 165 fs, at the energies marked by the short gray lines
in (d) and (e). (d).(e) Asymmetry image: Difference between the
populations of the unoccupied bands when excited by ¢_ and o,
polarized pulses, taken at Ar = 0 and 165 fs respectively. Black

C. Zhao, Q. Zheng*, J. Zhao*, Fundamenta/ ResearCh In press lines are guides to the eye that follow the dispersions of the

unoccupied bands.

Z. X. Shen* et al. Phys. Rev. Lett. 122, 167401 (2019)
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Excitons in 2D Materials

a Buk (3D) b
A 3D
electron band
He — Exciton gap
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Energy

—
\

A. Chernikov et al. Phys. Rev. Lett. 113 076802 (2014)

2D materials: guantum confinement significantly reduce the dielectric
screening and increase the exciton binding energy



Failure of DFT

Chemical Accuracy
1 kcal/mol

EXX with partial =
exact correlation

EXX with correlation

RPA+

W (r) (empty)

| W (r) (occupied) ] B3LYP, HSE03

Meta-GGA TPSS

V2n(r),x(r)

‘

' Vn(r) PBE

:

n(r) |

Hartree World

https://www.sas.upenn.edu/~jianmint/Research/

Electronic Band gap

Experimental value

Hybrid Functionals

DFT (LDA/GGA)

Level of calculation

A. Morales-Garcia et al. J. Phys. Chem. C, 121,
18862 (2017)


https://www.sas.upenn.edu/~jianmint/Research/

Gl + BSE to Describe the Exciton

SN

W: Screened Coulomb \%M Ennei _:___,,_ Eo

coon: 21 i R

G: Propagator

TV rw) = o= [dwdlG(rrw+ )Wl W) HESe = (S — EX| Sccbusdie — Wethy + 2025

m

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

L Single-to-multi transition
Singlet fission
A Exciton annihilation (radiative and nonradiative)

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



Realization of GW + Real-Time BSE

From

GW \ >\
BSE Hamiltonian:  (kcv|H |N> =|( Ee —EJ )|5kk’50c’5w’ ~Wiigh + Vicg -

£ L =YCET)| I e

. cv dke Thv* r~1 Ikv* r~ 1
Coulomb Interactlon: WkIfC'V' = Qgerlk—k,‘I‘G ||k_kr+Gr Tk'C'(G)+B : ’(G))(B " (G )+B o (G ))l

ke kv kv’

. cv 1 Az Tke dke Tk k>
Exchange Interaction: Y% =—= > — | Bls(G)+ B} (G))(Bly (G) + Bl (G))l,

Q&GP
N

from time-dependent
Kohn-Sham basis sets

Rigid dielectric function during MD

10,000 real-time GW + BSE
—1 GW + real-time BSE

QP energy: Rigid shift from KS energy



Realization of GW + Real-Time BSE

Single-particle

TDDFT
= H(r; RY(r, 1)

¥

Y(r,t)
at

ih

Real-time - BSE

mw — K RY(ro i)

two-particle

electron

Hamiltonian:

H=H,+H,+V,_,+H

nvironment

Spin orbital coupling

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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Fast Intervalley Bright Exciton Scattering in
Transition Metal Dichalcogenide

cV
cA

K K’

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

A B
— - El
g —=
S — &
o
— d
5
[
[8)
c
©
o]
2
o
w J
e}
<
0 25 50 75 100 125 150 15 2.0 2.5 3.0 3.5
Time [fs] Photon Energy [eV]
C Exciton B D
551 1.0
—_ 201 0.94 0.92 0.91
% 357 eyl
2.0
— — 0.84
§ 2.1] 3
g 201 S
g . . . . . 806
..g Exciton A g‘
> 207 WLW. & 0.4
2 1.91 |
[}
2.0
£ 231 MW L ‘JWWL\\J’W» 0.2
191, . : . : 0.0-
0 500 1000 1500 2000 £ £ €3

Time [fs]

The dielectric function and GWW QP correction almost does not change with the structure



Exciton Dynamics in MoS,

Population

0.0 1.0 2.0 3.0 4.0

EIXZIE
ay

Bright Exciton
transition happens
in several ps



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

CxixexsxaxsXex7 X8 D X1 x2X3 X4 X5 X6 X7 X8
X1 =3 4] N
N ~
[ ~_—
x2 5’ x2 3 g
x3 2 x 2 X
X4 X4 /lé-\
w s $
X5 X5. KN
X6 X6 -
X7 X7
X8 X8 o
S
[}
o
2
Exixzxasxaxsxex7xs _ F xixaxsxaxsxexrxs
S o i
% © 4
3 x2 3 y
2 w3 z S
4 il
X5. eph X2
X6 /l?-\
X7
X8

Bright Exciton transition is induced by e-/ exchange interaction
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Single Particle Picture
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Spin particle picture: photoexcited hole keeps in K valley




Single-particle

TDDFT
aY(r,t :
ih L )=}[(r;R)IIJ(T,t) ¥
Real-time - BSE ‘l
OY(r,, it :
ih% = H(r; RY(re, Tpt)
two-particle \Q*//

v' Many-body interaction
v' Exciton-phonon interaction
v' Spin orbital coupling

-

v' Nonadiabatic effects =

b “
X. Jiang, Q. Zheng, Z. Lan, W. A. Saidi, X. Ren and J. . Xiang Jiang
Zhao* Sci. Adv., 7, eabf3759, (2021) F, Pt )



www.nature.com /natcomputsci / April 2021 Vol. 1 No. 4

nature
computational
science

Protecting against racial
profilingin DNA databases

research highlights | ® ceeosee

TWO-DIMENSIONAL MATERIALS

Computationally probing exciton dynamics
Sci. Adv. 7, eabf3759 (2021)

Light-matter interactions are essential This team of researchers developed their
to many optical and optoelectronic computational method by integrating the
applications, such as solar-to-electrical ab initio non-adiabatic molecular dynamics
energy conversion. When light sheds on (NAMD), the GW method, and real-time

a semiconductor material, an electron— evolution of the Bethe-Salpeter equation
hole (e-h) pair can be created. In (BSE); they named their method as GW
semiconductor physics, a hole defines a + rtBSE 4+ NAMD. In their framework,
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What can be Done Using the GW-rtBSE NAMD Simulation

v’ Exciton Lifetime

C
v'Hot exciton Relaxation 5 A AP AN
: 3 ‘W\,‘w”\,,wwmwm
. L. = 1. 1EXT4 . . . .
v'Exciton transition T 1S Pl AN S A
at interface 219 A DA A I A
. . 1.7 {EXT2
via spin valley 1.9
. 1.7 EXT1 ! . i
bright-to-dark 0 02 04 06 08 10
Time [ps]
v Exciton-Phonon Interaction Several thousands of exciton energies

can be used for machine learning

v Exciton-Polaron interaction

v'Excited state potential surface { Photo-induced phase transition

from machine learning
Photocatalysis



NAMD Simulation in Momentum Space
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Phonon energy (meV)

Phonon energy (meV)

Phonon Excitation
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ADVANCED
RESEARCH ARTICLE MATERIALS

www.advmat.de

Ultrafast Interlayer Charge Separation, Enhanced Visible-
Light Absorption, and Tunable Overpotential in Twisted
Graphitic Carbon Nitride Bilayers for Water Splitting

Xirui Zhang, Tong Wu, Chao Yu, and Ruifeng Lu*

(c)

NANO. .. - 5

NANO. <115

pubs.acs.org/NanoLett

Universal Zigzag Edge Reconstruction of an a-Phase Puckered
Monolayer and Its Resulting Robust Spatial Charge Separation
Yanxue Zhang, Yanyan Zhao, Yizhen Bai, Junfeng Gao,* Jijun Zhao, and Yong-Wei Zhang*
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AR T KZ RIS

ABSTRACT: The number of semiconducting MXenes with direct
band gaps is extremely lows thus, it is highly desirable to broaden
the MXene family beyond carbides and nitrides to expand the
palette of desired chemical and physical properties. Here, we
thearetically report the existence of the single-layer (SL)
dititanium  oxide 2H-Ti,O0 MOene (MXenelike 2D transition
oxides), dhowing an lng superconducting feature. Moreover, 51
halogerated 2H- and 1T-Ti,O monolayers display tunable
semiconduding features and strang light-harvesting ability. In
addition, the extermal strains can induce Weyl fermions via
quanmum phase transition in 2H-T5HOF, and Ti,OC, monlayers.
Specifically, 2H- and IT-Ti,OF, are direct semiconductols with
band gaps of 0.82 and 118 eV, respectively. Furthermore, the
carrier lifetimes of SL 2H- and 1T-Ti,OF, are evaluated to be 0.39 and 28 ns,

B!
~ ‘)!
:

y. This study extend:

b

P
in a rich family of 2D MXenelike MOene materiali, which provides a novel platform for nextgenertion aptoslectronic and

photovohaic fields.

KEYWORDS: MXens-lite MOeng habogenation, quantum phase transition, exciton, nonadiabatic molecular dymamics
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Reference & Developers

Video
Hefei-NAMD/ H i — 4L 22 55
https://www.koushare.com/video/videodetail/11720

Hefei-NAMDJE: A i f /124
https://www.bilibili.com/video/BV1p5411c7RS

Hefei-NAMD:3 )]
https://www.koushare.com/lives/room/341102

Website:
http://staff.ustc.edu.cn/~zqj
http://staff.ustc.edu.cn/~zhaojin
https://github.com/QijingZheng
https://github.com/WeibinChu

Developers:

Dr. Qijing Zheng (A#71), zgj@ustc.edu.cn

Mr. Xiang Jiang (3% #}1), jxiang@mail.ustc.edu.cn, exciton dynamics

Dr. Weibin Chu (£ 4E3), wbchu@ustc.edu.cn, CA-NAC, DISH

Dr. Chuanyu Zhao (#*f% 8), zhaochuanyu@zju.edu.cn, DISH

Mr. Zhenfa Zheng (¥ #47%), zzfgjs@mail.ustc.edu.cn, Dynamics in momentum space
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Determining Factors of Carrier Dynamics

No perturbation, no relaxation : (tl)i|1[)]-) =0

Many-body effects:

» e-einteraction

> e-h interaction (exciton effects)
;B ;) » spin-spin interaction

Magnetic field induced spin dynamics

With perturbation:

Magnetic
figeld Other effects:

» Nuclear quantum effects
9 > Potential energy surface
<¢i at ¢i> Spin- of the excited state
Wkl AV [ coupling
Nonradiative relaxation

(YilHsocl:)

SOC induced spin dynamics

, Electric
(pi|Ee™t|y;) fiefd (Wi El;)

Radiative relaxation Charge transport
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