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Fig. 1. Schematics of the AD and NA charge transfer pro-
cess (Reprinted with permission from Ref. [20]. Copyright
2019 Wiley Periodicals, Inc.).
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Fig. 2. (a) Three types of adsorption stuctures; (b) averaged forward hole transfer; (c) averaged reverse hole transfer; (d) time de-

pendence of energy relaxation of photogenerated holes (Reprinted with permission from Ref. [47]. Copyright 2016 American Chemical

Society).
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Chemical Society T )
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Fig. 3. Photo-reduction diagram of CO, on TiO, surface: (a) Photo excitation generates a transient CO, ; (b) transient CO, ex-

cites the bending and antisymmetric stretching vibrations, which induce LUMO reduce to CBM, hot electron trapped by CO, and

form a new CO; ; (¢) CO, dissociates in Ov; (d) geometry structure of CO, trapped on TiO, (110) surface (Reprinted with per-

mission from Ref. [56]. Copyright 2016 American Chemical Society).
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Fig. 4. (a) Geometric structure of H,O adsorbed on p-type LAO/STO heterostructure. (b) Spatial orbital distribution of the solv-
ated state in HyO layer. (c) Layer-resolved DOS for every LAO, STO, and H,O layer, represented by green, blue, and red. (d) Band
structure of one ML H,0 adsorbed on p-type LAO/STO. The solvated electron band is marked by red triangles. (e) Dependence of
solvated electron band minimum and CBM energies on LAO thickness. The energy of VBM is set as the reference in panels (¢)—(e)
(Reprinted with permission from Reference 65. Copyright 2018 American Chemical Society).
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Fig. 5. Charge separation diagram of MoS,/Cyg, interface
(Reprinted with permission from Ref. [69]. Copyright
2018 American Chemical Society).
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Fig. 6. (a) Schematic of the photoexcitation and hole transfer in a MoS,/WS, heterostructure; (b) band structures of the MoS,/WS,
heterostructure (Reprinted with permission from Ref. [81]. Copyright 2017 American Chemical Society).

JEHL T MoS, 1Y I'siE K a5 7 3 WS, 1Y
5 MZEE) X, BB B RUEEXT R 1)
M WS, 1 X 5543 IS8 VBM it 2. i
— B HT R, 20 fs REPZ RS L AD
BLH SRR, Bl 02 0 2 P8 e fer it 7R, U2 e
NA HUH £ F0. AD oI F2 575 7R3 & EHAHE,
PRI, R ATTHE I A8 2 (B A FEL A e S e R e pr, 7 Y
LB o e

J T B UERS IR AR XA i B TR AR
PR EE B 300 K R 100 K. 41l 7(e)—(h)
B, AT LA ), R R BRAAE 20 fs 0 8 P
TR 98D, 10 I RV BE T LA 254 i J2 ]
PR R, CUESE T 3RAT T 00 il B R A A
FERS IO, S % VBM B3 4 e 2% Fiti st 7] 2 1k
FRy Tt 2R Ao R S e (BT, T LR S il A e
T B W 75 I 2 NG 2E S0 F A B,
h 400 em !, JEIIA 83 1 20 fs Z5 A7 (1))2 [a] H fap 5
FE i [a] RO R 2908 U oy 2 — JR . (AR E
S, PERLL & BT AR SR (AR RN, (R AN K
IV A A AE S oW g2 2 191 FRATIA Sk Ji A T
AEAR: 1) B % B RN, 58 T HE
TRV Z )5, BMERARAIREE T, s dRsh A nlfg
T B A B8 i) ALl A 5 R s XA
HAE, Wl RPN By R A
HAE R RIS H AH BLAE A ] B 235 R PR far
R

3.2.2  #k®) MoSey/WSey, # i & F % T 45
BT IR

TE MoS, /WS, 5 5t 45 i) FL i 5 RS WF 52 v,

e T 75 Tl B DL fr 3 B O, Tk
WES, FRATHKG S TR Se TLHE G, BIKAK
RIBET LA 2 R A, (AR TR S
A2 kAR, R, T DL — 2 B S X
ST R Ao B RS Bh 1 22 BRI . T, £ X MoSe,/
WSe, 5 J 25 (1) FL 1 H for 5% 4% 8 1 22 6 AT T 2%
LAY NAMD #i4, 35 MoS,/WS, 54k iy 4 1
AT, R A I, K S SR Se TEZ A,
HTFICR AR, A BRI, H Rk r
400 cm ! FEARE] T 2 230 em L. i, AHEEE T,
MoSe,/WSe, 2k T2 17 ¥, BB E 75
TR KRB AR . B, 7E 300 K A9 TREE
T, W& 8 fir7R, 78 MoSey/ W Se, F 422 3| 5 7
TG BT IR G R 7EIR B FRAR S 100 K BT,
TR TR, 5 FGRaiRG ISz
B, 5 MoS,/ WS, ihzs SR AT FEZEAL, X
ASHL TR V% A B 2 AD ML 80, R 5
MrA AR HENA. XTS5 T
TMD YA 57 B2 S H L i R ol )22 575 Pk
Z B R 152,

3.23 R A#EH G TMD F/R &+ 6857
245
AT AHE B TAE, AT TMD 5 Jiish
AT H ey B R ML A T —SE B 7 I SEFL 1Y)
St b FRA T 2 H BEUE IR TMD 5545 f foy
MR, E 321 M 322 hiHE T A
B S s AT RS LR IS TR AR A T
BEMAMINN. g sz, A e FRA T H 3+ Az 48 m]
BE AR S B A 20 3 1 2= A R B 64T

177101-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 17 (2021)

177101

1.0 T - — — . T T
b? stacking; K; 300 K é? stacking; K; 100 K
g 0.5 T~ 350 fs
2
<
N
!
o
i}
<
o
jasi
1.0 T » T T T T T
(b) T stacking; K; 300 K (f) T stacking; K; 100 K 1
n~20fs \/\A’M\‘;
e
= 0.5 g =
2 | W
g i
S Ty~ 600 fs T2 > 1000 fs ]
g 0 PR i R S R R A ey
= j
i) i
) ; ; .
T —0.5 . s = ! Oy
Vo g an Vg an’
~1.0 ! L KTM Z“ I [I(TM 4‘; r A
1.0 T T T T ) " . >
(c) C7 stacking; I} 300 K (g) C7 stacking; I 100 K
5 05 G‘IC : .
g £ = 7 300 fs
X 71~ 20 fs T2~ 300 fs
! " AT -
o
2 \
<
o }
1 - AL ]
A\ T % — MoS, ﬁ\ f " % — Non-adiabatic ]
: — WS, T 5 7 — Adiabatic
R S KTy Z 5 T Adiaba
1.0 T T - T -
(d) T stacking; I 300 K (h) T stacking; I 100 K 1
-~ |
g 72300 fs 72 300 fs 1
g 0 BT .. - st ]
3 i
2
) . ; . -
T 05[] : g B ; g .
Coh T an NS
~1.0 KTy ¥ 1 ! KTM z I 1 I ]
0 200 400 600 800 1000 O 200 400 600 800 1000
Time/fs Time/fs

Bl 7 C7 HERREL T MERRZA EIX T A5 ((a), (b), (o), () F1 K 5% ((c), (d), (g), () 45 7CHY 23 (8] 434 B 0 4% 4k il 22, 1852 43 501
7300 F11 100 K. i B 45 1 T 28 7XAE gl i 25 ] i i Aok 78 (181 283k [81) A% 4K, MR 2017 American Chemical Society BT )
Fig. 7. Time-dependent spatial hole localization at the K and I points for the C7 and T stackings at 300 K (K point ((a), (b)), I’
point ((c), (d))] and 100 K (K point ((e), (f)), I" point ((g), (h))]. The major hole relaxation routes in momentum space are schem-

atically shown in the insets (Reprinted with permission from Ref. [81]. Copyright 2017 American Chemical Society).
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Fig. 8. Nonadiabatic molecular dynamics results: (a)—(c) Time-dependent electron spatial localization, energy evolution and relaxa-
tion in the momentum space of the MoSe,/WSe, heterostructure; (d)—(f) time-dependent electron spatial localization, energy evolu-

tion and relaxation in the momentum space of the MoS,/WS, heterostructure (Reprinted with permission from Ref. [82]. Copyright

2018 American Physical Society).
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Fig. 9. Charge transfer dynamics in the MoS,/WS, heterostructure under different tensile strain: (a)—(c) Time-dependent electron

and hole spatial localization; (d)—(f) charge transfer in the momentum space (Reprinted with permission from Ref. [83]. Copyright

2020 American Chemical Society).
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Fig. 10. Nonadiabatic dynamics of excited elctron in the Zigzag and Armchair MoS,/WS, at 100 K and 300 K, respectively: (a)-(d) Time-
dependent spatial localization; (e)—(h) average energy evolution. The energy of the averaged VBM is set as the reference (Reprinted
with permission from Ref. [84]. Copyright 2019 IOP Publishing Ltd).
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Fig. 11. Time-dependent charge-transfer dynamics in stoichiometric A/R mixed-phase structure: (a) Time-dependent energy states
evolution. The red and blue lines represent the states’ contribution by anatase and rutile, respectively. (b), (¢) Time-dependent en-
ergy change of excited electron and hole. The color strips indicate the electron/hole distribution on different energy states and the
dashed line represents the averaged electron/hole energy. (d)—(i) Time-dependent electron and hole localization projected onto the
anatase, interface, and rutile regions, represented by red, olive, and blue, respectively. The energy of the averaged VBM is set as the
reference in panels (a)—(c) (Reprinted with permission from Ref. [93]. Copyright 2018 American Chemical Society).
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Fig. 12. Time-dependent charge-transfer dynamics in defective A/R mixed-phase structure: (a) Time-dependent energy states evolu-
tion. The red and blue lines represent the states’ contribution by anatase and rutile, respectively. (b), (¢) Time-dependent energy
change of excited electron and hole. The color strips indicate the electron/hole distribution on different energy states and the
dashed line represents the averaged electron/hole energy. (d)—(i) Time-dependent electron and hole localization projected onto the
anatase, interface, and rutile regions, represented by red, olive, and blue, respectively. The energy of the averaged VBM is set as the
reference in panels (a)—(c) (Reprinted with permission from Ref. [93]. Copyright 2018 American Chemical Society).
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Fig. 13. Electronic structures and the time-dependent electron/hole (e/h) dynamics in undoped, Cr—N- and V-N-doped TiO2:
(a)—(c) The total and partial DOS. (d)—(f) The averaged time-dependent e/h energy relaxation at 300 K. The color strip indicates
the e/h distribution on different energy states, and the dashed line represents the averaged e/h energy. The energy reference is the
average VBM energy. (g)—(i) The averaged NAC elements in undoped and Cr-N- and V-N-doped TiO, at 300 K. The inset in pan-
el b shows the spatial distribution of the excess charge induced by Cr-N codoping, in which the Ti, O, Cr, and N atoms are marked
by large light blue, small red, large deep blue, and small purple balls, respectively (Reprinted with permission from Ref. [95]. Copy-
right 2018 American Chemical Society).
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Fig. 14. Frozen phonon NAMD results for time evolutions of the energy states near VBM and CBM and the averaged time-depend-
ent e/h energy relaxation for Cr—N- and V-N-co-doped TiO,: (a), (b) IPM for Cr—N-doped TiO,; (c), (d) A single bulk mode for
Cr—N-doped TiOy; (e), (f) IPM for V-N-doped TiO,. The energy reference is the average VBM energy. The color map in (a) indic-
ates the orbital localization (black on TiO, and yellow on dopant). The color map in (b) indicates the e/h distribution on different

energy states (Reprinted with permission from Ref. [95]. Copyright 2018 American Chemical Society).
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Fig. 15. e-h recombination time in different doped TiO,.
The fitting exponential correlation is shown with dashed
lines (Reprinted with permission from Ref. [95]. Copyright
2018 American Chemical Society).

1 2L B9 20T BT DAJIGE , e-h 5245 i A ) RS
ZF) NAC HIF20, 1 NAC 1F H T J5 4% 1 3
PR, FRATTIREAR, AR A AN [R] 5 o A [R) R G 28 ) P
B T4, IS AT LAXS e-h & 4 fl s ] R
AT, TR, AT BBEEIT T N, As, Sb,
Be (#8244, I HEICER B2 R STERER T A]

1.0 T T T

Wk Z& R BESR, [RIAT, X CBM, VBM HUiE 41 19
AR R /N, B, FATA W e-h 7XE A B
R R A R BAc . #id it ak
B, BABEEN e-h B AR 5B ENREA
IEAHRMER, BAITREBE, e-h B AR HEK.
H L, AT RURFHASIR] G R A998 40 SRR A i R 2538
T A AT R 100,
KT BB R BIFSE & B, NAMD 45 H B 45

5 SRH A A—2, NAMD AY4516 15 75 Bk
HE | ABRBEARXEIE I e-h E A 0. FATA X &
S5 BRI TR DG, X T LM R R
b, GIARIEGRFEH A 2 5 AZ R AT, B,
WA ST I TiO, MR HP 24 F. HIR,
AT R I e-h & A Bof 0] 1) A5 18 32 22 U5 FAIRA 7= 1
I A, 15 SRR — 4P RLE R A R AR
1), X —Z5Ie R T B R G SO L 2R
ST S (A o (101-109],

4.3 KPHEE

TR ARR T, TATAM SRH BRI, H
JRU R 5 SR R B AR O, T, FRATiE—2

##r# MAPbL; H e-h &

(a)

0.8 | 375 ps

0.6 |

0.4

Population

0.2

(b)

528 ps

Population

1 1 1
0 200 400 600 800
Time/ps

1
1000 O 200 400 600 800 1000

Time/ps

16 (a) 2l A BP $2, (b) Py, (c) Py Al (d) Py BFER R T o-h B A 3h J1 2l B WA A% B2 VBM | 5 4 —4~25 7.
VBM, CBM DL K Bl B 745 59 23 0% o5 35 500 ) 2B 6 | 3 (0 R 20 (2R 45 . () B AP /N 376 TR 36 OR Y S 7R Py 1R &R R 23 U
VBM Fil i 25 22 18] T 8 B — N4, 3 o T P A 22 18] L fa I A IR IR (1 2 STk [97) Fe iR 2k, MUBUA 2019 American

Chemical Society AT 47 )

Fig. 16. e-h recombination dynamics in (a) pristine BP monolayer, (b) Py, (¢) Piy, and (d) P,q systems. The initial state corres-

ponds to the electron excitation from the VBM to the CBM. Populations of the excited, ground, and defect states are shown by the

black, blue, and red lines, respectively. The inset in panel (c¢) demonstrates fast hole equilibration between the VBM and the defect

state attributed to the near-degeneracy between them (Reprinted with permission from Ref. [97]. Copyright 2019 American Chemic-

al Society).
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Fig. 18. Atom-projected DOS for different defective and pristine MAPDBI3. ((a)—(f)) Defective and Pristine systems of MAPbI3. The
energy reference is located at the Fermi level. Inset shows corresponding atomic structure, with blue circle indicating the defect loc-

ation (Reprinted with permission from Ref. [102]. Copyright 2020 American Association for the Advancement of Science).
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Fig. 19. The e-h recombination process in MAPDI3 systems: (a) Schematic map of the direct and by-defect e-h recombination pro-

cesses. (b) e-h recombined percentage for different systems after 2 ns. The direct and by-defect e-h recombined percentages are

shown by blue and green color bars. (c), (D) Time-dependent e-h recombined percentage for different systems (Reprinted with per-

mission from Ref. [102]. Copyright 2020 American Association for the Advancement of Science).
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Fig. 21. Ultrafast photocarrier dynamics of monolayer MoSe2 on different oxide substrates: (a) Illustration of interfacial

electron—phonon (e-ph) coupling; (b) photocarrier dynamics of monolayer MoSe2 on different substrates (Reprinted with permis-

sion from Ref. [106]).
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Fig. 22. The nonadiabatic molecular dynamics of e—h recombination in monolayers MoSe, on HfO,, Al,O3 and SiO, substrates:
(a)—(c) Time-dependent electron localization on CBM of MoSes; (d)—(i) Time evolutions of the energy states and their correspond-
ing FT spectra, where red arrows have marked main phonon modes and its corresponding wavenumbers. The whole phonon DOS of
the MoSe,-oxide substrate systems (black area) and the projection from MoSe, (pink area) are also plotted in panels (g)—(i) (Re-

printed with permission from Ref. [106]).
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Fig. 23. (a) Spin-polarized band structure and the projected density of states; (b) orbital spatial distribution of the Cu doped MoS2.

The process of spin hole relaxation within the impurity states is indicated by the arrow in panel (a) (Reprinted with permission

from Ref. [107]. Copyright 2017 American Physical Society).
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Fig. 24. (a), (¢) Time-dependent evolution of the energy of the impurity states; (b), (d) FT spectra to the autocorrelation function

of the energy evolutionat 100 and 50 K, respectively; (e), (f) spatial localization of each normal phonon mode projected on the Cu

impurity and MoS2 host, respectively (Reprinted with permission from Ref. [107]. Copyright 2017 American Physical Society).
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Fig. 25. Dynamics of a photogenerated hole at 50 and 100 K, respectively. The averaged energy of the hole and the population on

each impurity state are shown in the upper panel, and the AD and NA contributions to the energy relaxation are shown in the

lower panel with the initial state specified at the impurity state 1 ((a), (c)) and 2 ((b), (d)) (Reprinted with permission from

Ref. [107]. Copyright 2017 American Physical Society).
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Fig. 27. Schematic showing spin-valley dynamics in TMD systems: (a) Band structure at the band edges near K and K'; (b) inter-

valley bright exciton transition and bright-to-dark exciton transition processes are shown; (c¢) e-h pairs involved during the exciton

dynamics (Reprinted with permission from Ref. [117]. Copyright 2021 American Association for the Advancement of Science).
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Fig. 28. Dynamics results and nonadiabatic couplings: (a), (b) Time evolution of the population on X1 to X8 (a) with and (b)

without the e-h interaction W and v in the NAMD simulation. The time-dependent valley polarization is inserted in panel (a).
(¢)—(f) Averaged NACs contributed by W, v, SOI, and e-ph, respectively (Reprinted with permission from Ref. [117]. Copyright

2021 American Association for the Advancement of Science).
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Abstract

The excited state dynamics is always an important and challenging problem in condensed matter physics.
The dynamics of excited carriers can have different relaxation channels, in which the complicated interactions
between different quasi-particles come into play collectively. To understand such ultrafast processes, the ab
initio investigations are essential. Combining the real-time time-dependent density functional theory with fewest
switches surface hopping scheme, we develop time-dependent ab initio nonadiabatic molecular dynamics
(NAMD) code Hefei-NAMD to simulate the excited carrier dynamics in condensed matter systems. Using this
method, we investigate the interfacial charge transfer dynamics, the electron—hole recombination dynamics, and
the excited spin-polarized hole dynamics in different condensed matter systems. Moreover, we combine ab initio
nonadiabatic molecular dynamics with GW plus real-time Bethe-Salpeter equation for the spin-resolved exciton
dynamics. We use it to study the spin-valley exciton dynamics in MoS,. It provides a powerful tool for exciton
dynamics in solid systems. The state-of-the-art NAMD studies provide a unique insight into a understanding of

the ultrafast dynamics of the excited carriers in different condensed matter systems on an atomic scale.

Keywords: excited state dynamics, Hefei-NAMD), nonadiabatic molecular dynamics, GW + real-time BSE
PACS: 71.15.Qe, 71.15.Pd, 73.50.-h, 73.20.Mf DOI: 10.7498 /aps.70.20210626
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