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Abstract

Abstract

Under strong field irradiation, different degrees of freedom (e.g. photons,
electrons, phonons and plasmons) are coupled in condensed-matter systems. The
complex interactions will lead to highly nonlinear electronic and photonic behaviors
and sometimes induce the emergence of new quantum states, which have basic
scientific significance and broad application prospects. With the continuous
development of experimental techniques, various kinds of novel strong-field
phenomena are observed in solid-state materials. Deep understanding of the
underlying excited-state dynamics has become a research hot topic in the field of
optics and material science.

In this thesis, based on ab initio time-dependent density functional theory
(TDDFT), we focus on the ultrafast processes driven by strong-field in
condensed-matter materials. The systematic studies on high-harmonic generation
(HHG), photoemission and topological phase transitions aim at clarifying the inherent
linking among the structure and electronic properties and dynamics upon excitation.
The main contents of this thesis are listed as below.

1. In MoS; monolayer, we studied the dependence of HHG yields on electronic
properties and the ultrafast control of the underlying dynamics. Firstly, we reveal that
flatter band dispersion and Berry curvature enhance the harmonic yields due to the
cooperative effect of intraband and interband transitions. Band structure, including
band gap and energy dispersion, can be retrieved with high reliability by monitoring
the strain-induced evolution of HHG spectra. Secondly, we demonstrate that the
sub-cycle electron dynamics in MoS, can be controlled via varying the relative phase
of the two-color laser components. Two-dimensional materials provide a unique
platform where both bulk-like and atomic-like electron dynamic behaviors can be
achieved. These findings will help design two-dimensional-material based

optoelectronic devices.
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2. We investigated the photoemission dynamics from single-walled carbon
nanotubes (SWCNs). In experiment, extreme strong-field photoemission with
astounding nonlinearity was reported in semiconducting SWCNs, whereas metallic
SWCNs behave similar with conventional metallic nanostructures. Based on first
principle simulations, we reveal that the distinct photoemission behaviors between
metallic and semiconducting SWCNs are closely related to their unique electronic
properties near the Fermi level. In metallic nanotubes, the excitation of high-energy
occupied states is forbidden due to the linear energy dispersion, which is necessary for
the emergence of the ultra-high nonlinearity. Furthermore, dynamic field emission
patterns in the early stage of the photoemission are provided, which are determined by
both the atomic and electronic structures of SWCNs, showing real-space pictures of
the field emission characteristics.

3. Using TDDFT molecular dynamic simulations, we demonstrated that the
topological phase transition direction of type-II Weyl semimetal WTe, can be
controlled by tuning the parameters of linearly polarized laser pulses. We
demonstrated that the carrier excitations pathways around the Weyl points not only
depend on the chirality selection rule, but also determined by the symmetry features
of atomic orbitals comprising Weyl bands. We provided phase diagram of laser-driven
WTe, topological phase transition on the dependence of photon energy and incident
angle. Our work provides a new insight into controlling Berry flux field singularity
around the Weyl nodes.

We explored excited-state dynamics in different kinds of solid state materials,
which involve complex interactions under strong field. These works will make a

contribution to the further application in ultrafast optoelectronic devices.

Key Words: Strong-field Physics, Excited-state Dynamics, Condensed-matter

Materials, Time-Dependent Density Functional Theory
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Figure 1.7 HHG from a thin film of Si0,"**. a. Waveform of incident laser pulse; b.

Schematic of the experimental setup; ¢. HHG spectra recorded for increasing field strengths.
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Figure 1.8 Microscopic mechanisms for atomic and solid-state HHG!". a-b. The real-space
and momentum-space picture for solid-state HHG; c-d. The real-space and momentum-space

picture for atomic HHG.
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Figure 1.9 Electron emission from nanotips using ultrafast field'*. a-b. Trajectories of
photoelectrons with quiver amplitude are smaller or larger than field decay length; ¢. Dependence

of photoelectron trajectories on emission phase.
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Figure 1.10 The CEP modulation effect in photoelectron spectra and emission probability[66].
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Figure 1.11 Photoemission from nanoplasmonic structures
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Figure 1.12 Different forms of carbon nanotube emitters. a. Vertically aligned MWCN
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Figure 1.13 Highly coherent CN-based photoemission source
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parameter estimated from the enhancement factor.
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5T Hohenberg-Kohn & ¥, % 577 bR FL & 1A% 0 ) 8K SR i BE 572 bR
E[n(r)]i B4R %£ER . Kohn A1 Sham £ 1965 SEH2 H T fifvei inl i 7 =1,
P E S SR i — 2 51 S R AT LAY AR ELAE A AR R 5 S, Bk U7 2 SRR
N Kohn- Sham (KS) J5#%:

{_zh_mvz + Vks[n(r)]} 0,(1) = £0,(1) i ot e (2.8)
n(r) = Z|<pi(r)|2 e et e (29)

=1
b, W) AT EAERRL TP REL, e X HARTERE &, /il s — WU BhRETI,
5 104 Kohn-Sham #6¢, HARE A N:
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Visn(@)] = v(r) + vyg[n(r)] + v [n@E)] e e (2.10)

Hrbv, 2l -2 S LR, KON Hartree %

uHhmr)]=_fer;§;£W"”"__". e (211)
4RI v, A ST R RE M — B T2
OB [n@)]
Uy ln(r)] = Sn) e (2.12)

FRRQA0H, v(r) R E TS A S H IR, 8RR RS Tk R
i, 2 RE A L 1 FE T P 2 F 7 B 25 1 LB A Hh 1 1 JER U8 o 58 A 49 A
DRI R 3 2 5 R T A T A R — P AL S o SN S5 n] DAFEAR R E s Jk
JRIVEH Rt g o R R LA N RN AR R B R 43, H AT AR I A
7 B RSP E AP, BRGNS I (PAW) N R R R AP

PR SR AT RHA REESVERTN, BHTEIRE. PG E8v(r) ) Hartree #5119
SRABHS A EAG 1, R S Rk v, 15 BEZ R T 2 AR AR, AR B AL,
HAS TR MM ASHAE T, RBAERIL. A BRI v, 1A EL N
8% % W2 R 25 FE Ll (Local Density Approximation, LDA) ]~ SUBS B0
(Generalized Gradient Approximation, GGA)™*!, 435l by B 755 5 K HoA B 1192 1R

T KS 72 DFT tHEER RS W B T E R, wILs
RAFAR 2 FHERE . B, BEAMELRESH. RS MSEmELE. RN,
DFT A FRESIIS, 7E8EMRMAAS. SMRBR R, JOMEA4AH BRI
SAKUER . BN, ETHE SRS TR, & LDA 5l GGA SZH Rz
BRI Y] DFT #5047 i 5 2 4 LS I0 EAR 50%.. X 88 (1) AT ] g il il 75 %5 B 12 pR 3
W R - I RRAE . FE- O LA FH S R A ELAE T4 DA U

2.2 BREEZEER

1984 4F, Runge 5 Gross UEH] 1 5 I ) SORL1-3 2 W] LAME—Hb kg 7R R 104
HE, H R A 1R B R B HET B T YR T AN (R AR AR S eh, BN
ErI R BB SRR s B R, A A R B eR EL T b i

5E 15 5 FE ] LS B — R A1 B H & i Kohn- Sham (TDKS) J5#E:
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ih%(pi(r, t) = He(r, t)@;(1,6)e v e v e e e e (2.13)
N

n(rt) = Z|goi(r, O s (214)
i=1

LR IS i & He (r, £) ITE R T 58 (2.8)

2
Hy(r,t) = —Zh—sz +v(r,t) + vyn(r, )] + v [n@, O] e s (2.15)

AL eIt A 3w (r, ) B BAATE 2 BEIN TR B A, A4 8 A V5 AR e R i o g A
BENWIFS . JE L, 23R T, [n(r, ©) R AR T3 25 BT A i 200 (1) FEL
WL, ABAESEERR ] o ANATTIE W R 4 Al el Fek AT fg AL Ak 3

padiabatic[y (p )] = vxc[n(r)]|n=n(t) e e e e o e (2.16)

R, 928 #e e BV B K2 LDA B, Al FRHON 26 3R 1805 B2 IR L (ALDAD .
T RS2 s L T K 3~4 Nk, EsiEE i/ N T, BT
TETEZR, AU — SR s sh g

Zm(r,t YAYA
(R, ) — [ 2 )m+§: 14

M,R; = —V,
I ! IRy — 7| 2|R,—R]|

e (217)

Iz
SR (213) K QA pRlfE TR T BT RGNS RIS, MHETH
123 iH TDKS J7 ke, TR 1% 1038 3 BG4 JL i 24 s 5 77 2

R TDKS JrREM 5k R B WiR: 2R MEma SAL] S X TDKS 75 F2 1) St
WAL o AEZAE N7, RS S I H 55 B B AR S (r, £) RIS T AR I 5 I
Wk sv(r,t), HMFHRLMERMC R, W

on(r, w) = fd3 rx(r, 1, @)1, @) e e e o (2.18)

FA AL Z x (r, 7', ) AR R AT 55 X A B MR N pR B AEZ TR, R R
Jort DN s 2 ) 228 {rf L AR B A5 A5 (), 2 B R] DA 206 2R . AR IR
9 SERRIE R A5 B o JE TN NIALA], ARSI . SRS RO B AR
T P SRR AS TR T AR BRI bl o AR, 2R AN, RPEHGE
H A U SS BIE &L, T IR AL PR s Y N WO AR MR, eI ) 75 R
TDKS J5 FE S A6 1) 757277
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TDKS J7 F2 1 sEhf i @ X A (2.13) B, HRERETTU( +
At, OYIBIERS, &N

P(r,t + At) = U(t + AL )P, ) e e e e (2.19)

Hit, RTRUESRAE — R A G I EE 5 TR A 70 KR TDKS JrfE.

Rl H 1 2R e s (o R B I (R) AR AP, X B 5 1 D7 AR AR o ik — 2 T4
NV B U R AL

had —1)n [tHAt t+At
U&-kAat)::ES( nR J' dq."f At T[Hg(t) o Hg(E)] o s e e e (2:20)
- © t

HrpT g HAF. T AE H,  SERHEAL 7 iR AN 206 9 B A R, DAY
A DL R S MR B, 385E F T FE5R % T 2 B A R A I Bl o 1K Fl
JIE BN BRI OGO T A 22 SN i B 28 S B BB G 2 S T A

2.3 FRBRSTENNZF
FERT P R 3RATI 41 1 5 T B2 R R S 2 I B2 R B AL B 2
WORAS I ITH STk, 8 T AR 7B TR S 1Bl el R, IR T A

— MR EL 1B 1%, HRRER LAY NS SR A X TR 730
J1%, EARR BT 55 TR is s ] A AR T, 2 TR SR TN
M RGEZNANP RN R, %7775 R dEH T RS ERESH R i ia 3
THEOL, TEA AP E AR R i T T34 b R flRe . EBEEE )
81, 70 () 25 4T3 1 2% 75 32 A04E Car-Parrinello & Born-Oppenheimer 2] /)% .

LR RN KBRS B REHE R, 72RO 7130 )5 07 X
L F R T2 A0 B & 1i 3h ok i 4 A RUE B R IA , BRIHR SR8 343)
o R ARLE RIS B I S BT A AL B TR B F I B R T R T R TR ek
FEOBRETD I8 TR0, SR C W R IEH IS R H AR Z T F AR L. H
A, ANATTE S RE 2 2 s A0 B 7V, Bl REgfE B & TR L, MR
T Eh N M 2 SRR AL 2R, PIAS T R Gt 1A) I R 4 AR 5 THORIRAE — 7.
Iz AF BRSO A PUE R PR (Trajectory Surface Hopping, TSH)

J2 5% (Ehrenfest) 37720100,
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Tully 7£ 1998 4F4& HHUIE R BB AL (TSH), HZH KS $UIE e 4k &
R

Wa(r, R ) = Z CE ) PET R oo (221)
k

Hrha REF N PEE AR50, AR AR SRR, BT
JUER P GE TARLIFR G RECE . B0 N € 5 TR AT CF I & IS AL T 72
ihC) = Z CH() (Hyj = iR - ) e oo e (2.22)
j
Horrdy 5 k N5 j ANUIEZ A AEA RS T, BRI T T AT IAE
SEWHRTEMRE, ZETFZEshfiReE. RIEs/ PR, WRARMN &
B k SHEGT LA L

Z g <¢< Z N V%)

I<k-1 <k

I LK A — O TERGE, o BENLE, R/NE 0 B 1 22 0]

BT A BEIHIBRIT 1R 3 /) % 07 VA Re 88 BN IE I Hh AR 21 22 B 4% 511k R I A L
ST R, AR M SRR S A AR TS TR S BT R AR
BT EBMVER  SRT, 76 TSH FVEH IR R 52 71 K BT Ak 35 RE T #5211,
TOVE MR A T K 1 54 B T 5 S 34 R T 22 S0l BB K I IR W00 o BT DAL D7 ¥ TV Ak
HMUR A I HLT X AR RIS, EDGHEAL . OGRS e A R — e
(BRI, 7 ZERH Ehrenfest 30 )%

Ehrenfest 3)) /] %% 77 138 1§ Ehrenfest & : &4 5 BT B L X i) 7] ()
SHA LR N

i(A) = ,i([A, H]) + (a—A> et e e (2.24)
dt in at
Hp(A)RETHFANMIEN, HEERGETETT.

TEPRIAIE VR, A DUBR T BT — AN AR A i R S 4, 5381
R R WIS Z)AT M. Ehrenfest 2 ) =R FATE T H AN R 4UECF 4, BRI ARG
BASSE SRR SR A% (383 (B 2.1), I R B & AN R AR 1Y
WOR AR RN, M HUB B 7 1%, Ehrenfest “V-153% 50 )15 5 I3 5 1
GATIH HIHEERUN, B R FLE A0k R 9F B4 ARG EL IR
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B 2.1 REET-ZUE) LR EE,

Figure 2.1 Illustration of mixed quantum-classical dynamics strategies[m].

2.4 EEZEEZEIPILT TDAP hAYSCIR
2.4.1 TDAP #ER

HAT, SCEREA SN2 EEZ BB (ot-TDDFT) [N V8 FE O 2 MR T4
TR RIR R B A T, A Sk 22 5T 92 2% 18] Ik 15 K - T 38 e T
& B e OCTOPUS! ™, SALMON!™ | FpSID!%] ELK FP-LAPW!!%

faray
~3 o

%5 Ehrenfest & 2, AW TH B EIT K T —E S5 2 4 TDAP
(Time Dependent ab initio package) "), I FHIBUE L B IE THUIEMFE N FEE K
FE T eR A . AT T e AN SE 25 (R R T, 17 1R 22 SR A 1 2 240 ol mT AR B
R ARG TSEE, RERNTIHERE. 54, BT RBRIREFIUERTES
BRAS (o3, % T KRR RETEZA M A MR A A IR B E S, AR
REMESRTG TT S B b T e M K a4k . PRIk, FIF] TDAP BERE A [ATREAEL A
T RGN )1 EAE R, B R BRI B RO CRAFIR O i v . PRt
2, REFIEHIRZAR A

. FER—HFREEh, B8 RO E R I BB A IR S L

75, AT PAZE HOGEUR R B R R A% TR BN 1 B OU R
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2. R T ARZBEL A TIRES AT DUE I R T HUE R VR S5 B ROAEE,
SRR PLSCELS A 2 B IO BB AN, B TC R eV WD S |
PRI B RT3 15
3. ZhE I HFH rt-TDDFT R LLAIAR/IN (1 B S AR, e B v B
THEL AR AR HAT R 4B i R OIS AR Bl 2 18] 1 73 A 1 B o
4. fESPRIZAT TDAP I u] DUREREA BT S HEHUE 70 BB R B TH SR s
DAL R R A £ AT R AR o
Rl, 1207 ARG I . A R P2 BT R G A ISR ) R,
MR FNE 77 BT IR e K TR . 35 TR, B RENHH i Cam
Thhe K H LS

2.4.2 TDAPItE 5%

TDAP MIH33E T IR Y SIESTAMY, [/ 2. 2 ik T R 44 52 B8 15 it
WORSBEMRRAER. HRAR (215, EHECSWR M EEMN, AR
f i B A T LR R

hZ
H(rt) = —%Vz + Vepr (1, 8) + Vet (1, 8) v e e e (2.25)

Hofr, o JINHIH R A, R,
N
V() = Z(vi"cal + vEBY + vy [n(r, )] + v [n(r, )] .. ... (2.26)
i=1

v Revf BN TR R AR SRR 7, vy My 737004 Hartree 558
SNUSE

£ TDAP H1, IS [AMR I G2 E (£) 7T LA A BE R v Bl 5 R v i s A
MR T EREMET, MR EH v IIA:

Vert (1) = —E(£) "1 cev vt et e e e it i e e et e e et e v e (2.27)
N T B L R T R AR IR E (O BIR, FTBAER AT [Au € x,y,z =
TN — AN AR Y FL 3
E (), e<x,<L,—¢

E,(rt) = _ E(DL,
2¢e

e e e e (2.28)
, —e<x, < +e
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HorbL, R Ew MR KR, He - 0. EXMIEI T, REHE TSR EE

—NEE T AR R R, IR 75 R R T A RS A &

o AT IRANAEA AR, W DUEEAEAS R TDKS Jy R I 0637 )3 5 v 4
o FHUAHEE A IVEAR R K 23h o 2id A, BRI 63 i R 35

A(t) = —cf E(£)dt wo e ee e e e (2.29)
0
S i 2 ) T XM :
1 e \2
H(r,t) = Z—(p - —A) + V(1) e (2.30)
TEIXPFRALTE R, HIHE (O WPIEITEL AR E IS, @E K& e
E(t) = Eqcos(wt) exp l— (e tZO) l ver e e e e e 2 (2.31)
20
Hiho NG TRER, HIIEEE LN ZE R & KEE,, &% No.
IR TFHIER T, A k SIS S AR R RN
Hig gk = Z e~ Rs (£, (r + Ry + b)|H|E 1 + b)) e . . (2.32)
Siaip = Z =R (£, (r + Ry + b)|Ej5(T + b)) v o . (2.33)

N

fE LA, RAVKRAKKRE, b VPR i E, B RTHE B4
R THIE{E o} 5 R N AT B I (] 36 A4 1 e 85 e R AZ IR R R I A
TDKS 75 F2 R W] 15 135 p& s AL 5 F2 09 -

[k (1, t5)) = exp[—iSE *(t )V Hp(t) At ung (1, £1)) coe vev vee v oo (2.34)
Hlu (1, 6) = @ie(r, D)™ * T AT I IR B praac (r, O W2 TR IIRE 5, ¢ =
(t; +t1)/2, At =t, — t, AWK, JEHAL < 0.05 fs. 1Rty St B A1 A B 1
FLED; LA, AT MRS, (8 = S (ty) o R TS Wis s, 78 /N ]
BN LTI, A H () = (Hie(ty) + Hi(t,)) . ERESRIE, AW

] Crank-Nicholson XU @ H 7 FE (2.33) HHIVHAL LT

— S (tHHE(tHAL /2
1+ lSkl(t )Hk(t’)At/Z R T

FESCBRIH S, 7 e (2.33) WS n DUl s N EYe, N T4k
TSI, S B REE AL B RN A Y, AE A ERER, HAitE

exp[—iSi t(t")H, (t)At] = .(2.35)
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FANETHRIS . R, SR ScalLAPACK 47 F I SR 38 K R P 3feds
e AR,

2.4.3 HEXYESEWITE

W (2.34) HREEE @ )G, TTURE—RIIVELE, TR
WUTRT B R 3 MR I 0 A 50 T G, BRIBUR LT AE Bl 2 8] ) 4 A AT AR
PR EBN S KS PUE ¢, IR H,

CB
1
An,(k,t) = N—k2|(¢n’k(t)|zpnrlk)|2 e (2.36)

BT B AT DS B RO R T I SERHE AL Y

CB BZ

1 2
An,(t) = N_k; Z'(gﬁn‘k(t)'lpn"k)' et et et e e e e (2.37)
S () HA A 2
N
o) = Z'(pn(r, O e (238)
n=1

1R 2 A HOW IR AT R IR N
J() = 211 fﬂ er{qon*(r, OV, (1, 6) — @, (r, OV, (1, O} . ... (2.39)

PR B R S U ) AR SR 55 B PR EL AT o8 L P A 415 2

2

T
HHG(w) = w? f](t)exp(—iwt)dt RN ¢/ 1))
0

FATHIH TDAP W5 1 AR R 1 = OER B AR E P17k
0t R A R R BAAS AR S, CREAERE ORI E T R PRI A4
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Figure 2.2 Flowchart of momentum resolved TDDFT algorithm.
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HIFE —HMN TR RERRIENTE
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3.1 HENEA

AT, FATL Z4E R R “ et (1IL-MoSy) AW, W FEAEN 71 [
MBIV HHG AR, I Ham H AEA L] o

X TR, R MoSy RIUHIMAF MW HEVE . H58, S 8=
I, HLREH AS A IRl B AR N EL B, BN (B N 1.8 eV, i T
2y 23 A P e PR K 2 KO, XA L R LA e i, B
R 2 AR R0 B T BRI T R A R A B R, 2 ok AR R SR 2, B
B RS B I WA R RE S AL . T34k, 1L-MoS, Ik 2% TR U7 [A]
IR ANE, ST T AR A A0 rp ol SISO PR, R [ B ) EIARE 5 1) 73 80 % A B s i
WISHAT 35 DR A R b 1) 7 W AR 2 P i 187 T LA A 36 0 B 47 PR TR K
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Figure 3.1 HHG spectrum from monolayer MoS,"!
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Figure 3.2 Dependence of HHG on crystallographic orientation of monolayer MoS," %, a.
Experimental arrangement for the perpendicular polarization configuration; b. Normalized
high harmonic intensities for the perpendicular configuration; ¢-d. The figures are the same as

a-b, except that the parallel HHG component is measured.
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Figure 3.3 Atomic structure and electronic properties of 1L.-MoS,. a. Atomic structure of
1L-MoS,; with strain along the zigzag (x) direction; b. Band structure of the primitive 1L-MoS,; ¢.

Evolution of band gaps with strain.

R 3.1 HJZ MoS, 18 1% S 8K RERIE B 7 122 4L

Table 3.1 Calculated structural parameters and fundamental band gap for 1L-MoS; as a function

of the applied strain

£ (%) a (A) (Mo-Mo) b (&) (Mo-S) h (A) E, (eV)

-1.4 3.079 2.377 3.128 2.02 (JHEATRR)
0.0 3.123 2.381 3.112 1.94 CE#EZEATED
1.4 3.166 2.386 3.096 1.85 (HEEWHD

N T HFFC 1L-MoS, ) HHG M s, FAT Tt ik Ak 75 a RIFEH 5 zigzag J7 7] )
LmiRre, eI N E I A, KikN

507 et e (B.1)

_ 2
E(t) = Eqcos(wt) exp [— (¢ — &) ] e e
AT R B B AN 2 — IR E A B AN, Blhe = 032 eV, Joik
Eo = 2.24x10° W/cm? . 7E i1 8 o AT K Fl e 3 oS BE ML, B AGe) =
—c [LE (¢)dt', ® = 0. i BEOB L Kohn-Sham 7772153 51
d 1 5\ 2
iawn(r, t) = [% (ﬁ - SA) + V(r, t)] @p(T,t) e (3.2)

5 B[] AR A PR ARONE FRL IR A
1
)© = fﬂ i Z{gon*(r, D70 (n ) — o (r OV (D} .. .. (33)

HHG 1% ] AR 25 B P E AT o8 B P A 4645 21

2

HHG(w) = w? v eee. (34)

T
f J(t) exp (—iwt)dt
0

3.4 Jeeor H It A0 '3 BB A ST 3 HE I RIO0E FRL AL
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Figure 3.4 Laser waveform and induced current. a. Applied electric field; b. Vector potential;
c. Induced electronic currents that are parallel (red) or perpendicular (blue) to the incident

polarization when ¢ = 0.

B, WATEIIEARIN HHG &M A ML sdsE (B 3.1) Axtk.
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T 1 22 S T RESR AN SR IR o 1, SRR HE R R B AR X R HHG @
SHOGHIRATT ), ATRES A TR A BIA—F. Hk, fERAMERY, RAFHE
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Figure 3.5 Comparison between computed and the experimental observed HHG spectra.
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Figure 3.6 Dependence of HHG emission on applied strain. a. Evolution of the normalized HHG
spectrum under tensile and compressive strain; b. The relative change in HHG intensity as a
function of strain for representative harmonics (colored dots) and the linear fit (solid lines); ¢. The

absolute value of the slope for each harmonic.

N T R VE BRI, BATE Se s LR A SR AT R, B AL
B RRER AR 2, R34 63 v (DA 2 e e iy o BIO D1 HE il R AL R g
Hp

de,(k,t) e
PETS hEx!)n(k, ) SRR (< )

Hrhv y B FIRE R, kKN, EXNJti &, me oo mik
RAETT OIS DB R o MR S AR AR PR R A, AR 1 38 32 2 oy DL B g 3 ik
1113 7 B U e PR AR T e LI, 1T T TS e B o b S T 1) S 7 g A (T
3.7) o AT HEEMIT, BATHYE RETT (RO D1 i 5 78 2l s a) o 1 XS AR
YR eI — RAEE K-T-K'J7 A 1§ R R

Unk (t) =

nmax

n(k) = 0, sin(nkd) ..o oo vee e e e e enne .. (3.6)
e(k) = Z Roo 1] €71 47 ) RS ¢ 174
n=0

39



SR T BRSO IR S )15 105 — PR IR BT AT

XH, d AEIRHERL, & K 0,70 BIONER 2 A I RETE CORICRT DL B R IR 2R p
B B[R o FEIX ARG A ER T v, A BUR BN TR R RE)
T AR R S R AR R B A 50, S ey R RBUE = VIR

(@ 3 ®) 19
ZW

= —~

T o )

>\ ~~

5 G

B 3.7 R MoS, fe i (iU DL EL 3%t N MR a. BETFCURICR &R b, DLE R A2 =
Tt 2 3 254 R A4 o

Figure 3.7 Dependence of band dispersion and Berry curvature on applied strain. a. Evolution of

band structure; b. Berry curvature under three strain conditions.
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Figure 3.8 The modulation effect of strain on electronic dynamics. a-b. Fourier series coefficients
of Berry curvature and the lowest conduction band dispersion with strain of —1.4%, 0, 1.4%.
Standard deviations of data points are displayed in the inset; ¢. Number of electrons excited to the
conduction bands during the laser pulse. The inset shows the maximum value of excited electrons
(t = 60 fs) as a function of strain; d-f. False color representation of the momentum space resolved

distribution of the excited electrons at t = 60 fs.
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Figure 3.9 Fitting of the lowest conduction band dispersion for strainless structure by Fourier
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contributions of either odd or even order series.
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Figure 3.10 Relative contributions of intraband and interband transitions. a. Computed
harmonic yields from unstrained 1L-MoS; in the polarization basis perpendicular and parallel
to the linearly polarized excitation; b. The perpendicular and parallel configurations of the
2nd-order harmonic as a function of strain. Herein, the total intensity is normalized to be 1 for

all strain conditions.
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Figure 3.12 Evolution of the band gap at K point with strain induced momentum change in

reciprocal space.
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Figure 3.14 Modulation effects of two-color pulses on HHG. a. Schematic illustration of
1L-MoS, illuminated by two-color pulses; b. Plot of the electric fields of the two-color pulses (red
and blue), and fundamental pulse (black), the curves are shifted for clarify; c. Corresponding

HHG spectra. Vertical arrows mark the position of cutoff energies.
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Figure 3.17 Time-frequency analysis of the HHG spectra. Two relative phase conditions are
shown as examples: a. A@ = 0.5m and b. A¢@ = 1. The black line in each panel represents the
corresponding electric field waveform; e¢. Part of the HHG spectrum that near the second plateau
when A@ = m; d. The temporal profiles of the generated ultrashort pulse which is obtained by

doing inverse Fourier transformation of the shaded area in c.
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Figure 3.18 Dependence of carrier dynamics on relative phases. a. Time evolution of the module of
vector potential. b. The number of electrons excited to the conduction bands; ¢-f. False color
representation of the momentum space resolved distribution of the excited electrons at different

moments.
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Figure 3.19 Number of electrons excited to the selected conduction bands. a. Number of electrons
excited to the selected bands with relative phase A¢@ = m and b. Ag = 0.51. Herein, “CBM” is the
abbreviation of “Conduction Band Minimum”, which has the minimum band index among
conduction bands. Therefore, “CBM-+m to CBM+n” means that the excited electrons are summed
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Figure 4.2 Classification of SWCNs. a. Armchair; b. Zigzag; ¢. Chiral SWCNs; d. Schematic

diagram of the unrolled honeycomb lattice of a SWCN; e. Atomic structure of (5, 3) SWCN.
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Figure 4.3 Atomic structures of semiconducting (10, 0) and metallic (6, 6) SWCNs.
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Figure 4.4 Electronic properties of semi-infinite and one-dimensional SWCNs. a. Normalized
DOS spectra of (10, 0) nanotube; b. Normalized DOS spectra of (6, 6) nanotube; c. Spatial

distribution of charge density pyand pr of (10, 0) nanotube.
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Figure 4.5 Schematic illustration of photoemission from SWCNs.
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Figure 4.6 Optical-field dependent of electron kinetic spectra and photoemission current. a-b.
Electron kinetic spectra for a. semiconducting (10, 0) and b. metallic (6, 6) SWCNs; c. Double

log plot of photoemission current for the two SWCNSs.
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Figure 4.7 Time-frequency analysis of photoemission current under different laser
amplitudes. a-b. F = 0.1 V/A; c-d. F = 0.5 V/A. The black line in each panel represents
the laser waveform, which reaches its maximum strength at ¢ = 15 fs, as indicated by the

vertical dashed line.
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Figure 4.8 Time-evolution of the number of excited electrons in SWCNs under
different laser amplitudes. a. F = 0.1V/A;b. F = 0.5 V/A. The arrows are used the

label the time that most of carriers are excited.
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Figure 4.9 Energy distribution of the excited carriers under different laser amplitudes. a. Energy
distribution of the excited electrons (red) and holes (blue) in (10, 0) nanotube. The grey solid line
is the DOS of the 1D (10, 0) SWCN. The red and blue arrows indicate the peaks of the electronic

and hole’s excitation; b. The results of (6, 6) nanotube.
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Figure 4.10 Energy distribution of the localized occupied states and the corresponding optical

transition probabilities M. a. Semiconducting (10, 0) SWCN. b. Metallic (6, 6) SWCN.
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Figure 4.11 Dependence of photoemission dynamics on electronic structures in
semiconducting and metallic SWCNSs. a-b. Typical band energy dispersion and DOS spectra of
semiconducting and metallic SWCNs; c. Relative contribution of localized states under

moderate (F;) and intense (F,, F, > F;) optical fields.

X 73 B AN B 0 KA H R B M T 1 S g v 2 — o M A LR S R (Fiield
emission patterns) """, IS LRI EIRE, BT LLO HEBRNK A 10 ST S5 M RRAE
R &AM TRk . HATZER S E OS5 AR 2 07 15 BN SR BE R 9 K A8 1) R ST
Pl 5 FLAUOUL L T S5 M S ST A E I BUE B &R . BN, Khazaei 55 N3 HIAH
S — P SR R S 0 R L A B A, AT DR SR R B AR B AN T
ARG RO R P R Oy vk T A DFT HE, 2T
Penn-Plummer 5% & WKB Uifil, BIA T 3R RSEIRE, BT NN &
R o J8Id TDDFT J7isRAR & BT (I B0 25, 7T LUK A 56 1) B RO TE QRS 7 35
[ T RIS XA, 0] DASE E— D Hh g I TR) o3 S ke Pt A (s B U4 10T,

56, FATE TR T AR R IR T A R Bk B T TR RN
KERENE. B 4.12 R TEGRER 0.5 VAR (10, 0) BEMREKE &R
TR R R, ESCNAQ(E) = Q) — Q(0), () Hirshfeld FLfi

68



o 4 & PEERRYURE TR R R

Ao IRWIRN, BRI TR IR G IR KT E BT, I A A e
AT R o B ORI AR RAEE = 15 fs I S5 4)ASAH EU I B Ay 2 JE 2 AR S0
] A, wT AR B, B SR i AR R B AR o 2 RS LAV TA P 5 T
JRB, e R AL L SR N, 3 BOL L R R T K TS &, 57—
JE PR B R T ok 1 ORI ML A, W 4.4 (o) Pon, XEn T8
AEERNEEJLE.

0.10
—— nanotube cap
—— nanotube body
0.05F
£
o
©
I\ 000 ﬂu"unu’\’\
L
(e}
< 0
-0.05}
_ ] | | |
0105 10 20 30 40

Time (fs)
A 412 (10, 0) FEEEFEESEFERNEFEH. @Bt = 151 B 581540
EU IR HE 7 25 B 22 o L 20 8 S 75 €0 AR 3R B fir 85 BEE 1038 2 0l 2> o

Figure 4.12 Dynamic charge evolution of (10, 0) nanotube with laser strength of 0.5 V/A.
The inset shows the charge density differences when ¢ = 15 fs. Here, the red and cyan colors

represent the increase and decrease of charge density.
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Figure 4.13 Dynamic field-emission patterns. a-b. Time-dependent charge density difference
of (6, 6) and (10, 0) SWCNs; c-d. Plots are analogous to b, but corresponding to the partial
states that locate near or far away from the VBM of (10, 0) SWCNSs; e. Experimental

observation of FE images from an individual SWCN with different applied Voltages[lsg].
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Figure 5.1 Schematic band structure and Fermi surface for normal metal and three kinds of
topological semimetals, Dirac semimetal (DSM), Weyl semimetal (WSM) and Node-Line

semimetal (NLSM)[m].
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Figure 5.3 Surface Fermi arcs in Weyl semimetals'"*". a-b. Schemetic illustration of creating a
Weyl semimetal from a massless Dirac fermion via either time-reversal or inversion symmetry

broken; c-e. The surface states of different two-dimensional slices.
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Figure 5.6 Dependence of shift current on laser parameters[zog

I a.Wavelength dependence of the
photocurrent response under linearly polarized excitations; b. Excitation power dependence of

photocurrent response at 4 pm excitation linearly polarzied along the a axis (LP-a), b axis (LP-b),

and right and left circular polarized (RCP and LCP).
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Figure 5.8 Photocurrent in Weyl semimetals”*”’. Relations between photocurrent in a.
centrosymmetric and b. non-centrosymmetric Weyl semimetals. Each Weyl node produces a

photocurrent with chiraiity-dependent (], ) and chiral-independent (J,) components.
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Figure 4.9 Observation of coherent interlayer shear displacements in WTe,
structure of 7,~-WTe,; b. Schematic of ultrafast electron diffraction setup; ¢. Measured diffraction

pattern of WTe; at equilibrium; d. Time trace of Bragg peak (130) at various terahertz polarization;

e. Changes in Bragg peak intensities as a function of time delay.
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Figure 5.10 Atomistic structures of monolayer transition metal dichalcogenides MX,. The black

lines show the unit cells***!
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Figure 5.12 Band structure of T, d—WTez[l%]. a. Band structure of T,-WTe, without SOC. A
fraction of I'-X segment is shown, the point X has coordinates (0.375,0,0); b. Band structure of

T+WTe, with SOC; c¢. One of the four pairs of Weyl points.
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Figure 5.13 Lattice and electronic structures of 7,~WTe,. a. Atomic structure of 7,~WTe,; b. Band

structure of 7,~-WTe; in the vicinity of one Weyl pair.
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Figure 5.14 Laser waveform and excited electrons under LP-a excitaiton. a. Applied electric field
along the in-plane direction of 7;-WTe,; b. The amount of excited electrons (1) upon photoexcitation
from the valence bands to conduction bands with LP-a excitation. After the laser pulse (t = 100 fs),

n = 0.62%.
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Figure 5.15 Carrier excitations in the momentum space. a. Energy distribution of the excited
electrons and holes at hw = 0.6 eV excitation with laser pulse linearly polarized along the a-axis
(LP-a). The red and black arrows indicate the peak of the electronic excitation and the energy
position of WP1, respectively; ¢. Time evolution of the electronic occupation of band-1 and
band-2 under LP-a excitation; b and d are analogous to a and ¢, but are the results when laser

linearly polarized along the b-axis (LP-b).
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Figure 5.16 Orbital-dependent selective excitation in WTe,. a. Band structure along the
high-symmetry lines in the Brillouin zone and the weight of W-5d and Te-5p orbitals. The red dot
represents the position of WP1. Arrows ) and @) show the carrier transitions that near or far
away from the Weyl node; b. The magnification of the band structure along X-I', and with more
detailed atomic orbital information. The red arrows represent the transitions with LP-a and LP-b
excitations with photon energy of 0.6 eV; ¢. Schematics of the chiral selection rule of the y =
+1Weyl node in momentum space; d. Schematics of the orbital-dependent selective excitations

under linearly polarized laser pulses.
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Figure 5.17 Laser polarization dependent photocurrent. a-b. Laser induced current along
a-axis (I,) and b-axis (I,) under LP-a and LP-b excitations; ¢-d. Time integrals of I, and I;

e-f. Charge density differences between ground and excitation states at 50 fs and 150 fs.
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Figure 5.18 Carrier excitation and interlayer shear displacement with photon energy of 1.5 eV.
a. The Waveform of applied laser pulse; b. Schematic illustration of the carrier excitation under
the light field; c. Energy distribution of the excited carriers with LP-a excitation, where the red
and blue arrows denote the peaks of the excited electrons and holes, which locate at the energy
level of 0.8 eV and —0.7 eV, respectively; d. Shear displacements of two layers along b-axis; e

and f are analogous to ¢ and d but under LP-b excitation.
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Figure 5.19 Polarization-anisotropic response of interlayer shear displacement with photon
energy of 0.6 eV. a. Interlayer shear displacement under LP-a excitations; b. Interlayer shear
displacement under LP-b excitations. The inset in each panel shows the corresponding shear

mode.
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Figure 5.20 Interlayer displacements of WTe; along different directions. a-b. The averaged
atomic displacement of one layer along a, b, c-axis under LP-a excitations; c¢-d. The figures are
analogous to a-b, but under LP-b excitation.
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Figure 5.21 Photon-energy dependence of interlayer shear displacement. a-b. Time-evolutions of
interlayer shear displacement of the bottom and the top layer under LP-a excitation; c-d. The
figures are analogous to a-b, but under LP-b excitation. For all the light pulses, the laser duration

and intensity are same as those shown in Fig. 5.14 (a).
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Figure 5.22 Time-dependent position of Weyl points under different laser fields. a. The two
nearest Weyl points in the k, = 0 plane at various shear displacement conditions; b. Schematic

illustration of the number of Weyl points and their separations in the k, = 0 plane.
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Figure 5.23 Phase diagram of laser-driven 7,-WTe, topological phase transition on the

dependence of photon energy hw and incident angle 8.
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