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Abstract

Abstract

It is very important to use appropriate experimental methods to investigate novel
material systems. Time-resolved ultrafast spectroscopy is a very unique experimental
method in condensed matter physics investigation, which uses femtosecond laser beam
to excite and detect the quasiparticle relaxation processes in condensed matters.
Ultrafast spectroscopy has the time resolution of femtosecond, and can detect the
physical processes which cannot be observed by other experimental methods, such as
excited quasiparticle recombination, coherent phonon oscillation, and electron
temperature relaxation. Furthermore, different from the traditional investigation
methods on ground state, ultrafast spectroscopy investigates the behavior and related
information of excited quasiparticles, and can obtain relevant information of excited
states and above Fermi surface. In addition, the bandgap sensitivity, surface sensitivity,
and chirality distinguishable of ultrafast spectroscopy make it superior in studying
various quantum materials.

High temperature superconductors and topological semimetals have attracted
extensive attention due to their unique physical properties and extensive potential on
application, and has become the forefront of condensed matter physics investigations.
However, the superconducting mechanism of high temperature superconductors has not
been revealed so far. Many novel quasiparticles (such as Dirac fermion, Weyl fermion,
and Marjorana fermion) and novel properties (such as quantum hall effect, anomalous
quantum hall effect, and chirality anomalous effect) found in topological semi-metals
have also raised expectations for applications.

In the first part of this thesis, near-infrared time-resolved pump-probe ultrafast
spectroscopy was used to study the quasiparticle ultrafast dynamics and electron-
phonon coupling (EPC) of a novel intercalated iron-based superconductor
(Lio.g4Feo.16)OHFeo.98Se. At low pump fluence, the dynamics of (Lio.s4Feo.16)OHFeo.08Se
consists of two components, namely the fast and the slow components. The fast
component corresponds to the electron-phonon scattering process, and the slow
component corresponds to the phonon-phonon scattering process. By investigating the
temperature dependence of amplitude and lifetime of the slow component, the
superconducting transition is identified and related parameters are determined

successfully. At high pump fluence, we obtain the EPC strength of
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(Lio.s4Feo.16)OHFeo98Se by the fast component lifetime.We clearly distinguish two
previoulsy confused different definitions of EPC strength: 4 and 4a.4. In addition, we
systematically analyze the relationship between the EPC strength and 7. in various iron-
based superconductors, and observe the universal positive relation between EPC
strength and 7., which points out that EPC plays an important role in iron-based
superconductivity.

In the second part of this thesis, the two-color time-resolved ultrafast spectroscopy
was employed to investigate the quasiparticle ultrafast dynamics and EPC of the
topological Weyl semimetal TaAs. The quasiparticle dynamics of TaAs also consists of
two components, corresponding to electro-phonon scattering and phonon-phonon
scattering, with lifetimes of 0.48 ps and 250 ps, respectively. There was no significant
change of dynamics in the temperature range of 7 - 267 K, indicating that TaAs does
not undergo phase transition in this temperature range. At 7 K, the amplitude of both
components increase proportionally with pump fluence, and the corresponding
lifetimes are also positively correlated. The fluence dependence of the fast component
lifetime can be well described by our derived equation which describes the EPC-
mediated quasiparticle relaxation, and the EPC strength information of TaAs is also
obtained. Our polarization angle-dependent experiments also point out the fact of the
in-plane isotropy of the excitation state dynamics of TaAs. Our results complete the
fluence dependence of the dynamics dominated by EPC at medium fluence and verify
that the electron-phonon coupling process in topological materials is similar to that in

other correlated systems.

Key Words: Ultrafast Spectroscopy, Time Resolution, Iron-based Superconductor,

Topological Semimetal, Electron-Phonon Coupling
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Figure 1.5 The temperature dependence of quasiparticle lifetime in Y1.xCaxBa;CuzOr-5
system. it can be seen that the lifetime diverges near the superconducting T¢, which can be well

described by physical model. The black solid curves are fitting results. Four panels correspond to
different doping concentration: (a) x = 0, (b) x = 0.016, (c) x = 0.101, (d) x = 0.132[%2],
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Figure 1.6 The temperature-dependent QP dynamics investigation of single-layer FeSe/SrTiO:s.
(a) and (b): The temperature dependence of the AR/R sighnal in FeSe/STiOs, where the unique
behavior at 68 K indicates the superconducting transition; (c) and (d): the schematic diagram of

the phonon decay channels in FeSe/STiO3 [24,
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Figure 1.7 The CDW oscillation in cuprates. (a) The time-domain CDW oscillation in cuprate
Laz-xSrkCuQy4 system!?®l; (b) The time-domain CDW oscillation in YBa;Cu3Og-s System[?6],
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Figure 1.8 Ultrafast laser-induced transient state and hidden state. (a) The transient

superconductivity characterized by ultrafast terahertz spectrum at 5 ps delay time after middle IR

laser pumpl?71. (b) The hidden order in TaS; induced by pulsed laser at low temperaturel2€l,
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AT WL AR T2 75 70 HE A I, SETT LA T RS E B R e
HSERIREI . 2017 4, Mp3E AR R 22k & th 4R I IE) 23 % 1) XRD AKX ARPES
55T TSR] T FeSe B A Se JiT I Awg R 0 Be A O, Bl
% Se JEFIizsl, MR R FIAMESRS . HAEW e =R OE SR A%
Sz MR EU AR I KT A FEE T (7 1.10) BY, X — G ER T Ay A TR S
GERRIOEIECE e

12



H1E iR

1.2 BETFHEER

PR A7 A AR B SR AW T b s A Y R, AT TR AR ELAE ] ——H s
FAHEAEH (EPC) — i B A AR TR F 2 — 1238, e 4E T )L AT A
R R, AR LA AE B TR B — B2 B KB I 2 i 5t . EPC MY B
M) 7 AR 72 BRI T, L B B 2R B4 #h 5 23R BB A T L AARRISE S T
HIE 2> 5 i 0% & 1 SRR RN SRR T A AR 198 f 5 ANV H¥2 EPC 5
SPGB EVIEE R . &4 1) BCS(Bardeen-Cooper-Schrieffer) ¥ it g H, I
Fe T A T A AR, A0 SR N B R T R s IR R A S
FPEAERT o T AR AT AR, AN 32 BISRIE AT BTN, T ATCHERK
HZ BB, AR T S R A EAE R, s s R 2 B T
(PIREAS, S5 R0 T 1A U5 B R 3G N o 82 m] AR H 1 25080 & 1A R AR AL
K SCH TR G R : 2T EPC 45 HL 1A ZUi B AN Z AT (1+4) 1, EPC
SREET] LUE SN A. TEH A SR, 1 5 SHARENE To BUEA R, A0
b, fEmiiE SR, EPC MAHRIE 2 9 2URE I i 7454, HEP N E &R
S BRI 5 e 2 —B8, EPC 5 AR 2 VBRI R (B IR, (E 43 0T Fup Rk
H1H) EPC oy H

T T T
2300 (a)

(b)

2000 |-
G =04x10"7 Wm3K

1500

1000 - .

G =0.4x1017 W/m3K

Electron Temperature (K)

soor 1.0 Q.6
300 /. 1.21

B T T T T 1
380 - 1 "

360

340 ‘

Lattice Temperature (K)

320 -

G =04x1017 Wm3K
300l, . I B | |
1 2 3 4 5 6

Delay Time (ps)
B 111 HE A Al P T T G5 A AL,

Figure 1.11 Numerically simulated temporal evolution of electron and lattice temperature [*,
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Figure 1.12 The resistivity-temperature curves of Las.xBaxCusOs(s-y) System(*3l,
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Figure 1.13 The lattice structure and electron phase diagram of cuprate superconductors. (a) The

lattice strucuture of cuprates, (b) the phase diagram of cuprates!*.
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Figure 1.14 The lattice structure and superconducting phase diagram of LaOFeAs. (a) The crystal
structure of LaFeAs parent compound. (b) The XRD patterns of LaFeAsO parent compound and

LaFeAsOoq.05F0.05, respectively. (c) The superconducting phase diagram of LaFeAsO1.«Fx49l.
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Figure 1.15 The comparison of phase diagrams between cuprates and iron-based superconductors.
(a) Doping phase diagram of cuprates. (b) Doping phase diagram of iron-based

superconductorsf®4.
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Figure 1.16 The lattice structures of several iron-based superconductors. (a) LaOFeAs™ 9, (b)
BaFeAsk, (c) LiFeAsk, and (d) FeSel.
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Figure 1.17 The typical band structure and Ferimi surface of iron-based superconductors. (a) The
ARPES measurement along high symmetry directions of LaOFePl, (b) Fermi surface geometry
of LaOFeP!®, (c) The normal state band structure of KFe,Se,[%¢l. (d) Fermi surface structure of
Ko.gFe2Selsl,
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Figure 1.18 The illustration of sample stacking, real space morphology and scanning tunning

spectrum characterization[©°,
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Figure 1.19 The ARPES investigations on mololayer FeSe. (a) The Fermi surface of monolayer
FeSel’l, (b) The electron density of states around I' and M points!’l. (c) The angle-dependence of

SC gapl™l. (d) The SC gap at different temperatures(”l. (e) Temperature dependence of gap

sizel™],
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Figure 1.20 The relationship between iron-based superconductors and electrophonon coupling. (a)
The isotopic effect of SmFeAsOg ss5Fo.15 and Bag sKo.aFe2As1l. (b) Comparison of F-K phonon
strength and superconducting energy gap size on FeSe thin films[®4],
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Figure 1.21 Theoretical prediction of TaAs. (a) The calculated band structure of TaAs without the
spin-orbit coupling. (b) The calculated band structure of TaAs including the spin-orbit coupling.
(c) Crystal structure of TaAs. (d) Nodal rings and Weyl points in momentum space. (e), (f) The

Berry curvature distribution at k, = 0 and 0.592x planes, respectively!®l.
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Figure 1.22 ARPES measurement of TaAs single crystal. () Optical characterization of TaAs
single crystal. (b) Schematic diagram of Fermi arc and Weyl points at surface. (c) Fermi arc
measurement and corresponding schematic diagram!*H, (d), (e) Observation of Weyl cones W1
and W2 by using soft X-ray ARPESI[®],
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Figure 1.23 Transport measurement of TaAs. (a) Magnetoresistance measurements with different
angles. (b) Magnetoresistance measurements with different temperatures. (c) Hall resistivity
measured from 2 to 300 K. The lower-left and the upper-right insets show the Hall resistivity at 2
and 300 K, respectively. (d) Oscillatory components of px at 1.8 K, obtained by subtracting the pxx
at 20 K. The open circles are the experimental data, and the red line is the best fit of two

oscillatory frequency components®4.
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Figure 1.24 The ARPES investigation on CosSn,S; single crystal. (a) The measured plane and
corresponding photoemission intensity distribution. (b) Photoemission spectrum along two high-

symmetry directions. (c) The band structure around the Weyl point. (d) Illustration of the in situ
electron doping (e) Photoemission characterization around Weyl point after doping(®6l.
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Figure 2.1 The lattice structures of various kinds of iron-based superconductors. They have

superconductivity layers with the same structurel®7,
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Figure 2.2 The lattice structure and transport characaterization of (Li1-«Fex)OHFe1.ySe. (a) Lattice
structure of (Lii.xFex)OHFe1ySe. (b) The susceptibitliy of (LiixFex)OHFe1.,Se, where the open
and solid circles are non-zero cooling and zero cooling result!®®l, (c) Transport measurement with
c-axis magnetic field. (d) Transport measurement with ab-plane magnetic field. (e) Temperature-

dependent critical field with c-axis or ab-plane direction[1%],
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Figure 2.3 The crystal and Fermi surface structures of several FeSe-based superconductors. The

layer distance increases from left to right, where the continuity can be observed®1:101,102,104,105]
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Figure 2.4 The basic characterization of (Lio.ssFeo.16)OHFeo 9sSe sample. (a) The susceptibility
measurement of (Lio.saFeo.16)OHFeo 98Se, illustrating the SC T at about 40 K. Inset: sketch of
sample and holder. (b) Single crystal XRD parttern, demonstrating the decent monocrystalline

result, where the top surface is (001) facet.
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Figure 2.5 Ultrafast QP dynamics in (Lio.ssFeo.16)OHFeo9sSe. (a) Normalized time-resolved
differential reflectivity AR/R at different temperatures (offset for clarity). Spheres: scanning data
below SC T¢; open circles: scanning data above SC T¢; solid curves: 2-exponential fittings. (b)
Schematic lattice structure with P4/nmm symmetry. (c) Colormap of AR/R as a function of both

the probe beam delay time and temperature. The color change at 40 K reveals a likely SC phase

transition (indicated by a white dashed line).
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Figure 2.6 Quantitative QP dynamic evidence of the SC phase transition. (a, b) Amplitude Agast
and lifetime zrast Of the fast relaxation component and their temperature dependence. (c, d)
Amplitude Asiow and lifetime zsi0w Of the slow relaxation component and their temperature

dependence. Inset: thermal carrier density. Red solid curves in (c) and (d): theoretical data fitting
based on the phenomenological Rothwarf-Taylor model. Dashed curves in (a) and (b): guides to

the eyes. Red vertical bars in (c) and (d): temperature region where SC phase transition occurs.
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Figure 2.7 Weak detection condition. (a) Fluence dependence of the differential reflectivity
(AR/R) at 6 K. Solid curves: visual guides. (b) Fluence dependence of |AR/R|max Obtained from (a)
for various temperatures (offset for clarity). Dashed lines: the fitted curves with a slope of 1. Gray

vertical line: laser fluence used to obtain the QP dynamics data.
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Figure 2.8 Fluence thresholds of AR/Rmax at different laser repetition rates. The repetition rate
values are in red. (a) Taken from Fig. 2.7(b). (b) Adapted from ref. [111]. (c) Adapted from ref.

[112]. The threshold values are taken when the linear dependence yields to the saturation.
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Figure 2.9 Fluence threshold distributions depending on the repetition rates. The numbers in the
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effect in the material, which is less in an experiment with a lower repetition rate.
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Figure 2.10 The QP dynamics and coherent optical phonon at high fluence. (a) A typical time-
resolved coherent optical phonon vibration at 7 K, which is superimposed on the electronic
relaxation. Inset: the fast Fourier transform result showing a clear peak at 5.11 THz. (b) Extracted
phonon oscillations at several temperatures. (c-e) Temperature dependence of the phonon
amplitude, frequency, and lifetime. Dashed curves: visual guides. Solid curves: fitted results of
anharmonic decay. Insets in (c-e): magnified views (c, d) and the corresponding phonon decay rate

(©).
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Figure 2.11 Temperature dependence of the QP dynamics at 2.2 mJ/cm?. (a) The scanning traces
at several typical temperatures. The blue short-dashed curves are single-exponential fits of the

electronic ultrafast dynamics (fast component). (b) The temperature dependence of QP lifetime.

(c) Temperature dependent static reflectivity.
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Figure 2.12 Fluence dependence of zr.s at relatively high fluence regime. (a) The normalized
fluence-dependent QP dynamics at 8 K. (b) The curve fitting of the dynamics, where the
experimental data and responding fit has the same color. (c) The fluence dependence of zsst, and

the dashed curve is the extension of solid curve.
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.[—H:n ﬁ:

L e s S — @1

— BRI AR B IR E C A IRE . BarxKuFe2As: 5 EIREN 26
nmit, FeSe [ 5B 1R Y 24-26 nmlt061831, S b A [ S 70 (i gk S S 4k 1 o
EURFEFEAMF . HH T (Lio.ssFeo.1s) OHFeo.08Se a2 ELAT AL A% A FE S5 44 1 4
RIS, FRAME T 2B IR A BarKyFe2Asz L& FeSe 2L, FATTHL Is
=25nm,

5 (Lio saFeo16) OHFeo 98Se S 2143 WM, BRAZATBHI R H FF A
PR, WO R B BRI 2 R A 18 RS BUR I R TRV AR
ATAEACIR T T A2 KA (Lio.saFeo.16) OHFeo.0sSe 1 /2 1 i ) 800 nm [ [ it K,
NR=0.31,

AV T R R ThAR 5 (2.2 mdem?)AEIRE N 7 K I 15 Teo FRA1
FRAEHRAE ) STk, Attt (Lio.saFeo16)OHFeo0sSe R HL T-Eb# R % « = 100 mJ mol-
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2(1-R)F 2
T = -|-L2+(—)e—2“s ~ (548.5+ T ) K e (2.12)
1074

KVIS

RANTL=7TK, 153 Te=5485K. 4, 12)RAIHEHABEET
K213, ATULES], TLRABLHASEE T (I ER L. 2 TORIEH, T&
A Y
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Figure 2.13 The T, dependence of Te in (Lio.ssFeo.16)OHFeg 98Se. This curve is plotted according

to Eq. (2.12). It can be seen that T is nearly a constant at a low temperature.

2.4.3 BETFIME

St T35 EPC 98, AR M5 SR EE . & fluence L, BT %
AR PR B2 Ak, I AT LIS BIR B 2 A TR« BATE e 4R A I8
TN R, SO T IRG AT 20T o 1235 (e FEL A 4 2 R s OO
FN5.11THz (B 21.2meV 8¢ 171 cmY), X—HiR 5 H 8 IEE FARE) A T
S Aoy P M R RAT TR R AR T2 5 VAR Se JEFIF Agg 2.
T FIIRIGTER R 2 cos(Qu) IR, Ut B 75 1 RS LTI AL 1290,
FRATTHG A [F UL E 1 75 TR SR B SR LA, RTLAE B, 75 1 IR b o i 7
A BTG, IF AR L T R M. d—20Hh, FRATH e FRECEII = A
ARG FIRY, REMTAREFENSEIRERBOC R 5T IIRIE.
KR LA 2.10(c-e). H FHRIELE 0-140 K L&A B 481k, £ 140K DL L
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LRI/ s 7T AIRRAE AR BV Y LA LU R 5 7, T
i R AR 78 R S AR T AN B . A TR RN, Ry Q 1
PP 2T B BRIy QU2 s TR ] 2.10(c-e) ik, 7E 100-180 K
PR3 P 5 B PR 94 LB B S M AR AR R o M T A5 75 T 0 1 P 1k A s 1 KA1
(AR I S B0 (S HERL -3 ) 2 1 SE 3R ) R T SER (BN, 3F BB IRE R A2 3D).

2.4.4 JRISEPCIEE A

BT UL ES 3, FATAT ALE S bR B UK DL 55 pump fluence 1% 3L T 3R
1% EPC 9 Ao AT EHE Agg B TR 5Tk, 175 7% 5.11 THz  (R]
21.2meV B 171 cm™) . fit, ET@LDXMUER&ESE, A11FF] dagg = 0.22
+0.04.

2.5 X7 A F Anyy

RN, BRATRERT A A5 FIX—35%, JFEAEREZS Tt
& PEAFDR I TCRT S K o B E AT AR, T H AT — R U EPC 38 2
FE IR, NTIEBATE IR an RIATH IR ) Arg 75 5% (21.2 meV)
RN A BITHRE AR, JATHA] LAFRAF — 444 L EPC 52 % Ja,, = 0.22 £0.04, EM
—LE kY EPC BRFE 4 M SURA—FER . ARIEARN(2.1), ERBIEIERX
A TE S IR EARNTT (R B AR BX — AR,
ARIAT R FELE, Aa, W2 SUELER FEREIT  h 2w iRiE, A
HAFFHRFS A RFoR, FECLIEX 424106119,

AT, Aasg F1 A FMESEPR F2 AT AR RN, DCHAE T 75 T AR )k
HUo #RERSZIG T, HEENE N 1<Q?>, A PE 5 PR R t. 78
PR TAE, WMAETESER A<l / <Q2 > B0, Allen-Dynes J7 245 4 il i St 54 i 5t
AMELZ TG /2 BCS AU SAARN), 5% 07 78 i — A FH B AT 35 1 0] s 1A
Quog KA PRI T 4%, FATHOR A% TARAE N 2 PR, Tl
A A<Q? > =)<Quog® > =AQuog®> TESLEEAL |, FRAVRBE 1<Q? > = Jag <Qarg? > =
AnigQatg? (Qaig N A P THIED o Ik, Aaig M1 2R R

AA1g FA(Qog? /QALGY) weveeeeeeneereees s . (2.13)
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RAE2.13)70, X FH— DI T, WERFIE Qiog M1 Qarg, A4 AT LA
IRYE A 133 darge FoATEIT (2.13)FLHL T — LE B ELHE SR Aarg MM . HAKEL
HNE 2.1,

FEIX B, AT T A BT, WX T dag Al Ao FATRIL:
(L)L X 53 A BT 4, FRATIAE RS LUBLIF Hb 3 7 LB S B 25 R 5 B v B 45
(2) An, FMEHS R IE T SEBR A IR, IR Z ISR L (3) EAFERIIZ, Aa, M
235 Te RIVH IEAHSEE, (BIEXZRT, Aa, M A S5 RET RIBEE—EHEE
(Ry, AR — IR A DS B R I

R 2.1 G A OELE IR Ay

Table 2.1 Retrieving 4a;4 from the theoretical 4 values

Material Qiog (cm™) y) Qaig (cm™) (Quog/ Qatg)? AAlg T(K)
FeSe 1130631 0.171631 1800117 0.394 0.067 8
NaFeAs 1001121 0.270121 1630122] 0.376 0.1 9

FeSeosTeo.s 11001231 0.301231 170 0.419 0.13 14.5
LaFe1.85sA500.875F0.125 141021 0.35 20101131 0.46 0.160124 26
CaFe1.35Co00.15As2 1070123 0.36[123] 18911141 0.321 0.115 16
LiFeAs 1200121 0.2901211 1850126 0.42 0.12 18
KxFe:Se: 12501271 0.340127] 17411281 0.516 0.175 30
Bao.cKo.sFe2As2 12411291 0.470129] 18711301 0.44 0.207 38

2.6 EPCEHEBSHHTEIER

AT AR, EPC 1E4RF 8 J Y () ok il s h e 5 U AR, g
RAE BRI Z rp 248088 PR BL, JRATT5 R BT A I B Sk . AR E
ZMARE (1% I R Bk I8 AR Te A1 Aag, 36 F 76 1] 2.14 Ff (ELAARMR L2
2.2). 9T B B TS R R SR 5 R I R G 22 e, B 3 A SR e U 4
P PIEIEIRAFI Aay (8 CELFEISIA] 203 ARPES, FHALGERAIT SRR . AR
MISEIRAS 2 (1) 3 AN A K [24,106,119,131-133HRIE 45 ) , DL FRIG L,
[63.121,123-125127.129) (Fi] i (s BRAR RN 7 BRERR) o VTR, H AP (9 — B 50408 02 H Aang
=)(Quog? /Qa1g?) T R AFH o HEAL, BATINT FerosTeosSeo2 (Te =10 K)F Feyo1 TeosSeo.
(Te = 13.5 K) S b AT BEPROGIE SESS, SRA 7 AISCRR[134]4H R ) se g 26, 79
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FIXFANRE S I HERL T 75 A 42 514 0.31 £0.05 ps A1 0.27 +0.05ps, [AIFEARHE(2.5)
3 #33 FevosTeosSeo2 M1 Fero1TeosSeo2 ) Aay, {8 737179 0.11 £0.03 1 0.13 +0.03
(E2.15) o dbh, ATEERF o 1 SCHR[106] P Hit FeSe HUMERL T2 )55k

fi, X )R BB, WE R ARG Y 2.04 ps, HETTRE Aay, (EAZIE Y 0.14.
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€, 15)OHFe, (;Se (this work)

0.98

LaFe1 BAASOO,BTSFO 125 / g K Fez'sez' 0 4Fe2Asz
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<BaF
Fei 019Ca s
(this work) /4
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B 2.14 BI85k EPC SE 5B S T 2IEMC. LEROTY): EFBIOLIES R
FeSe (FeAs)ilt 714 1 Aaqq (BUIHERATSLIRAF 2 3 M HE s L [2[24,106,119,131-133]3iE )
4iR). WEEIROTHR): ETHIB RIS EIH) FeSe (FeAs)H - K1) Ay, [63,121,123-
125,127,129]. K EIR(THL): BT EBTHEAS BT FeSe (FeAs) 1. #r (e to) 2k
Allen-Dynes AR IMESIER, A dagg DF Qayy (Quog)e  F EIEEFT KRR 4 13 Anygs
RZ TN

Figure 2.14 Positive correlation between the EPC strength 4a,4 (4) and SC T in iron-based

superconductors. Red spheres (squares): ultrafast spectroscopy results of FeSe (FeAs)-based
superconductors [three data from this work,[24,106,119,131-133]]. Blue sphere (squares):
retrieved theoretical calculation results of FeSe (FeAs)-based superconductors [63,121,123-
125,127,129]. Light gray spheres (squares): theoretical results of 4 for FeSe (FeAs)-based
superconductors. Pink (orange) curve: ansatz modified version of Allen-Dynes formula using 4a;,

(4) and QAlg (Qiog). White dashed arrows: indications of retrieving Aa1q from 2, or vise versa.
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Figure 2.15 Ultrafast dynamics of Fe1.05TeosSeo.2 and Fe101TeosSeo2. (a) The scanning trace
of Fe1.0sTeosSeo2 at 9.8 K. (b) The y-axis logarithmic scale plot of the same data shown in (a).
The red solid lines are guides to the eyes for the multi-components of the dynamics. (c) The
scanning trace of Fe101TeosSeo2 at 10 K. The red solid curves in (a) and (c) are fitted curves with
multi-exponential functions. The inset figures are the corresponding zoom-in views. The fast

components are marked by blue circles.
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ERESNRE, A EdE A0 T’ 2.4 ok G & oy o g sk
SUXIRAN, R Te 5 Any BIEAHKK R ORISR FET da, FT Qay, KB BRI
Allen-Dynes A0, Jirh Qaug RS AR BT SRR 7T HCN 176

cmt:

_1.5Q 1.04(1+652, ) »
- - 6.52,% o (1+O-62X6_5}LA19 ) ........................ (2.14)

[FIRE AL AT LUK 2 FIFRIR S R E e R 2.14 (LUK IR (7 Heakisk ik
R), IXEEHE AL T A DR B O RR T AR S IX AR (T 4 I Quog
(1) Allen-Dynes 22U 75— MBS, HH Quog B 120 em'™:

L 2819, {_ 1.04(1+2.72) }
‘ 1.2 2.72-u" (1+0.62><2.7Z)

BT ASCAHHLIX 53 T Aag BT 4, I HRGHE S T & RB 5 TR EPC
SEAE, PRIEFRATT AT AR R A (MBS ISR BG 45 R, f SR B AR 1 Te A1 Aag(A)
ARG . FRENE R, IEAHCIIE R A S (fi A2 Allen-Dynes A1)
A RmEEMKI. Xt Allen-Dynes 2 30 FIE I /] LUER B A [ S2536 77752
IR R RGIMRZE . B0, FETA-PETUR S EIR Tt R S 4 R 53 T
ST HEAS B BE 5 1 S 45 SR IR) T REAFLE R G MEZE 5

R 2.2 & 2.14 PERILE RN To M Aayg HIMH

Table 2.2 The Tc and /4,4 Values of iron-based superconductors in Fig. 2.14

Superconductors T (K) i Alg
Bulk FeSe gL51] 0.07 #*A[63]
Bulk FeSe /[51] 0.14 #*a1106]

NaFeAs 9l57] 0.1 ®®An21)
Fer.osSeo2Teos 10 0.11 +£0.03
Fei.01Se0.2Teo.s 13.5 0.13+0.03

FeSeosTeos 14.50135] 0.13 ##A023]

LiFeAs 180521 0.12 ®#®A[21]

CaFe;.35Co00.15As: 200125) 0.115 ®*A02s)

BaFe;.35C00.15As2 230133] 0.1250133]
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BaFe1.84C00.16A82 2411191 0.120119
BaFe1.55Co0.15A52 25031] 0.161131 :
LaFe1.35A500.875F0.125 2641 0.16!124]
KiFexSe; 30!105) 0.175 %5 127
BayKo.4Fe:As; 381501 0.21 #HA029]

(Lio.s4Feo.16)OHFeg 9sSe 30.7+0.5 0.22+0.04

1UC FeSe/SrTiO3 68(-5/+2)24] 0.48024]
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Figure 2.16 The EPC can be affected by modifications in the electronic states, phonons, or both.
The electronic states can be affected by doping, gating, magnetic field, spin ordering, charge

ordering, spin-orbit coupling, etc.; the phonons can be affected by doping, high pressure, spin-

lattice coupling, orbit-lattice coupling, ion injection, etc.

ERERNZ, SR 502 S A2 2588 S A H IR M X P F
Allen-Dynes A3\;  FeSe fl FeAs i FAHIBEERMSEM SR (B 2.14) . X—4
gL, A AN BRI SR T e B LR A 3R, 7EIX 2 EPC
RIEEWVER . FATHEN, BRI SR EPC ATREFIfE SE1) EPC f71EIX
Ao BEAL, FATFHAHERR A BAFE A X SRR (Bhn, E e BAR
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JH 5 L £ R o) P BB SR A 5 A R RS EPC) (181 2.16) o W&l 2.16 i
N SFRREORAS . TR SRR B s R A RS T, B
WH. B EPC SREIAR. B, EATW AT RE LATAIRE ) 7 i
SN EPC SRS SRCIAIES Teo MUk, TEHERRA FAENBCN B K Z AT, Briefr
YAt 7t EPC.

I SRR HLERR 707 T, A6 VF 2 10 SESG A BB 78 50 ) A B ek
VR ERESE T IRC IR, 0 SR R A S 1 T A 1 S A X T X i A LT 7,
RFAGIERE PR P B R R 58S To BRI M, dhp B L RIEREE S T
TEAR GRS . X e I0 W T AR L 1T ik 7 RO 3 IR B R RN BRI A%
Uk Sk 1) BCS BB SR AR SR, A Z — RS HFAE I 45 10 (1 SE B0 TE 4 1371,
1 ., FESE5G i SR RS B Bk VA BEAE fh AR, TS 8 H R R A R
AR AL HERR F S AR A TR, SRR Y o i, 7EREER SRR R
Hh LG AR BRI - i AR ELAE 2831, sk 74 1 AR A AR Pl e S B0 TR A
FERIAR L, T TR . HRTER, XMmgette e e mEm.

LRI ), FRATTIN () AN K AT e Fo A R A i i - 6 1 A8 A (BT
AN, JEREAE: (D)ERRATR SRR, FRATE A H 13k 9k ' pump-probe #4)
Y, T ) RS B ORI B AT DR B0 ) 5 22 75 ) s (2) 75 A HAR T X
KR 575 A AT AR R HIAN R, 3% T DA FRAT TR I 7] 23 0 2 rh g [X 70 i SR o T
BATA MR — MRS, 456 fluence WBISEES AT DARE, P& R g2
EPC 5121 Q) EAERFARWRE L E (— /T 160 K) =R, H
BN TR G P T AR AL

2.7 INEE

I sk S ] 43 HEAT 214 pump-probe U7 ik, AT R G HUAE T T BRI E K
(Lio.saFeo16)OHFeq0sSe MRS 115 . FRATTFE (Lio.saFeo16)OHFeo.0sSe iy A 2
B TN o, R RN TR A RS, B BN T A AT
B o AR LA H] 40 KIS, 1875 i mE g g, RN A ar I 17 ORE, X
T BT ) R A R T AR I R S BRI S AT S . A RT B S187 &
(Rome B R Ay, A3 2] T (LiossFeo1s)OHFeogsSe IR G HEARIRE A 39.7 £0.5
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K, AR AO) = 14.3 £ 1.2 meV. [, HRIEEF fluence FRIET3h 1%, &
14331 1 (LiosaFeo1s)OHFeo.ssSe 1] EPC 5%y Aaig = 0.22 +0.04. FATEH RIX 73
TR LKA IR IE I WP EPC 3R 1 5E LA FH Aaygo 13T HLE & R ERILIEE SR (1
EPC SRAEAE'T Te, ATKIMAEGREEM T rh 33 2 EAHOC, AT 7L
25 LR U L S ARG P RETE BRI 3 R O A
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$F3F Weyl ¥&R TaAs R FEIHFERBEFEESWR

3.1 XN

Weyl L& RAEABIA R TAE, RO TV 2 MAFRRIMER, 0w
RO RN R AL, e (B 3.0 B2, Hoh, TaAs & —FPgialfy
FERENE Weyl 48, EERIP A LARERE, HESDESHHEA 12 X4
T B MR TR Weyl s, K2 TaAs JEREVERIRE &1, H s 74544 7] LA
# ARPES Il &M, Hig MLLAM G e R B, TaAs 1 H TP 5 7E 5-300 K i
WEE HILRAE . TaAs MZLAMEREBE L R B TaAs 16 HL5 % A6 %5 (1 Drude 1
S AT %R f B B 2R PE A5 2, L Drude % 5 53R 8 52 T2 52 R4, ik
WL IER B TaAs HA KM IR 24042, SR, H Ak TaAs [ 5 &
TUARRTEHEEAM B 6T TaAs BB AR, FEREEMsh =i,
KB FAIRR IS, RO, AT T & @ r@tan 1%, i
U= RN R 20 ) A 2 S T IMARIEO S Bk T PR A A AR
(451, SR, HATA TaAs HHARIRAERL 73 /1 % AKIR T EPC BIRF TSR D,
X R SR8 =

BESR VRN 14 )8 TaAs FIZESLE M HATCATERE, I AR M2
BRAEHERLT 2 1% LA FTRIINE ? 2 5 A H 8 158 R R G A 7T E e 2
Hoth g AR 2 I fe KB EPC WE ? A T it b3k 1), FRATTR I 18] 43 3% pump-
probe PG AT T 4 Fh Weyl -4 )8 TaAs. FATKIL, TaAs [H13)7)% H
PN 7398 0.48 ps AT 250 ps B B2 . FRATT A A 9T T 31 ) 5 Bl IR R A
pump fluence FIfKHIE R, 3K15 T TaAs 1) EPC ﬁfﬁ%%‘ﬁ@"')/(mz ~5.2 pst,
I FLI A F 53 o 2R R X ) A R BT 9 T Ry B A S R S R P Ik
Foo BUAL, FRATTIA I s 50 SIS0 L 5% 1) 17 T A % T [ 2 e R sl g 2 e Rz 12461
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Figure 3.1 The detected photocurrent in TaAs single crystal and corresponding schematic diagram

of physical principles°l,

3.2 LWIERMmIRIE

FEFATR L5 b, FRATEEH 7 i Ky 800 nm. ik i 2 70 fs,
WA 250 KHz BBk EOG . pump Y& i (wil BRI S AR50, LT REE
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AL A, DR A U KAL) AT DA 4 1 g 8P 28 422 A0 A I pumip S DASR w5 £ 1
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R, FEROCHEEARD BN 74 F1 70 um (ALK 1e? 585 B E X, B
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Figure 3.2 XRD pattern of our TaAs single crystal. Left inset: the red and blue arrows mark the
measured sample surfaces, respectively. The white area on the sample surface is due to the
reflection of the illumination. We probe the darker area enclosed by a closed white edge. Right

inset: zoom-in view of (206) facet diffraction peaks.
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Figure 3.3 The QP dynamics of TaAs at different temperatures. (a) Relative differential

reflectivity of TaAs at different temperatures. Inset: schematic crystal structure of TaAs. (b)

Zoom-in view of the scanning traces of the initial dynamics. Inset: optical microscope image of

our TaAs single crystal.
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Figure 3.4 Temperature dependence of the amplitudes and lifetimes of the two components. They

are obtained by fitting the data in Fig. 3.3. (2) Afast, (D) 7fast, (C) Asiow, and (d) zsiow. Inset: scanning
trace at 7 K and the corresponding fitting curve.
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Figure 3.5 Pump fluence dependence of the ultrafast dynamics at 7 K. (a) Normalized AR/R
scanning traces under various fluence excitations. (b) Zoom-in view of the scanning traces in (a).
Inset: pump fluence dependence of |AR/R|max, Where the red line is a linear fitting. Color change

(from black to red) marks the increasing pump fluence.
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Figure 3.6 Pump fluence dependence of the fast and slow components at 7 K. (a) Atast, (b) zfast, (C)

Asiow, and (d) zsiow. Red solid lines in (a)&(c): linear fitting of data, excluding the point at 342
wJlem?. Red solid curve in (b): fitting result using Eq. (3.11).

B ROk, TRATE 3.6 (b) IR AT 72 B W7, 7 S AERS 2704 3 EPC 3%
RS B, TRATTZETS SAGIA | B RS, ZEI A SO,
BHE R T SO AR 7575 T2 M MO B 1, % Bl 7 % L E ¢
FRRIIT ). 7ESEIREAR, B F9RA 18 R 40 pump fluence R85, #1473 Allen
R (50 EPC (AT A, AR (1/7=302(02)/ 2k,T,) HEAIEIH 2

PHEIRZESRAK GEEHERARLE Te > >0 AR, Hd oo REFEEE, TaAs
P R BE O = 352 KIM47), B H Te>>0p, — k1t 55 E 48 pump fluence £ mJ
[ em? DL ) o AT wRIXAN A, AT E R R, B0 IR R

62



3 & Weyl ¥&JE TaAs IR T30 1122 K i FAR A WL

% fluence T2 T (— M, KT 1 md/em? A N2 5 fluence, /NF 1w/ cm?
BN MK fluence) YHERE ¥t AT EPC 3RIEI K R .

EMER BT, pump BOGIKMU AR T BUR BIRUK S, SRS B iR
JE Te izt T i IR Too ZJEWORSHERL TR RE R (E = U2xTOMLBE T, 5
JRT KA RER A o B, IR LUK AR TR B A HE ) B Ah BE B I ot B TRl L S
S5 aEE]

[

oE _o(WT) _ et

. a a
= 27NN (&) [ dQa’F (Q)(Q) [N(QT)=N(QT,)] v (32)
=7zN:N (5F)IO 2dQa’F (Q)(hQ)Z{ehQ/an _1_ kT, _]J

Forbr Ne AFE IR B B R, N(er) AR IR AR S A B IR AE 2 K T b e )
BDELE, QB TR, PR QNHEE TG IERE, y N TILARY
Y\ NN OO (3.3)
XHT EPC MGk, A

a’F (Q) o

j: 240 "= Q) (3.4)

Rk, a8k (3.4) AN (3.2) I ALlA A

1 1 1 1 1 1 (3.5)
" keT _1_ e"keTe _q = g sT _1_ e"keTe _q * MkeT _1_ oMeTe _q '

CIYEE]

ek _q - elkeTe _ 1

T, - 1 1
4 wNCN(gF)(jO 2an2F(Q)/Q-hZQ3)< > oo

1 1
~ 7NN (& ) A7° <QS>|:eh<Q>/kBT,_ T1 oMk, _J

Forpt (Q) T 75 T4k,

1 o7
U5, R AR TEE A B ate o MRHER.6)x, FATAT LIS 2
e L
_ﬂNCN(gF)ﬂ,(Qs)hz[ 1 B 1 } .
7/T - 7/Te (Te —TL) eh<Q>/kBTe _1 eh<Q>/kBTL _1 ........................ ( . )

63



(Lio.s4Feo_16) OHFeq.055e *u TaAs E‘J/ﬁ*ﬁ%ﬁ]ﬁ%& Eﬁ%%*&a%

X T A 45 fluence YEE, Te —MKAEAR] 100 K &%, KL Te>> T, Te-TL=
Te. 456(3.3)=AF((3.7)x0, A2

3A<§23>h2 1 1 38)
VY = JZ'k;TeZ eh<Q>/kBTe _1— eh<9>/kBTL T | ——— .

WORASHERL T 776 trast AT ANGBTRIR AR pr BOEIE R, FATAT AR 21
1

31<Q3>h2[ 1 1 }

2k2T2 | Mk _q - oM@k _q
B'e
Fluence 7y F ) pump JuHIRER LAFALAR ¢ M BIRO S HERL 7, 2l fE
RAEHEANFERE NN, FBOETREEM », T2 HINE] 3,72, TREANA

e A L K o 73 4 e (3.10)

Tt = = (3.9)

it e LR a=/2c/yl, (3.10)=n] LA 4L A

LI (= (3.11)
2545 3.9) M (B.1D), HAIHmAER
Tew = L 3.12
fast 32,<Q3>h2 1 1 ............................ ( . )
wka’F " ksaF _ g M

A F JZ pump fluence, Q Z&FEFHiE, a MEZSH. FIHE.12), K
3.6(0) [ trast FT AL A 7GR 47 (B 3.6(b) R Lt 2k) . @t & BRATE S T
TaAs ] EPC 3R {5 B 2(0%)/(Q)° =52 ps™s WHLELLAN (0°) =~ (Q)* (@) IF
HoRE P TP P AU Ag 3R B IS, I8 FRATTAT A4S 5144 LI EPC 3%
JZ Aap =011, AByry=0.160 w12y E AR, (3.12) WA E MG, ©BAFECE
PA K fluence i&H () S TAEH

3.5 miRIKBIHIZNNEF

BEAh, FATTEWTE 1 HEARSN 757 1T PY fi R W ARS8« B AT & 1 AN[A] probe
JelwmIR A N RSN 1A R NI AR . FATTEE pump JERI IR DT A AR, 22
A IRTT T AN ARIR 8BS AN 3.7 Fro, 3h 122 i e IR ZE TG
AL FEE . [ARRImax A AR IR AL T LA, RELE 60 A7 AE

64



3 & Weyl ¥&JE TaAs IR T30 1122 K i FAR A WL

MR . XRY], ERATEFERSLI KT, TaAs £ ab 11 A HIEEERE) /)
AR LR A F VR, REALEERR VAR TaAs 1 T45/1E ab [

W AFAE—5E 1125 FF)

(b)
.0
: Probe
’ / (800 nm)
& i fﬁw Pprobe
o &
= | _on £ —
-1t % ‘, & p — 30°
o SAk s . —o60° |(c) st
< g_ ' 5 . 30 90° —2
< LI e 60° 120° S
o e 90 o — 1L
20 s 120° — 150 =
2 3 o 150° é ol
{ T,
2 2 4 6 %
Delay time (ps) 7K — ol
_3 1 N 1 N 1 N 1 N 1 N 1 3 [
0 100 200 300 400 500 270

Delay time (ps)
B 3.7 fmiRiKA I IR AN 1. () TP HIMA 2 P tRa) Jy i, Hrp 2RI ) fhi % £
405 305 60 905 1205 LAA 150 4ffEl: (a7 HE A TSR . (b) S AIERIN
R R B o () ANFEWIRA L NIAR/RImax FIMEL. 204k WHIG S
Figure 3.7 Polarization-dependent ultrafast dynamics. (a) In-plane angle-resolved ultrafast
dynamics, where the probe beam polarization angles are 0, 30, 60, 90, 120, and 150 degrees,
respectively. Inset: zoom-in view of the time-resolved data. (b) Schematic configuration of the

pump and probe beams. (c¢) |JAR/R|max Values under different probe polarization angles. Red curve:

constant fitting result.
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Figure 4.1 Femtosecond laser. (a) The photo of femtosecond laser. (b) Schematic of laser

components.
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Figure 4.2 The cryostat. (a) The photo of cryostat. (b) internal structure of cryostat.
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Figure 4.3 The molecular pumps. (@) KYKY molecular pump. (b) Leybold magnetic levitation

molecular pump.
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Figure 4.4 Balance detector. (a) The photo of balance detector. (b) Schematic diagram of balance
detector.
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Figure 4.5 The appearance of spectrometers. (a) Hand-held spectrometer, (b) iHR-550

spectrometer.
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Figure 4.6 The beam qulity anlyzer. (a) Appearance of beam quality analyzer, (b) Example
of spatial distribution measurement of laser intensity.
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Figure 4.7 Free space time-resolved ultrafast system. (a) Time-resolved ultrafast spectroscopy. (b)

Retroreflector. (c) Schematic of modulating light path by moving the retroreflector.
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Figure 4.8 The micro area ultrafast spectrum system. (a) Micro area system and main optical path,
(b) Schematic diagram of micro area optical path, (c) Time-resolved dynamics measured by micro

area system.
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