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Advances and challenges in ultrafast spectroscopy

ZHU Hongyu, YU Buyang, ZHANG Chunfeng "
(School of Physics, Nanjing University, Nanjing 210093, China)

Abstract; To promote technological innovation in ultrafast spectroscopy and broaden its interdisciplinary applications, this paper provides a

systematic review of the current development status and challenges in ultrafast spectroscopic techniques. The fundamental definition of ultrafast

spectroscopy was illustrated. The principles of key techniques including ultrafast pulse sources, pump-probe spectroscopy, two-dimensional

coherent spectroscopy, and near-filed optics were introduced. By combining research examples such as charge transfer in organic photovoltaics,

electron transfer in molecular chemical reactions, exciton fine energy level structure in quantum-confined materials, and lipid molecular

photoswitches, the application scopes and unique advantages of various spectroscopic techniques were discussed in detail. The emerging

opportunities and future challenges in the development of ultrafast spectroscopy were also summarized.

Keywords: ultrashort pulses; ultrafast spectroscopy; pump-probe spectroscopy; two-dimensional coherent spectroscopy; scattering-type

scanning near-field optical microscopy
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attosecond transient absorption of 1Br
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IBr sample, along with the normalized absorption

spectroscopy calculated from the two spectra



444 - [9 B B 8 K % o i)

%48 &

eI
7

%
g2
R
1t TN R4
%\
XCL,) 3]
0L r s a a
2.0 25 3.0 35 4.0
SR B/ A

H T OB EGT S 8 L 3R B X SRR IRT
ik FR. BMY(R, =3.3 ) 5ZHMY(R, =2.8 ) Z ]
IR SRR S RO T OB R Y IS S

(d) IBr fly4e i fie

(d) Adiabatic potential energy curves of IBr

4 1B RTRO R A IR ™

Fig.4 Attosecond transient absorption experiment of IBr'®"

I-4dgf 0 Br3dgi 0
04f 1 Br
g 2N g, EEER Bller 5
-0.2
46 49 52 55 58 61 64 67 70 72
TR/ eV
(a) 7 215 ~245 fs FERAF A0 57 A9 1Br fif 55
T B BRSO G TS

(a) Transient absorption spectrum of the IBr dissociation

products recorded at delay times from 215 fs to 245 fs

AOD
0.4
@ 200
@150 0.2
=100
= 0
= 50
—---{8-02
46 49 52 55 64 70 72

KFEER/ eV

(b) =16 ~245 fs If[H] £ 11 )R SISO 35
(b) Transient absorption spectrum from - 16 fs to 245 fs

K5 IBr &% LT ROBTRbGE A O
Fig.5 Attosecond transient absorption spectrum of the

nuclear electron of 1Br'*"

P2 TR T 3l g2 B0 ~
50 fsfy 3l Jy 2 A BLH i IR AE IR LI AR
BRHRAE BCIL,, ) #AEM L AYA# B XA B/
Y 1 [ 52 S AL 3 2 K A AE SO ~ 80 fs
ORI 2 T o Al 6 (a) 5B 6 (b) B, X i

171 Br ™ BRBE AT 5 JL-F- AN B I [ 422 38 A%
Ak, B RO EF W F BRI , 11 A ) G 15
SYEIRE AR DA BaE AR . KA LRAE
FR B/Y [l A SR B ] 8 1, BRI E 6 ()
5K 6(d) i, B/Y [HEA XA A E 4 P i
ARL T+ Br £ Br-3d % 115230 25 R h =3l
Il I R MR AT 1) DY 1 8, ORE I R AE 43 i 25 A
Y PGHIE . X T HGE A A K T+ Br (5 0L, 7E
SEER AR R Br WSCRAE 2SR H B, 5 H.
Al BN Bl A A R 2 (B 6(b) ) o Br g%
AL S Y (07 ) IR RIGH T IO HFAE
TE 1-4d 7 NI RHIE 53 25 A 40 Br-3d ARFE W] 4,
BT 1) G e R TR LA K 1 W A s 5 R L S A

I I I AOD

150 (=
0.4
120
i)
) _ 02
\;,'-'IJ 80 ==
27
F S 0
40
3 , ~02
0
46 47 48
FTRER/ eV

(a) I-4d WX N RE R BT H SR IO G
(a) Transient absorption spectrum in [-4d
electron energy window

Br Br* Br

AOD
0.4

@

@ 0.2

9

=

= 0
-02

64 65 66 67
KFREE/ eV

(b) Br-3d W3 X N AE & 141 11 (9 S IR O
(b) Transient absorption spectrum in Br-3d

electron energy window

sy, A

o

46 47 43 493
HFHER/ eV
(c¢) 14d 776 B/Y ]38 58 SR ] 2 1 /Y
BRSO ) R

(¢) Transient absorption spectrum slices of I-4d

electron in B/Y avoided crossing time window



RELT 3 PGS A HOR R Ak L 445

FrsFh

Yk

Br(2-p)

0 64 65 66 67
HFHER/ eV
(d) Br-3d By 7E B/Y [a]58% 58 SIS a] 57 171 614
WSRO v

(d) Transient absorption spectrum slices of Br-3d

electron in B/Y avoided crossing time window

6 IBr B H 70 LI ] 57 11 A s I O
Fig.6 Transient absorption spectrum of core electron of

IBr at early time window™®"’

EASRAHE] THEMTRY 23 HE (6 (a) ) o
3 CHmETEE

AR GO O — B AR AT
PR, B ARVE IR SRR = B JE 4k
(E 1(a) ) ASEIRIE ARG o — 71T, —4EAR
TOu Al L[] bsf S B g B [ 4 9 5 R o 0
TEGHBT R R R LR 5 R IRIZ R
SR Ay BRI B 1 2 R LA K A TR T
AR T BRI R ORS A1 A R 4 K 2 D I
IR 2R o 7307, —HEAH T OLTE A4
Py A S AT EAL RS B o FE2> T IR RESR Y
MRS B F - Ra M sh h e T
BRI A Ik R (9 SR AR T 3 2 R R
CANE P21 SR (TR Y ey (L i
ERERLI " BT P AT T N . A
TS — Bt T = AR 7 B ok = A= =B AR 4R
PR AL, O — FOR AL B2 B FR D AR LR 5 1
Jk b (5 2 0 R A O 1 SR AL, R A 22
R AR A5 5 0 DO AT = ARk o 2 ) 14 2
B AT, AR S AE (BT ¢ 44 i L
Asde) I BEXT R EY (7, T w,) 0 KT TR
Sriir, U T 4 BEAT T H AR e 15 )
EV0,,T,0,) . —Bk o, FOIBERLE, ¥ o,
PRSI R, —HEA OGRS nT LRI UK g i
FR S B B A OCHE ™ I B, WOk fE i R
H A FRL IS4 3], BT LA AR T OG5 A [R] i S
IR i P 1] 73 M o RE R 0 B TR, —4EAR T
TEHOX MU (I 7 B Dy R D, W) AT LS R
BBMTRER . AL NERI R,
X AL 2 AR ST SR SERI5 B o LR b
& T AL, 3 RE I 5 A 2 T AL Bl AT Fa i 1] 119
ZRFEIDEEY O o ZE(E T Cpfil G,

W) WZEH TR S RIMAETE R, e RkEE T
FREE A AT L 0 B S st B A BE i e AR ) A

/7
/
y 4
c / D,
3 /
L //
= /
] JRd
#ﬂ@%ﬁ/;<
/’ HERE PN
/ D,
/ CZI
kAR,

K7 AT R A
Fig.7 Schematic of 2DCS

H1 T 4R AH T 6 3% 2k v 22 8] A8 R 2 A2
T, TESL G b S B0 4R AH T3 2 AR X R E Y o
T T R R T O AR L0 A B B s B Bkl
T4 2 A 6 3% ( two-dimensional
spectroscopy, 2DIR) , PRUNZLAMERIIE KK, PR
WG T R e RV AT S sl A AR E o 3X
Pl 2 7R AT 0O X)) = 4E HL Ot (two-
dimensional electronic spectroscopy, 2DES) 45135,
BE) T RME, G o R Sl AR ME OR 4 e e
NT RGN — i 7 5
T Bk rp T s e A R A3 B AR AR e
R Jok e, B L o ok e 2 3 A ) 1) D 2 T A%
WEseB g sh AR B AR E ™ 2009 4F, Cundiff 45
B A s FHTE fe TG SR AR AL B e BRI A
THEH OGS T A K e a] Y 3= 3 AR AL B
eV AR M R E RS A F T L E S —
K, MG, Z4EMTuS Rk sy e, 2
2SI T R IE I B A I
HER T35 B A AME ) 58 50 I Bede — 1> BRI 3k
i HE 2 — e

THYER OIS SR — A =LA A Y
PR A R T (8 (a)) A - R I
EE[IO&’—IIO] ( 8 ( b )) *I] é ;jg g£ 1:@ ?::I:E[lllfllz]
(E18(c)) o PUEIRM AL I S B — 40
TR A5 SAEAS 18] 1 5 BRIk h 3 8, X Ay
RURSR B A B K ol 1) 55 S X AR G S
T HRAR/ N, AT LA 20, HoAT DA i AR g 2R —
AR EEWR o AT R K s AT AR IBOAS [
IR ENE S TR AT B PPk AR 32 2 e
O[] 2R BT A ki R AL ) Bk S DR AIEAS

infrared



. 446 - ES A sl N 2 1

548 &

(a) DU I 7R A

(a) Schematic of four-wave mixing geometry

T T &5
\
A
(b) ZE — SR R B4
(b) Schematic of pump-probe geometry

[TT1,%

() BILAMRRTEE

(¢) Schematic of fully collinear geometry

K8 THERTOLRE L AR R
Fig.8 Schematics of 2DCS geometries
Hi 3 kb5 055 Bk b R AR A 2 LA IT A2 =y
AR . ) SR AR B o R — SRS Y1
FAE K P IE L BRI RE ff, — SRR ik AR 3L 2k
Mo BESAE A o X R T AR 5 5 FOEEI ik 3L e A%
o, R P BE 7 A = B AE LR AR A SR AS iR
ikt XAk TR R DG AR BT L R (i 3t DA I
SWHOCTEAL TR R ERRHT &, =
Ky, o] Sl sl i i (RPN A T ik
) FEANTE ZA 2% AR AL [l S e, R e
BIUE PRI K i[RI AR AL, ROR AR T S8 3 1y 2L
Ko AR ERAER A 1 SRR S xR
PEAS S TPk 0 o AR OE IR B 25 B, SO R Al
MR B . — MURPER A2 Zha F1 Zhang
SEAE 2017 47 JR 1) T sh B 2R - SR04 1Y —
Ay TG o M T Mach-Zehnder T3
ASC HE B 43 15 1 SR 2R S K e, 5 A E SR
TR Bk il I 2 A% 4k , i o s 0 S 0 5 S5
(R BR 2215 5, (1 P Hs oL B 8 S I MR AT 0 R 25 o
K AEA TG T 0 s R AR A B e, 1K
A/300, [Al i T3 ASGH R w1 A ', el i 2

Sk b AT ZAEAR OGS SR . A dhA A R
YA B TRk e AL E R E S S
W ARGARGS G, M A TS B s s 4y
PEE . R e AR T
F SR PR E ARG T . ARty B ]
FABLAEER J7 AR B =, R DU o Jik np oA 2k 4l
ANt T B AL BIUE , [R] AT LT S5 R 5
FNARL M A5 5 o B — SRk b Bl 75 Ol R o 4%
(acousto-optical modulator, AOM ) FT | A [A] f) #i
FhRic, AN A H i B AR IR PR ICAN |, 8 2 83
AFRC R 48 78 A [v] 450 52 il 1 R 86 AN [] 1Y) 6 1 it
PO B T AR A ) T S e
ARG X RIS 15 SR B I ). BLRY
SRS, DU IR IRATRS Y AT Ly (o 1 % B AR U
S HR B R JH — AR 2 e ] R
RSS2 K 5 4 L Ay 7R T LA A () 1) i 8 43
FUARBURE T IR NG S B ICHUN E 5, H
D I B A o 2 RS 3 s ] IR A o e ik
RIS S LT 7Y

BT RSB EBL 2DCS TEJEF 4hF 40K H
BHAZR H 0T 24 BLAE FT BB T AR AH
TEh 2RI, AR EE 2DCS 11958 K RE

HLF - RSB G TEA HUGIRIR R 1 Pt 7
BRI M SRS BT X
T T RO R R AR R T
SRR E A 0, JBEEH T - IR E)
JIF AR R PR SRR A 5 B T B
2DCS ] LSBT g i 11 23 B 1 i RE 20 BERE
EHE AV T - IR SN 1%, Song 4§
fdi Fi 2DCS 1€ P3HT Al PCBM 545 il s 1
T = WRSAHTB) I3 2% s TR & kBl b
BSO8R BN I SE A B g R
Bakulin 28 Ff} 2DCS W58 T 3 fLoR T AW 2 5
TR TR PR LR R B B, 4 Hh = RS TR
S R R S S S A ST RE gL
P, T R A= B AR B S R i TR BNIR & 38
HLAI

FIFH 2DCS 7] LASE B RE 9 AH I R AS 9 O3 Ay
TEffRE . 5B S IRGK B — R EA LRt
HLPERERIATRE , 24— 9 K i P TR) P 380 1
T, XA 25 i TG AR EAE R TR AL
W o AT AHEAE FDRHGa2 3 £ AT 0050
PR E 2, Huang S5 H] —4EH 7RG HOR,
FE N T A TR (CsPbBry ) 5 BRA™ 4K S IR
T HE B R A T4 A ae ™, Ed e
T PGS EINE 174 R R JEE B bk v



3 ]

RELT 3 PGS A HOR R Ak L 447 -

E’Wﬁﬂﬁ ME 9 (a) (b) Firos, 24 ik v fi 4i 72 510 by
o o oo B, HEEOLIEE ERR 1 EAEA
WA AR b 7 AR R AT it 3 I )98 A
WCRHE, T o~ o~ o o B4R 7 51 T ) A %)
ﬁé}’%i%%?&ﬁ%EI“'%*MH‘%?)’%L??E"J%WW‘O

W 5 S RE FEAIR T IO RE i, 5 B0 T 9O S
%u SIS GRINEARE % P 2 e 3/ R e | e
Xof fi B e 71 AURR S BRI BR T 2B UL T R M
RUGTERAAE . I WA 55560 A A7, X M s
] AR5 58, AR K A RAT i AR 55 2
PEo WA 2 b5 I 25 WIS A i 88 (SR 43K
T AR , 25 BRI RE 2 BRI 1 B R RE AS 1Y BR
i EE TR

2450L c*c oo™
7’
4
/.
e
S 2400
g
.
3
|
a9
=
=
& 2350
2DIRE (au.)
74
2300 ’ 200 0 =200
. E @
2300 2350 2400 2450
AR R /meV
(a) o0 o' o WMIEFH
(a) 00 oo polarization sequence
2450 6676 o™
7
4
2400 ’
>
(]
g
.
i
_%’ 21350 A0 (1v)
=
® v
7
2DBRE (au.)
2300F L7 200 0 —200
’ [
2300 2350 2400 2450

Wk R, /meV

(b) o0 0 o o fRIEFH
(b) 6”0 0 ¢ polarization sequence
K19 CsPbBry 4K i M 1o — 4k s 761
(T=100 fs)'!
Fig.9 Polarization dependent 2DES of CsPbBr,

nanocrystals (T =100 fs) /"

HE— B WFE T I X R T-45 4 BE R S 0
MRS IR R 09 2 F T3 SR BOR R E T
(X454 e, & BEALEL 145 4 B LF- A Bl i
ﬁﬁw IRV E B T RE R IR (9 T 5

AFR AR KSR T - A A EAE R,
Tﬁ%%#mmi¥@ﬁﬂﬁ@MUémuﬁ%
2RSS RSE 05 I AT A A AR 4T, 18 I XU T

2% O B O T 1 BRBABE, T AAE T 4
BBUN, B BT 25 A R AN BT 7S A B T 5%
SRt GRIODI IR I TN aa

BRI TR Pt MR Y R G
RERESUTE | H BTG B RS 2l ) 2 e 3 A
Fo Ma Fil Fournier %5 ] 4L 21 Ptk AR Ok
BRI ARG I R OIS e H K (GSH) B9 9% 30
FMTah 2wl 1A I KB P R s ok 1
6 PRSI (B 10 (a) (b)), JEXF A1 W HEAE Y
IR IR S RIAEE A TG o IR
ﬁﬁmﬁ#ﬁﬁxﬂwﬁﬁﬂﬁMEM$%@
(AR T4 5 hm v A A e e 1o, B 1 2% pE Bk A
FEAR BRSO/ E AR 22 (] 10(e) L (d))
YR S A A A BE R A R UG AH T RE
FER R

AT OGHE R B A T AT
RSN BE Y BE AL B L R 0T B A T30 1% .
Liu 1 Cundiff 255 F —ZEAR TOGI5HR R T 404 fit
(CsPbLy ) 44K ks A0 B Z 45 ), T 7 AS ARG 40
RESL IR M T ) 48 8 T A ek g™,
WA 11 7R o 3 3k A ) 6 4 9% 7 5 e 380
[ A (11 (b) 5K 11 (c) ), L Ll
PSS (v 5 [y y,) 52T
BERAT , 38 LR AR 351 T 1] 45 /W 2 3 25 5

2

3 5
1720 =
1700 1 /éfo\/di/@onu ((\u
ZDBEE (H—16)
1650 o0
}0 O 0.75
1600 -

O 0.50

1550
0.25

1500 G? ‘0
] (7

1450

I H o,/ om™!

143
14301 450 1 500 1 550 1 600 1650 1 700 1720
R, /o

(a) T=150 fs 20— HELT M
(a) T =150 fs experimental 2DIR



approximation to nonlinear response theory

K10 GSH ZEAN[A] T Ap it ik 1) ) S5 38 AL )
YAV
Fig. 10  Experiment and simulation 2DIR of GSH at

different population time T’

- 448 - EZ VIS AN 4 % 48 &
= ) \\\
1720 Yo U’ &) U L
1700 O i Q- ly,) \ »
= ! o)y
) %@ 0%y Q f 2D (L) ] /
16501, 1 R /
' 0 0 0 Q 1.00 v, /'
- Q ’
B 1600 / SO 0 0.75 e . K B
3 0 0 0.50 i ot
% 550 TERETYAA ] N R . v
B o DQO 0.25 s
: 9’0 o8 4L KA
1500 QQ (a) CsPbL 4K ik 40 REZ A5 A0 78 S &
1450 J G @@ (a) Schematic of fine energy level structure of
143 s 0” CsPbl; nanocrystals
14301450 1 500 1550 1600 1650 17001720
FIT A w, /om™! 2D E ()
. - 0 02 0.4 0.6 0.8 1.0
(b) T=2000 fs 525 —4ELL AN
(b) T=2000 fs experimental 2DIR -13880
1720
1700 @ LR -1890
-]
© DA (41--t) £
1650 A
1.00 Eh -1 900
T 1600 o @ OO 0.75 @
§ Q B -1910
~ 0.50
&g 1550 & o =
= o 0.25
% 1s00] N Y O <& 0 1o
1450 O O —-1930 ka S
1430 /\ 1880 1890 1900 1910 1920 1930
14301450 1500 1550 1600 1650 17001 720 ﬁﬁﬁﬁéﬁhw,/mev
FE D, /om™ .
(b) LRIk T 4.6 K i CsPbl,
- 28 s wo L — g0 s
(c) T=150 fsjli% ﬁ‘”ﬁlﬂfiwjﬁf?ﬁ DK AR TR (T =0 ps)
SR AR = LT SP e (b) 2DCS of CsPbl, nanocrystals at 4.6 K with
(¢) T=150 fs simulation 2DIR under the . - -
colinear polarization excitation (T=0 ps)
secular approximation to nonlinear response theory
2D (au.)
1 Zzg \J 0 02 04 06 08 1.0
§ B> §
1650 2D (F—16) -1 880
1.00
1600 & 0.75 1 890
3 0.50 =
#1550 g : ® £
§ - 025 5 -1om
® 1500 0 i
=
1450 0 ((? &® -1910
1430
14301450 1500 1550 1600 1650 17001720
FiSFEo /om™ -1920
(d) T=2000 fs JEL LN 7 B 50 B
) T=2 (j)%gl;{f—l: Eg*ﬁl‘?y‘:iﬁDél:;yl\j\Ei% h | ! 9301 880 1890 1900 1910 1920 1930
(d) T= s simulation under the secular R B, /meV

(¢) SEXLMMIREL T 4.6 K[ CsPbl,
RN —HEATOERE (T =1 ps)
(¢) 2DCS of CsPbl, nanocrystals at 4.6 K with

cross-linear polarization excitation (7'=1 ps)



R 5 OE IR R IR s

2DIRE (au.)

(AE=hw,~hw)/meV

(d) LAk | oo, | = | o, | =1 900 meV 4bi¥y
SR AR —AEAR TGS A IR Fi
PR EARE T U 5 B (THURR)
(d) 2DCS spectrum slice of cross-diagonal at | fw, | =
‘ hw . | =1 900 meV of colinear ( bottom) and

theoretical calculation of relative peak strength (top)

10F
05 F
(N T

2DIRE (au.)

(AE=ho,~hw )/ meV

(e) BXLMIR | o, | = [ ho, [ =1 900 meV AL
SRR —HEARTOLIE I A OIRHR) #1
HIE TSR RS 045 E (TR )
(e) 2DCS spectrum slice of cross-diagonal at | fiw, | =
| iw, | =1 900 meV of cross-linear (bottom) and

theoretical calculation of relative peak strength (top)

FITL CsPhL, 0K STANRESHG — G T i ™

Fig. 11 2DCS of fine energy levels of CsPbl, nanocrystals'™’

) T B IR, [y ) ) 58T
A0 A S 25 W LAAR 47 b 4y e (R 11 (d) 5
B 11(e)) o 7E4.6 K RHR 4 1F T I i 3E %)
PR T X A f0 1B A T3 12, 3R )
) ) S0 7 25 R A Tk, R B y,) 55
WCTAS IR A T I (29 0.76 ps) /N T [,
) ST 25 R R T E] (29 5.68 ps 524
5.32 ps) , H AT R A — WU T AS R T
w5y g Tz E(E 1 (a)) . %
TAEUE WIS A RE G AL T WIS 5E S REZ L |, 3]
REAT DI T AR 5 A A 200 K it S 88 0 O
XA [V R 0K i B T 2 PR Bt A T o
TR M4 VLA

THERTOLTE AT LV B 2 AR TR
FLER MBI 2RI . ARIEHT I 27 19 —
YEARTOCIE I B, n] LREFEA R (9 1 AR R AT
I JEOU B, T ERH G A I A R R T
ST ARZA A B, AT LIS B - i S s B
REBEATIN R . A R R P A Z A T,
v 18 A AT A 3 X R O 2 O
TAEAE R 2R R T2 B AP 2 A T4
PR S, DORE I SRR R SRR e e 251
it SRR 2 A B B S SR 2 R R G Ak
PRBCR IR . Yu Bl Li S 7R 1 AR
IR 7 A K TR 2 A TR
TR 2 A T R UR Y B v 2
AE {4 L2 LA 25 A i B SO R i 22
i N pepen . REEi ) SN RNEIN S LS
PR T RE S (B8 (c) ) ;70 Bl#RI T2 ~7
MRETMHTHES, B 12 hERT 2 A RT
(B 12(a)) 17 A (E 12(b) ) 2 WA+

783 r
I - =
o 2DiE FE(au.)
| 2D,
(0]
L L 08
K | 7
& /
g2 omit P
# I
& ! Db, 06
RN - -
i"@ 780} /’ @
7 \ 0.4
1/ \
779k | /’ \
| & 21 |2
i \
/ J
778}
7 | |
L ; 1
389 390 391
R SHHHEE/ THz

(a) 2 PDETHIZ 8T

(a) Multi-quantum spectrum of two atoms

2740

2738

2736F

2734

2732

2730F

LETHR/THz

2728F
2726}

2724F

2722k

AR/ THz
(b) 7 ik

(b) Multi-quantum spectrum of seven atoms



- 450 - (FE TR SR S AN S

548 &

HifE S ()

0 100 200 300 400 500

B (HIREIR / ps
(¢) FBPEEAT 1 ~T NRFEERBL
BT 8%

(¢) Decoherence dynamics of collective excitations of
1 ~7 atoms fitted by single exponential function

70

o  BR

60 F

50 F

40 t

30 F

TR T/ Gz

20

JRF 4
(d) 1~7 A AR iR A R

(d) Decoherence rate of collective excitations of 1 ~7 atoms

12 KRTHZ T

Fig. 12 Multi-quantum spectrum of K atoms
{559 Xz & K JEF1 D, (389.29 THz) fil
D, (391. 02 THz) RS, XS Mgt D, 1 D, A
) i T IR 5 06 . T3, AR A ST B 5 O
AR BE RS 3l X 5tk 5 25 /Y9 JCAH AT
JEF R B — 2, #E—2BESE T AR TR IR
sz (B 12(e) L (d)) , A4 BB
AH I 1), B 5 SR R i 2 v
iE— P UE B 2 5 A T S 2 T e S i AR
R RAE o XA 5 BRI 1 5~
W Z AT, AR RTES G i TS 4R
IDEZLNIER R EhE 7 W=l a8

[125]

4 BEEHLES

TEG AT T, A S A BRFR ] 1 3% 7
BIFFS 1975 1T LA R /N TF ORI K g —2F 1, H
BIAMTE ST A T TUR I 0 AR e 52 308 Ay 5
P PR A9 OK i 2 2 (1] R, 9] G0 52 50 S 4R
WA (STED) S & A B AME AR (PALM)
FBEHLG 7 3 BOR (STORM) 45, 528 1%
BN AR X sy kT
TLEYIUE b AR BN E AR A AT IO
AT LLAMAARE B A A5, i m] RE 5 EUb4 RE R
TWHIZ R 6 r Ik N ICAUCR 9O thRidik
AR DAt 2% 38 T DG 1 e S A0 245 T3 L 4
RARE] T TZ A RE PR R K JE . Tt
ESTHEUR S 5t k2 e o L V2 K S S e
[F1) 4 8 55 10T 377 P, oA S B SR BBO'G RO S AR IR LA K%
R TGS 1 4 K i s ) o 10 it
T 35 37 56 2% 14055 ( scattering-type scanning
near-field optical microscopy, s-SNOM ) £ K J& —
FIITAE R 45 32 S TE R B e 2 R s
SNOM n] PAJ5fi i 55 i RO 2 BER 2545, H Al
ErEER LB R - KI5 s-SNOM |y &5
BT S — 4RI s-SNOM 135 4 B 5T R
AT R R e AT A R b sh
o SRR i B mT B T O B KRR 2% Y
R 3 Al 2r AN O R K b 2% ik
B R [ Wy 3 L N UD R = I 1
BN TS 48 - A iAAr s 1 1 o
SRR BRI P AR R T Bl A
TR TR AR AR AL oT T e e
PESEGUR AT ST o

A — TR s-SNOM. 1 J J AN 18] 13 () Jr
TR — SR R T K R AR B T ) R
(atomic force microscope, AFM) %142 DL & 4R
BT AR ARE o , I T R N Jk i 428 3 — B Ik i) S
BTG RAER] AFM R A RBUNE S . 4
RHUIE S M BOGBRIE S E S E M =
LSRR RS B, 28, — e 5 i U IR R el 45
AR O E B o B AR IR R (S
F(E13(b)) o fHEFRLL LRI K/ N PR A
IR QRS A nQ JEANESE S (n=
2) o HITFEHARI T A W) 30 377 558 R T2k, AT 1
E BEEFH R SRR b J8/ N AR AL,
JRIL AR M. AL Z N, B BB b AL MR
o PRI, S EFIRBE I 8] LU 2 JRBhI E 2%
BB nQ PR T E,, F9R L ARTE R0 Q



RELT 3 PGS A HOR R Ak P45l

(a) A - PRI s-SNOM %< #/n K
(a) Schematic of pump-probe s-SNOM setup

St

(b) AFM £ 50 S BAE A A5 52 UR =
(b) Schematic of the interaction between AFM tip and

sample and signal extraction

& 13 403 — RIMEC BRI 0t B
Fig. 13 Pump-probe s-SNOM

. BTLL, S A R K i R s U I n
A5 AT LAY 85 3R B AE 5, I B R B8
FHE ST R . #F—20, AT DI S E Dl —
TEATESPA G Af XTRUHAF S #7240, 5
KL nQ = Af BN RIS TE n = Af 20
i VA D D) b AT DA AR B AR MR L R R (R
SRR A G R AOM #EFT, 2K
100 ANE T 98 i a iRl . EE X e, &
i UL 5 P v HA TP A S X P e L
AFHE AR S B 5 A TG TF SR B
FESAEF R T WA — b, 5 — 5%
Ha&L— i G KRG ESMSHE LT
O A TAAF% 5 07 B 1 PR, 38 4o el 3L AR
] DAIRER (5 i MR B AR A, SEITE T S il
GifE S

R s-SNOM (1) 55—~ b FH S 5K A 28 FE it
AR HE (TnAs ) Fr 0 bR 25 B T A 2R IR
1155 B TR AR R SE BB
FahER . PR ST RMIRER RS
JEAERREAT R R T AN, WA B R
WOLRE AR KL B RS R, &R 1E
REEB TR T B KA FE R 20 %
Tk AR A5 SR BRI , L ot RLECEE 2D M B R A
AR HREH R . Wagner Z7E InAs 2 4k
R BT PR TG S %) 2R T 45 B AR A O T

B S AT — R KR
156 pmfIE£LAMK M 2 pm JE ) InAs 5 &
Az TR, WS FAR 2R 25 600 ~2 200 em ™'
Pl FR 2L A K v SR BRI A I InAs SR 5
BT 177 (K 14(a) ) o FSHT(Z) -4 ps)
MZE LG (>0 ps) KL E 5L 650 em ™' K/
AR AL, X U T AR T A R TR T A
0.2 psF1 psH[A] 12 900 em ' F A HUST 5 5
IR RS B TR 4R ¥k 1 T R B S
WU - P s palf Q36 55 25 A it 5 B (IR R it
BT, BURE O{F57E2 31 ps JFIEAT %,
R T EE FARCIEAS , 7T LU A F8 5 Aok
A B TR iy, DA B ZESR by sR B 3
HEAR 7R T 21055 85 AR 7= A A gt Fe
Ti— M A )AL B ERT (FA g
MAo_ 17 ) 0.95 Cso.os Pb ( Io. 83 Bro_ 17 ) 3 ':F' NI @J T 1‘}3206
T 5B Az AR AP s-SNOM 4R
HET/INE S ROBE R 28 8] 43 BERE T, ok T 25 1)
FEISIVE R PR . Nishida 2 {ff F 25 F 0 WG
TR R %) s-SNOM ¢ A K R AE M TR 31 5
Sy fF LK 2 520 nm [ 0] G K wh ik
KR, 2 6.2 pum {9 H 2L AP K sp 80 R
HIRBIBEIIIE 5 o WAL TR AK PR e g rT
e R ARG, S AR B LT AN ISR A= 3R R o
{8 23 — R0 s-SNOM FRIMA [R] 47 55 1) 35 375 1%
R e NI R AW =/ (== i
Im[ AE e o (0) ] 3 BLTE N [6] 00 % 8% 3l Av ik
(K 14(b)), XRWPWAF - HEFHEHES
) F ARSI RO S T g Bl A ik
SPE AN S VEAR e AR 1 S A% T S 300
BALT — BH B TG 28 IR RS S s B 1 R A
T Y A i s RO IR AR M RE
HHR s-SNOM iy F H G HR I | G2 5% e AR
SR AR A FE SR R B R 53z
T AR IR BOETF EME A A S hmic iy
T 00T JEAT 2 2500 &, BT B s-SNOM. 45 1) i
G T A PR B[R] RUBE b 4 1) 40 K A 1)
JT o RN AV I G S 2 R B O
(E14(c) ), Tind FEWF5E T HFEERM NG OE
T MEH S A3 S22 . 465 nm FI365 nm
WK RS FEEENE 7 F & EOCE I 7
(F 14 (e)) , iz 2 25 7 1) PR sh A 1
XA LT AN W, fiRT AR o 20 SR i A7 i
Y%, OB S T 56 0 65 3 A 3l ) 2%
55 30 ms #FAT—UCRFE, PR A B EIDLE R R
¥ 2 FEOETH R U AR K A AR 4 I H 5 4]



- 452 - e PN

548 &

Wio XM, AT LLAE BNl B I K B U
FFRIIT FARES , 3K — K BUAE AR R AR g 38 19
PR B 1 S AT T PR B OGS

et cocomrertisnsaasassansanasy
12 F -0.2ps
-
10 B Ops
- 2"s5ssnaanag et tenansgsasa: ua
02ps
S
E’i 0.8 ps =
[ o)
BN E
= o —
= E
® 4r 2.1ps
\ 31
2 _\k———-—-——""""'“p's‘
11 ps
0
31 ps
L L L
600 700 800 900 1000

A/ om!

(a) A[RINFZER T InAs LI EU s
(a) Mid-IR near-field scattering spectrum at

different time delay of InAs™"

<) )

11 i =

o | I

= I

= |

s

2 ot il

El — 2
—_— 3

-10 0 10 20

AV/cm™!

(b) (FA & MAg 17) 6.05Cs0.05Pb( Ly 3 Bry 17 )5
ARIFE A5 B R 2T S MBS

(b) Mid-IR near-field scattering spectrum at different spot of
(FAg 55 MA 17) .05 Csp.05 Pb (15, 53Brg 17 ) 5 7

(¢) BEBECHF I T Fp R

(¢) Schematic of photoinduced isomerization of

lipid photoswithes' "’

Bl 14 SR - BT e
Fig. 14  Pump-probe near-field scattering spectroscopy
BT LIRS - RIS S s-SNOM 45 5,
LA RGBOR A 2 OIS HOAR 5 s-SNOM £
L3 T e I 23 0 B I 2 AR B TR R

2024 4, Xu Z25 1558 2DIR Fi R Fil AFM 454, &
JB&T —4Elg{H 71 £ #p (two-dimensional peak-force
infrared, 2D-PFIR) g i AR M1 FH G &
HRE ML e AN T A = AT Bk DA AL 2R
T - TEEA R 7S 0 BAGTIRE & (h°BN) o
TG G T Z I G U 5 B2, SOk =R
Jik G R LA R — 2D S A LA E T o 52
BEENE 15 Fis . # AFM B8R shiR 580
i H R A D DGO RE G 237 A ABRON
XFEFINE N vhti 0y, R BT R IR SR 5. HEl =
K h B B TR AR ¢, (o, , XA 5 64T ) HL A
#7153 2D-PFIR Jt:i% . 2D-PFIR S+ R HA 15
G5 BT ] IS AR AR R 4 458 00 B X
T SR AR T i B BURE R L #, L3k s-SNOM
YK ) = A RS BERE J) . 2D-PRIR DGR
S o B T 3R H RS N AR IR P T ( PMMA-NS) 3R
P R B A R R Sl S BR AT A9 R AR 1R
Z IR T A Y AR . 7E hBN 1
2D-PFIR S o 3L 1 AR X FR 14 A % A e o 28,
PO T h ' BNR SR R] 19 RE R AS 1L AR

S

_______________

p— |
% 1 | [
2 I BEEe
akm =
1 ¥ o7 3]
o 1 i FHIOEE
1
]

—u

_______________

)

QTL OPA+DFG } N
SHALAR

EE S, AFM f e Yb: KGW
e [ - - — Vs - -
fil A 8%

[ 15 2D-PFIR 58628 R g
Fig. 15 Schematic of 2D-PFIR setup“sﬂ

5 RESRE

PTAEA G PROETE A RS T SRR A T Y
Ao IR RSO AL 4 ik RT3
AT LAZE BAT T4 4L B R ] JUEE | B = ) e
TR TR A RS 2 A R 31 R
SV POEIE A W 2 9 B Z AL (ERKAT)
RARZIRIR B LAY T ZE AT 45

3R Ry RO TN R AR B PR3 A SR 1Y)
BEJFIZ— AT s kA
R0 e T RS B £ PR 19 I o
JEE T H AT I8 G20 22 R A o SR B AR R A Ol MR i
o XFPSLI AR T RO S B ] RE B R
O A 3 N T JGIE RN G A R ARAE 2007 15t
A1 ARG VE IR R b R 2 i



3 ]

RELT 55 SR POETE A HOR PR AP AR 433

SR EL, SO0 PH 3 2 %
T EERELRI T o IO R AR R
GG AT RS e — AP, —Fh
AIRER T LRI A G 5 )5 , P A OPA 4871k
FELRME X R A 5, AT 4 i AT 75 PRI
BRI, o E R B ) B 5T B Weng 55
KB T 2R ILL NS B IE 1 (F-NOPA ) |
IO CTFAE NP5 AR S aeR
RG0, 5B 100 fs G A a] 43 BERT 10° 15 0 {5
SRR, LIS EIAR m A S R
Be K A 2= W) BRAME 5% r Ren 5 3T 78 21 40 #0031 %
SIS RSO 1 S 5 4 th 78 7 AR R 2tk
T SR IOR 5 G - RN 2 A IR TR s R A
STHL <10 CHYMEMEEL . A, E— R R OB
TS IR W 00 25 10 i 1 R R ) AR 0
FE 61 8 R0 g R B ) IS D/ 81 Bk v g
SERsFa] , T A R0 I N 7 LA % AR A I 7 ) 5
M, {5 A5 M 7 7K - 30 Ok M P A B X o 1k
A3 e T LAt T B (LSS B 2R 40 B, 6 AR5
AR S A5 M O 0 R AT LA 3 M e 5 2 U AL
RS % 0 i () B

R S POLIE RS G R R PO
WA — MRl iR R . PO A BIE —
SRR MUHIE 2 1B 20 Ml L T S TR R W
JR AR ZR R LA R, SE b, — A R A%k g
VLR I ik . &R S A 159
TR P 28 MUAE T D6 0 BE I TR AR 43 A e 1
R R IO M P T 6 AT LA SEEEJH AL 43
AT GBI P A R 5 Hs 4 56 T LA SE I 28 8583
TO S A W SR o7 TR 46 2, 150 15 9% i sl A 47
HERE L kTE SE M TR . XS AR AAT]
KIER LIS, BATC A1 2 iR,
Zhang 45 % & T 2\ EAR T4 & pag ' IEM T
15 R 2 28 56 i e T DA S BER [] %8 0 BE , 32
ZHSEFTCA B . Mukamel Z532 H AT DK 21 48
6% o AR S0 — RN S 5, AR08 2 20+
X (A S T LA [T 3R A 5 B[] 3 B 23 A 1 AR
PTG B A A i Al 2 48D T
() A A T G35 14 A0 T 0615 5K & g g, o8
AR T T2 3h S 2 1 R B IE
W A S F-18 FAE R PG 27 ot 2 il S B K
HERBUEL (HLE ESCBA R IR R R, o
S5, MDA — e RO A
S, oA EDE T R S5 AR EIEA 4
HF, A SR e g R Y S G s ROt
TFIE T, TR A A B e P A5 M LA AN /N

SO (e M OB S 2 — MR PR . ok, 44
S - ORI ER I BRI 25 19 1 50O A
A G004 s 8 TR0 5 2 1 S5O K S 30
SR E, FRE ARSI R (] B, T A
T M YR T A T N T A s T B gt
(R R A0, el R 45 20 4856 - 1) 21 48 1 A S
S A — AP . T g A R XA 7 AR
TR, X R OGS T BRI RA S, S B i
DRy ZE— B R PG R T LA AR UE B /N A 7
it o i, Faccio SF iRl T — i i 4% 22 569K
EINSIEY. & 3 2 O asa e E b e U BN 4a
WIRE P e e 3h 2 07 U Rk T AR S
PR 2 B kO B AR I [R) 43 B B 5
2, 38 2 2 ' X A Bt (i) A O 1 3 B (1] 3 9
2R R FH AL TWINS 954 A 4 ef B A 4
ARIBO 43 W [ R 2 4 P O A . 7253k
KBAEEOE BT 1 s AR T RESR 56 3h 1)
2 HA 2 R L, 80 T MR L %
JE R B I ] 0 Y RS, RO, RSk SL R F
SCIRAR 24 B TG PGS A — N R R A R
TR, K Sl I TR DR 335 27 0 2 14 0
T

BB B RE T 2E 25 A T St R R
HEHAR B AR AR DR BRI AR B
R AT BB S S T F I EE T H, £F
SRR I A TR A K K 4 S0 B e 1 2 i
Bt IR B AL B A

% 3% 3Lk ( References)

[1] SCHOLES G D, FLEMING G R, OLAYA-CASTRO A, et al.
Lessons from nature about solar light harvesting[ J]. Nature
Chemistry, 2011, 3(10) : 763 - 774.

[2] HOUSTON P L, KABLE S H. Photodissociation of
acetaldehyde as a second example of the roaming mechanism[ ] ].
Proceedings of the National Academy of Sciences, 2006,
103(44) : 16079 - 16082.

[3] FOLEY C D, XIE CJ, GUO H, et al. Orbiting resonances in
formaldehyde reveal coupling of roaming, radical, and
molecular channels [ J ]. Science, 2021, 374 ( 6571 ):
1122 -1127.

[4] PANQY, ABDELLAH M, CAO Y H, et al. Ultrafast charge
transfer dynamics in 2D covalent organic frameworks/re-
complex hybrid photocatalyst [ J]. Nature Communications,
2022, 13 845.

[5] YOUPW, CHEND Q, LIU X B, et al. Correlated electron-
nuclear dynamics of photoinduced water dissociation on rutile
TiO, [ J]. Nature Materials, 2024, 23(8) : 1100 - 1106.

[6] ENGEL G S, CALHOUN T R, READ E L, et al. Evidence
for wavelike energy transfer through quantum coherence in
photosynthetic systems [ J ]. Nature, 2007, 446 (7137) .
782 -786.



- 454 -

(FE TR SR S AN S

548 &

(7]

[10]

[11]

[12]

[13]

[14]

[15]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

XU J J, JAROCHA L E, ZOLLITSCH T, et al. Magnetic
sensitivity of cryptochrome 4 from a migratory songhird[J].
Nature, 2021, 594 (7864 ) : 535 - 540.

YOUNG A W, ECKNER W J, MILNER W R, et al. Half-
minute-scale atomic coherence and high relative stability in a
tweezer clock[ J]. Nature, 2020, 588(7838) . 408 —413.
WEI K X, MAGESAN E, LAUER I, et al.

engineering with multicolor drives for fast entangling gates and

Hamiltonian

quantum crosstalk cancellation[ J]. Physical Review Letters,
2022, 129(6) : 060501.

KOPPENS F H L, BUIZERT C, TIELROOIJ K J, et al.
Driven coherent oscillations of a single electron spin in a
quantum dot[ J]. Nature, 2006, 442(7104) ; 766 -771.
FUSHMAN I, ENGLUND D, FARAON A, et al. Controlled
phase shifts with a single quantum dot[ J]. Science, 2008,
320(5877) : 769 -772.

SEVERINO S, ZIEMS K M, REDUZZI M, et al. Attosecond
core-level absorption spectroscopy reveals the electronic and
nuclear dynamics of molecular ring opening [ J ]. Nature
Photonics, 2024, 18(7) : 731 =737.

LIS, LU L X, BHATTACHARYYA S, et al. Attosecond-
pump attosecond-probe X-ray spectroscopy of liquid water
[J]. Science, 2024, 383(6687); 1118 —1122.

ZHOU S H, BAO C H, FAN B S, et al. Pseudospin-selective
Floquet band engineering in black phosphorus[ J]. Nature,
2023, 614(7946) : 75 - 80.

DUAN S F, CHENG Y, XIA W, et al. Optical manipulation
of electronic dimensionality in a quantum material [ J ].
Nature, 2021, 595(7866) : 239 —244.

CURTIS E A. Synchronized to an optical atomic clock [ J].
Science, 2020, 368 (6493) . 825 - 826.

PAPP S B, BEHA K, DEL'HAYE P, et al. Microresonator
frequency comb optical clock [ J]. Optica, 2014, 1(1):
10 - 14.

HERMAN D I, WALSH M, KREIDER M K, et al. Squeezed
dual-comb spectroscopy [ J]. Science, 2025, 387 (6734 ) .
653 - 658.

LOMSADZE B, CUNDIFF S T. Frequency combs enable
rapid  and
spectroscopy[ J]. Science, 2017, 357(6358) ; 1389 —1391.
HEI K F, ANANDARAJAH K, MARTIN E P,

Absolute distance measurement with a gain-switched dual

high-resolution ~ multidimensional ~ coherent

et al.

optical frequency comb[ J]. Optics Express, 2021, 29(6) :
8108 - 8116.

XIEJ D, YAN L P, CHEN B Y, et al. Multi-heterodyne
interferometric absolute distance measurements based on dual
dynamic electro-optic frequency combs[ J].
2023, 31(8) . 13472 —13485.
BLOEMBERGEN N.
science[ M]// EDERSON B. More Things in Heaven and
Earth. New York: Springer, 1999 474 —481.

NORRISH R G W, PORTER G. Chemical reactions produced
by very high light intensities[ J]. Nature, 1949, 164 (4172):
658.

ZEWAIL A H. Laser femtochemistry [ J].
242(4886) ; 1645 —1653.

STRICKLAND D, MOUROU G. Compression of amplified
chirped optical pulses[ J]. Optics Communications, 1985,
55(6) : 447 —449.

BACKUS S, DURFEE C G I, MURNANE M M, et al.

Optics Express,

From nanosecond to femtosecond

Science, 1988,

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

High power ultrafast lasers [ J ]. Review of Scientific
Instruments, 1998, 69(3) : 1207 - 1223.

LIMPERT J, ROSER F, SCHREIBER T, et al. High-power
ultrafast fiber laser systems[J]. IEEE Journal of Selected
Topics in Quantum Electronics, 2006, 12(2) : 233 -244.
LIN Z L, LOIKO P, ZENG H ], et al.
locking of an Yb; CLNGG laser[ J]. Optics Express, 2023,
31(5) . 8575 —8585.

MACKONIS P, RODIN A M. Laser with 1.2 ps, 20 m]
pulses at 100 Hz based on CPA with a low doping level Yb:
YAG rods for seeding and pumping of OPCPA[J]. Optics
Express, 2020, 28(2) . 1261 —1268.

FU C H, SONG Y Q, TAO J N, et al. All-PM Yb-doped
mode-locked fiber laser with high single pulse energy and high
Journal of Optics, 2024, 26(7):

Kerr-lens mode-

repetition frequency [ J].
075502.

YANG J, VAN GASSE K, LUKIN D M, et al. Titanium:
sapphire-on-insulator integrated lasers and amplifiers [ J ].
Nature, 2024, 630(8018) : 853 —859.

MANZONI C, CERULLO G. Design criteria for ultrafast
optical parametric amplifiers [ J]. Journal of Optics, 2016,
18(10) : 103501.

SCHMIDT B E, SHINER A D, LASSONDE P, et al. CEP
stable 1.6 cycle laser pulses at 1.8 wm[J]. Optics Express,
2011, 19(7) : 6858 —6864.

TANG J W, ZHOU Z T, HUA X X, et al. 3.3 W picosecond
and BaGa,Se,
frequency generation [ J]. Optics Letters, 2025, 50 (22):
7143 -7146.

AOKI K, SAVOLAINEN J, HAVENITH M. Broadband
terahertz pulse generation by optical rectification in GaP
crystals[ J ]. Applied Physics Letters, 2017, 110 (20 ).
201103.

NISOLI M, DE SILVESTRI S, SVELTO O, et al
Compression of high-energy laser pulses below 5 fs [ J].
Optics Letters, 1997, 22(8) ; 522 —524.
BRADLER M, BAUM P, RIEDLE E.
continuum generation in bulk laser host materials with sub-pJ
pump pulses[ J]. Applied Physics B, 2009, 97(3) : 561 —
574.

JARGOT G, DAHER N, LAVENU L, et al. Self-
compression in a multipass cell [ J]. Optics Letters, 2018,
43(22): 5643 —5646.

UEFFING M, REIGER S, KAUMANNS M, et al. Nonlinear
pulse compression in a gas-filled multipass cell [ J]. Optics
Letters, 2018, 43(9) : 2070 —2073.

WANG C C, WATERS M D J, ZHANG P ], et al. Different

timescales during ultrafast stilbene isomerization in the gas and

LWIR generation via ZnGeP, difference

Femtosecond

liquid phases revealed using time-resolved photoelectron
spectroscopy[ J]. Nature Chemistry, 2022, 14(10) ; 1126 -
1132.

KIM J I, YOON J W, YANG J] M, et al. Wavefront-corrected
post-compression of a 100-TW Ti; sapphire laser[ J]. Optics
Express, 2022, 30(15) : 26212 -26219.

BLEOTU P G, WHEELER J, MIRONOV S Y, et al. Post-
compression of high-energy, sub-picosecond laser pulses[ J].
High Power Laser Science and Engineering, 2023, 11 €30.
GAO Z C, GUO J, GAO Y X, et al. Efficient dual-stage all-
100 W

High Power Laser Science and Engineering,

solid-state  post-compression for level ultrafast

lasers[ J].



3 ]

RELT 5 PO

AR E Ak

- 455 -

[49]

[50]

[51]

[52]

[53]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

2024, 12 e45.

FENG R Y, QIAN J Y, PENG Y J, et al. TW-scale few-
cycle short-wave infrared laser based on nonlinear compression
in a large-core gas-filled hollow core fiber [ J]. Applied
Physics Letters, 2024, 125(8) : 081102.

NISOLI M. Hollow fiber compression technique; a historical
perspective[ J]. IEEE Journal of Selected Topics in Quantum
Electronics, 2024, 30(6) ;: 8900114.

MAHBUB S M, NAFIZ A A M, SAGOR R H. Advanced
refractive index sensing through ultra-short pulse compression
in hollow core photonic crystal fiber [ J]. Materials Today
Electronics, 2025, 11 100137.

HANNA M, GUICHARD F, DAHER N, et al. Nonlinear
optics in multipass cells[ J]. Laser & Photonics Reviews,
2021, 15(12) : 2100220.

LIU Y Z, FANG S B. Single-cycle pulse compression with
over 20-fold peak power enhancement at an average power of
13.5 W[J]. Optics Letters, 2025, 50(17) : 5482 —5485.
CORKUM P B. Plasma perspective on strong field multiphoton
ionization [ J]. Physical Review Letters, 1993, 71 (13) .
1994 - 1997.

ARDANA-LAMAS F, COUSIN S L, LIGNIERES ], et al.
Brilliant source of 19. 2-attosecond soft X-ray pulses below the
atomic unit of time[ J|. Ultrafast Science, 2025, 5: 0128.
MCNEIL B W J, THOMPSON N R. X-ray free-electron
lasers[ J]. Nature Photonics, 2010, 4(12) ; 814 —821.
YAN L X, LIU Z Y. Efficient free electron laser| J].
Photonics, 2022, 16(6) ; 404 —405.

BONIFACIO R, PELLEGRINI C, NARDUCCI L M.
Collective instabilities and high-gain regime in a free electron
laser[ J]. Optics Communications, 1984, 50 (6): 373 -
378.

MADEY J M J, SCHWETTMAN H A, FAIRBANK W M. A
free electron laser [ J ].
Science, 1973, 20(3) : 980 - 983.

MCNEIL B. First light from hard X-ray laser [ J]. Nature
Photonics, 2009, 3(7) : 375 -377.

ZHANG Y X, CHEN J F, WANG D. RF design optimization
for the SHINE 3.9 GHz cavity [ J].
Techniques, 2020, 31(7) : 73.
PRAT E, GENG Z Q, KITTEL C, et al. Attosecond time-

resolved measurements of electron and photon beams with a

Nature

IEEE Transactions on Nuclear

Nuclear Science and

variable polarization X-band radiofrequency deflector at an X-
ray free-electron laser [ J ]. Advanced Photonics, 2025,
7(2): 026002.

YAN J W, QIN W L, CHEN Y, et al. Terawatt-attosecond
hard X-ray free-electron laser at high repetition rate [ J].
Nature Photonics, 2024, 18(12) : 1293 - 1298.

BRANDEN G, NEUTZE R. Advances and challenges in
time-resolved macromolecular crystallography [ ] ]. Science,
2021, 373(6558) : eaba0954.

DODS R, BATH P, MOROZOV D, et al. Ulirafast structural
changes within a photosynthetic reaction centre[ J].
2021, 589(7841) : 310 -314.

PANDEY S, BEAN R, SATO T, et al. Time-resolved serial

Nature,

femtosecond crystallography at the European XFEL [ ] ].
Nature Methods, 2020, 17(1) . 73 -78.

SUGA M, AKITA F, SUGAHARA M, et al. Light-induced
structural changes and the site of O = O bond formation in PSII
caught by XFEL[J]. Nature, 2017, 543 (7643). 131 -

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

135.

HOANG L P, PESQUERA D, HINSLEY G N, et al
Ultrafast decoupling of polarization and strain in ferroelectric
BaTiO;[J]. Nature Communications, 2025, 16 7966.

QL F F, MA Z R, ZHAO L R, et al. Breaking 50
femtosecond resolution barrier in MeV ultrafast electron
diffraction with a double bend achromat compressor [ J].
Physical Review Letters, 2020, 124(13) . 134803.

CHENG Y, ZONG A, WU L J, et al. Ultrafast formation of
topological defects in a two-dimensional charge density
wave[ J|. Nature Physics, 2024, 20(1) ; 54 -60.
BOSCHINI F, ZONNO M, DAMASCELLI A. Time-resolved
ARPES studies of quantum materials[ J]. Reviews of Modern
Physics, 2024, 96(1) : 015003.

SIDERS C W, CAVALLERI A, SOKOLOWSKI-TINTEN K,
et al.
diffraction[ J]. Science, 1999, 286(5443) . 1340 — 1342.
MUKAMEL S. Principles of nonlinear optical spectroscopy[ M ].
Oxford : Oxford University Press, 1995.

SCHRIEVER C, LOCHBRUNNER S, RIEDLE E, et al.

Ultrasensitive ultraviolet-visible 20 fs absorption spectroscopy

Detection of nonthermal melting by ultrafast X-ray

of low vapor pressure molecules in the gas phase[ J]. Review
of Scientific Instruments, 2008, 79(1) . 013107.
POLLI D, ALTOE P, WEINGART O, et al. Conical

intersection dynamics of the primary photoisomerization event
in vision[ J]. Nature, 2010, 467(7314) : 440 —443.
JIANG K, ZHANG J, ZHONG C,

recombination loss in organic photovoltaics adopting a planar-

et al. Suppressed
mixed heterojunction architecture[ J]. Nature Energy, 2022,
7(11) . 1076 -1086.

WANG Z W, LIU H'Y, XIE X Y, et al

generation with improved efficiency in tetracene oligomers

Free-triplet
through spatially separated triplet pair states [ J ]. Nature
Chemistry, 2021, 13(6) : 559 -567.

OUYANG Y N, WANG R, WANG X Y, et al. Ultrafast
energy transfer beyond the Forster approximation in organic
photovoltaic blends with non-fullerene acceptors[ J]. Science
Advances, 2025, 11(12) ; eadr5973.

HUANG X Y, LI H B, ZHANG C F, et al. Efficient
electron Ag-CsPbBr;  hybrid
nanocrystals[ J ]. Nature Communications, 2019, 10; 1163.
XU Y Q, CHEN Q, ZHANG C F, et al. Two-photon-pumped
perovskite semiconductor nanocrystal lasers| J]. Journal of the
American Chemical Society, 2016, 138(11) . 3761 —3768.
GUNTER G, ANAPPARA A A, HEES J, et al. Sub-cycle
switch-on of ultrastrong light-matter interaction[ J]. Nature,
2009, 458(7235): 178 —181.

GELINAS S, RAO A, KUMAR A, et al. Ulirafast long-range
charge separation in
diodes[ J]. Science, 2014, 343(6170) ; 512 -516.
CLARKE T M, DURRANT J R. Charge photogeneration in
organic solar cells[ J]. Chemical Reviews, 2010, 110(11) .
6736 —6767.

LIU J, CHEN S S, QIAN D P, et al. Fast charge separation
in a non-fullerene organic solar cell with a small driving
force[ J]. Nature Energy, 2016, 1 16089.

LIJC, J Q, WANG R, et al. Charge generation dynamics
in organic photovoltaic blends under one-sun-equivalent
by  highly

spectroscopy[ J]. Journal of the American Chemical Society,

plasmon-hot conversion in

organic  semiconductor photovoltaic

illumination  detected sensitive  terahertz



- 456 -

(FE TR SR S AN S

548 &

[84]

[85]

[87]

[88]

[89]

[90]

[91]

[94]

[95]

2024, 146(29) : 20312 —20322.

KOBAYASHI Y, CHANG K F, ZENG T, et al.
mapping of curve-crossing dynamics in IBr by attosecond
2019,

Direct
transient absorption spectroscopy [ J ]. Science,
365(6448) ;79 - 83.

HAMM P, ZANNI M. Concepts and methods of 2D infrared
spectroscopy [ M ].
2011.
BOLZONELLO L, BERNAL-TEXCA F, GERLING L G, et

al. Photocurrent-detected 2D electronic spectroscopy reveals

Cambridge: Cambridge University Press,

ultrafast hole transfer in operating PM6/Y6 organic solar
cells[ J]. The Journal of Physical Chemistry Letters, 2021,
12(16) : 3983 -3988.

NGUYEN H H, SONG Y, MARET E L, et al. Multispectral
two-dimensional electronic spectroscopy of the photosystem II
reaction center [ C ]//Proceedings of the International
Conference on Ultrafast Phenomena ( UP) 2022, 2022:
MIA.2.

RAMESH S, FENG M J, FURUHASHI T, et al. Enhancing
two-dimensional electronic spectroscopy for layered halide
perovskites[ J ]. ACS Photonics, 2023, 10 (12): 4456 —
4464.

TIWARI V, ZHENG F L, LIU Z H, et al.

exciton-carrier correlations in

Unraveling
lead halide

Journal of the American Chemical Society,

orthorhombic
perovskite[ J .
2025, 147(47) ; 43858 —43869.

DUAN H G, TIWARI V, JHA A, et al.

vibrations drive ultrafast structural distortion in lead halide

Photoinduced

perovskite[ J ]. Journal of the American Chemical Society,
2020, 142(39) : 16569 - 16578.

RICHTER J M, BRANCHI F, DE ALMEIDA CAMARGO F
V, et al

perovskite

Ultrafast carrier thermalization in lead iodide

probed  with  two-dimensional  electronic
spectroscopy[ J]. Nature Communications, 2017, 8 376.
LIU A, ALMEIDA D B, BONATO L G, et al
Multidimensional coherent spectroscopy reveals triplet state
coherences in cesium lead-halide perovskite nanocrystals[ J].
Science Advances, 2021, 7(1) : eabb3594.

XIANG B, RIBEIRO R F, DUNKELBERGER A D, et al.
Two-dimensional vibrational

infrared  spectroscopy  of

polaritons[ J]. Proceedings of the National Academy of
Sciences, 2018, 115(19) ; 4845 —4850.

WINTE K, SOURI S, LUNEMANN D C, et al. Vibronic
coupling-driven symmetry breaking and solvation in the
photoexcited dynamics of quadrupolar dyes [ J]. Nature
Chemistry, 2025, 17(11) : 1742 - 1749.

SONG Y, CLAFTON S N, PENSACK R D, et al. Vibrational
coherence probes the mechanism of ultrafast electron transfer
in polymer-fullerene blends [ J ]. Nature Communications,
2014, 5. 4933.

TURNER D B, HASSAN Y, SCHOLES G D. Exciton
superposition states in CdSe nanocrystals measured using
broadband two-dimensional electronic spectroscopy[ J]. Nano
Letters, 2012, 12(2) : 880 —886.

BROSSEAU P, JASRASARIA D, GHOSH A, et al. Two-
dimensional electronic spectroscopy reveals dynamics within
the bright fine structure of CdSe quantum dots [ J ]. The
Journal of Physical Chemistry Letters, 2024, 15(6) ; 1702 —
1707.

MOODY G, CUNDIFF S T. Advances in multi-dimensional

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

coherent spectroscopy of semiconductor nanostructures [ J ] .
Advances in Physics: X, 2017, 2(3) . 641 -674.
MOODY G, SIEMENS M E, BRISTOW A D,

Revealing exciton dephasing and transport dynamics in

et al.

semiconductor quantum well-quantum dot systems using
optical 2D Fourier transform spectroscopy[ J]. Proceedings of
SPIE, 2012, 8260 82600V.
STONE K W, GUNDOGDU K, TURNER D B, et al. Two-
quantum 2D FT electronic spectroscopy of biexcitons in GaAs
quantum wells [ J]. Science, 2009, 324 (5931). 1169 -
1173.
TURNER D B, NELSON K A. Coherent measurements of
high-order electronic correlations in quantum wells [ J].
Nature, 2010, 466(7310) : 1089 —1092.
SCHOLES G D, FLEMING G R, CHEN L X, et al. Using
coherence to enhance function in chemical and biophysical
systems[ J]. Nature, 2017, 543(7647) . 647 - 656.
ISHIZAKI A, FLEMING G R. Quantum coherence in
photosynthetic light harvesting [ J ].
Condensed Matter Physics, 2012, 3. 333 -361.
LI H B, LOMSADZE B, MOODY G,
multidimensional coherent spectroscopy [ M ]. New York:
Oxford University Press, 2023.
HAMM P, LIM M, HOCHSTRASSER R M. Structure of the

amide I band of peptides measured by femtosecond nonlinear-

Annual Review of

et al. Optical

infrared spectroscopy[ J]. Journal of Physical Chemistry B,
1998, 102(31) : 6123 -6138.

STONE K W, TURNER D B, GUNDOGDU K, et al.
Exciton-exciton correlations revealed by two-quantum, two-
dimensional Fourier transform optical spectroscopy [ J ].
Accounts of Chemical Research, 2009, 42 (9). 1452 -
1461.

BRISTOW A D, KARAISKAJ D, DAI X, et al. A versatile
ultrastable platform for optical multidimensional Fourier-
spectroscopy [ J ]. Review of Scientific
Instruments, 2009, 80(7) : 073108.

QU S, SHARMA V K, GEUCHIES J J, et al.

resolved ,

transform

Mode-

non-local  electron-phonon two-

Nature Physics, 2025,

coupling in
dimensional spectroscopy [ J ].
21(6): 953 —960.

CONSANI C, AUBOCK G, VAN MOURIK F, et al.
Ultrafast tryptophan-to-heme electron transfer in myoglobins
revealed by UV 2D spectroscopy [ J ]. Science, 2013,
339(6127) ; 1586 —1589.

COWAN M L, OGILVIE J P, MILLER R J D. Two-
dimensional spectroscopy using diffractive optics based
phased-locked photon echoes[ J]. Chemical Physics Letters,
2004, 386(1/2/3) ; 184 —189.

BRIXNER T, STIOPKIN I V, FLEMING G R. Tunable two-
dimensional femtosecond spectroscopy [ J ].
2004, 29(8) : 884 —886.

DEFLORES L P, NICODEMUS R A, TOKMAKOFF A.
Two-dimensional Fourier transform spectroscopy in the pump-
probe geometry[ J]. Optics Letters, 2007, 32(20) ; 2966 —
2968.

GRUMSTRUP E M, SHIM S H, MONTGOMERY M A, et

al. Facile collection of two-dimensional electronic spectra

Optics Letters,

using femtosecond pulse-shaping technology [ J ].
Express, 2007, 15(25) : 16681 - 16689.
TIAN P F, KEUSTERS D, SUZAKI Y, et al. Femtosecond

Optics



3 ]

RELT 5 PO

AR E Ak

- 457 -

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

phase-coherent two-dimensional spectroscopy [ J]. Science,
2003, 300(5625) : 1553 —1555.

TIWARI V, MATUTES Y A, GARDINER A T, et al.
Spatially-resolved  fluorescence-detected  two-dimensional
electronic spectroscopy probes varying excitonic structure in
photosynthetic bacteria[ J]. Nature Communications, 2018,
9(1): 4219.

ZHU W D, WANG R, ZHANG C F, et al. Broadband two-
dimensional electronic spectroscopy in an actively phase
stabilized pump-probe configuration [ J ]. Optics Express,
2017, 25(18) : 21115 -21126.

WAGNER W, LI C Q, SEMMLOW J, et al. Rapid phase-
cycled two-dimensional optical spectroscopy in fluorescence
and transmission mode[ J]. Optics Express, 2005, 13(10) ;
3697 -3706.

KARKI K J, WIDOM J R, SEIBT J, et al. Coherent two-
dimensional photocurrent spectroscopy in a PbS quantum dot
photocell[ J]. Nature Communications, 2014, 5. 5869.
PURZ T L, MARTIN E W, RIVERA P, et al. Coherent
exciton-exciton interactions and exciton dynamics in a
MoSe,/WSe, heterostructure [ J ]. Physical Review B,
2021, 104(24) . 1241302.

BAKULIN A A, RAO A, PAVELYEV V G, et al. The role
of driving energy and delocalized states for charge separation
in organic semiconductors[ J ]. Science, 2012, 335(6074) .
1340 - 1344.

BREEN I, TEMPELAAR R, BIZIMANA L A, et al. Triplet
separation drives singlet fission after femtosecond correlated
triplet pair production in rubrene [ J]. Journal of the
American Chemical Society, 2017, 139 (34 ). 11745 -
11751.

BAKULIN A A, MORGAN S E, KEHOE T B, et al. Real-
time observation of multiexcitonic states in ultrafast singlet
fission using coherent 2D electronic spectroscopy[ J]. Nature
Chemistry, 2016, 8(1) . 16 —23.

YUB Y, CHEN L, QU Z K, et al. Size-dependent hot
carrier dynamics in perovskite nanocrystals revealed by two-
dimensional electronic spectroscopy [ J ]. The Journal of
Physical Chemistry Letters, 2021, 12(1) ; 238 —244.
HUANG X Y, CHEN L, ZHANG C F, et al
Inhomogeneous biexciton binding in perovskite semiconductor
nanocrystals measured with two-dimensional spectroscopy [ J ].
Journal of Physical Chemistry Letters, 2020, 11 (23):
10173 - 10181.

ZHU C, NGUYEN T, BOEHME S C, et al. Many-body
correlations and exciton complexes in CsPbBr; quantum
dots [ J]. Advanced Materials, 2023, 35(9) : 2208354.
MA Z F, MCCASLIN L M, FOURNIER J A. Coherent
vibrational dynamics in an isolated peptide captured with
two-dimensional infrared spectroscopy [ J ]. Journal of the
American Chemical Society, 2025, 147(11) ; 9556 —9565.
DICKE R H.
processes[ J]. Physical Review, 1954, 93(1): 99 -110.
YU S G, TITZE M, ZHU Y F, et al
scalable and deterministic multi-atom Dicke states in an
atomic vapor[ J]. Optics Letters, 2019, 44 (11); 2795 -
2798.

Coherence in  spontaneous radiation

Observation of

ABBE E. Beitriige zur theorie des mikroskops und der
LJi. Archiv
Mikroskopische Anatomie, 1873, 9. 413 —468.

mikroskopischen ~ wahrnehmung fiir

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

ABBE E. Contributions to the theory of the microscope and
microscopic perception [ J ]. Archive for
Anatomy, 1873, 9. 413 —468. (in German)
HELL S W. Far-field optical nanoscopy [ J ].
2007, 316(5828) : 1153 - 1158.

HUANG B, BATES M, ZHUANG X W. Super-resolution
[J]
Biochemistry, 2009, 78 993 - 1016.
LIU Z, LAVIS L. D, BETZIG E. Imaging live-cell dynamics
and structure at the single-molecule level [ J].

Cell, 2015, 58(4) : 644 —659.

Microscopic

Science,

fluorescence  microscopy Annual  Review of

Molecular

ASH E A, NICHOLLS G. Super-resolution aperture
scanning microscope [ J ]. Nature, 1972, 237 (5357):
510 -512.

POHL D W, DENK W, LANZ M. Optical stethoscopy:
image recording with resolution A/20[J]. Applied Physics
Letters, 1984, 44(7) : 651 —653.

ZENHAUSERN F, MARTIN Y, WICKRAMASINGHE H K.
Scanning interferometric apertureless microscopy: optical

imaging at 10 angstrom resolution [ J ]. Science, 1995,
269(5227) ; 1083 - 1085.

KNOLL B, KEILMANN F. Near-field probing of vibrational
absorption for chemical microscopy [ J]. Nature, 1999,
399(6732) : 134 - 137.

CHEN X Z, HU D B, MESCALL R,

scattering-type scanning near-field optical microscopy for

et al. Modemn
advanced material research[ J]. Advanced Materials, 2019,
31(24) . 1804774.

COCKER T L, JELIC V, HILLENBRAND R,
Nanoscale terahertz scanning probe microscopy [ J].
Photonics, 2021, 15(8); 558 —569.

EISELE M, COCKER T L, HUBER M A, et al. Ultrafast
multi-terahertz nano-spectroscopy with sub-cycle temporal
resolution[ J ]. Nature Photonics, 2014, 8 (11). 841 -
845.

NISHIDA J, JOHNSON S C, CHANG P T S, et al

Ultrafast infrared nano-imaging of far-from-equilibrium carrier

et al.

Nature

and vibrational dynamics[J]. Nature Communications, 2022,
13(1): 1083.

O’CALLAHAN B T, JONES A C, HYUNG PARK ], et al.
Inhomogeneity of the ultrafast insulator-to-metal transition
dynamics of VO, [J].
6: 6849.

STERNBACH A J, CHAE S H, LATINI S,
Programmable hyperbolic polaritons in van der Waals

Science, 2021, 371 (6529): 617 -

Nature Communications, 2015,

et al.

semiconductors[ J | .
620.

WAGNER M, FEI Z, MCLEOD A S, et al. Ultrafast and
nanoscale plasmonic phenomena in exfoliated graphene
revealed by infrared pump-probe nanoscopy [ J ]. Nano
Letters, 2014, 14(2) : 894 -900.

DONGES S A, KHATIB O, O’ CALLAHAN B T, et al.
Ultrafast nanoimaging of the photoinduced phase transition
dynamics in VO, [J]. Nano Letters, 2016, 16(5) : 3029 —
3035.

PUSHKAREV V, NEMEC H, PAINGAD V C, et al.
Charge transport in single-crystalline GaAs nanobars; impact
of band bending revealed by terahertz spectroscopy [ J].
Advanced Functional Materials, 2022, 32(5) . 2107403.
SIDAY T, SANDNER F, BREM 8§,

et al. Ultrafast



458 (FE TR SR S AN S 55 48 %
nanoscopy of high-density exciton phases in WSe, [ J]. Nano of single lipid vesicles in water [ J ]. Nature

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

Letters, 2022, 22(6) : 2561 —2568.

MREJEN M, YADGAROV L, LEVANON A, et al
Transient exciton-polariton dynamics in WSe, by ultrafast
near-field imaging [ J ]. Science Advances, 2019, 5(2):
eaat9618.

CHARNUKHA A, STERNBACH A, STINSON H T, et al.
Ultrafast nonlocal collective dynamics of Kane plasmon-
polaritons in a narrow-gap semiconductor [ J ]. Science
Advances, 2019, 5(8) : eaau9956.

LI'J G, YANG R D, RHO Y, et al
nanoscopy of carrier dynamics in silicon nanowires[ J|. Nano
Letters, 2023, 23(4) ; 1445 —1450.

NI G X, WANG L, GOLDFLAM M D, et al.
optical switching of infrared plasmon polaritons in high-
mobility graphene[ J]. Nature Photonics, 2016, 10 (4) .
244 -247.

HUBER M A, MOOSHAMMER F, PLANKL M, et al.

Femtosecond photo-switching of interface polaritons in black

Ultrafast optical

Ultrafast

phosphorus heterostructures [ J . Nature Nanotechnology,
2017, 12(3) : 207 -211.

KNOLL B, KEILMANN F. Enhanced dielectric contrast in
scattering-type scanning near-field optical microscopy [ J].
Optics Communications, 2000, 182(4/5/6) : 321 —328.
HILLENBRAND R, KEILMANN F.
constants on a subwavelength scale [ J ]. Physical Review
Letters, 2000, 85(14) : 3029 -3032.

GOMEZ L, BACHELOT R, BOUHELIER A,

Apertureless scanning near-field optical microscopy: a

Complex optical

et al.

comparison between  homodyne and heterodyne
approaches|[ J]. Journal of the Optical Society of America B,
2006, 23(5) : 823 -833.

HUTH F, GOVYADINOV A, AMARIE S, et al.
FTIR absorption spectroscopy of molecular fingerprints at

Nano Letters, 2012, 12(8)

Nano-

20 nm spatial resolution[ J].
3973 -3978.
HUTH F, SCHNELL M, WITTBORN J, et al. Infrared-
spectroscopic nanoimaging with a thermal source[ J|. Nature
Materials, 2011, 10(5) : 352 -356.
WAGNER M, MCLEOD A S, MADDOX S ],

Ultrafast dynamics of surface plasmons in InAs by time-

et al.

resolved infrared nanospectroscopy[ J]. Nano Letters, 2014 ,
14(8) : 4529 -4534.

STOCKMAN M 1.
glimpse into future [ J ]. Optics Express, 2011, 19 (22) .
22029 -22106.

GOLZ T, BAU E, ZHANG J, et al. Transient infrared

nanoscopy resolves the millisecond photoswitching dynamics

Nanoplasmonics: past, present, and

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

Communications, 2025, 16: 6033.
XIE Q, ZHANG Y, JANZEN E, et al.

microscopy-based

Atomic-force-
infrared

2024,

time-domain  two-dimensional

nanospectroscopy [ J ]. Nature Nanotechnology,
19(8): 1108 —1115.

OLSINA J, DIJKSTRA A G, WANG C, et al. Can natural
sunlight induce coherent exciton dynamics? [ EB/OL ].
(2014 -08 - 21) [2025 - 11 -28]. https://arxiv. org/
abs/1408.5385.

BENNETT D I G, FLEMING G R, AMARNATH K.
Energy-dependent quenching adjusts the excitation diffusion
length to regulate photosynthetic light harvesting [ J ].
Proceedings of the National Academy of Sciences, 2018,
115(41) . E9523-E9531.

LIB H, LI H, DI H P, et al. Probing the genuine carrier
dynamics of semiconducting perovskites under sunlight[ J].
JACS Au, 2023, 3(2): 441 -448.

MA Y Z, HOLT N E, LI X P, et al. Evidence for direct
carotenoid involvement in the regulation of photosynthetic
light harvesting[ J]. Proceedings of the National Academy of
Sciences, 2003, 100(8) : 4377 —4382.

DANG W, LIAO Q, MAO P C, et al. Lasing dynamics
study by femtosecond time-resolved fluorescence non-
collinear optical parametric amplification spectroscopy [ J ].
Chinese Physics B, 2016, 25(5) ; 054207.

CUI E N, LIU H Y, WANG Z,

fluorescence

et al. Femtosecond

conical  optical  parametric  amplification
spectroscopy[ J . Review of Scientific Instruments, 2024,
95(3) : 033008.

ZHANG Z D, PENG T, NIE X Y, et al. Entangled photons
enabled

spectroscopy and applications to electronic coherences at

time-frequency-resolved coherent Raman

femtosecond scale [ J ]. Light; Science & Applications,
2022, 11 274.
GU B, SUN S C,

spectroscopy  with

CHEN F, et al. Photoelectron

entangled  photons; enhanced

spectrotemporal resolution [ J ]. Proceedings of the National
Academy of Sciences, 2023, 120(21) ; €2300541120.

JADOUN D, HARBOLA U, CHERNYAK V Y, et al. Two-
dimensional electronic spectroscopy with intense entangled-

photon beams [ J ]. Physical Review Letters, 2025,

135(22) ; 223803.
ALVAREZ-MENDOZA R, UBOLDI L, LYONS A, et al.

Correlated-photon  time- and  frequency-resolved optical

spectroscopy[ J ]. Nature Communications, 2025, 16 (1) ;

8634.



