Chinese Physical Society

M!l H Acta Physica Sinica

€ Institute of Physics, CAS

ETHTFSH_HBTFLENSENEE MAMEZR

HNA EH RERL A K84

Quantum coherence measurement with femtosecond time-resolve two-dimensional electronic spec-
troscopy: principles, applications and outlook

Weng Yu-Xiang Wang Zhuan Chen Hai-Long Leng Xuan Zhu Rui-Dan

5| H15 2. Citation: Acta Physica Sinica, 67, 127801 (2018) DOI: 10.7498/aps.67.20180783
FELE 7 3L View online:  http://dx.doi.org/10.7498/aps.67.20180783
23y 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2018/V67/112

B RERSL B E R

Artlcles you may be interested in

K7 i RS R X B PR Bl g 27 R ) i

Influence of long lifetime absorption process on the measurement of ultrafast carrier dynamics
PP 2E4%.2011, 60(11): 117802  http://dx.doi.org/10.7498/aps.60.117802


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.67.20180783
http://dx.doi.org/10.7498/aps.67.20180783
http://wulixb.iphy.ac.cn/CN/Y2018/V67/I12
http://wulixb.iphy.ac.cn/CN/abstract/abstract17827.shtml

) I8 ¥ 48  Acta Phys. Sin.

Vol. 67, No. 12 (2018) 127801

= THTSHN %R FRIENENEE,
MRBAFMER

FHHT T4

PR A

AEDD kG A

1) (hEFREERIERR T, LRSI E K L, BRI E S, dbs 100190)

2) (HEFREERERY:, JEE 100049)

(2018 4 4 A 23 HUXF; 2018 4 5 A 8 HURFIMEHF )

YT ORISR — A R A R T (R 4 HER A HE R AR e M e s vk B AT DA SR A
SRR NIRRT EENE, B LI EAFE R B TS -IRIES 2N E T IR, 2007 4,
Flemming PR F] FH — 4k B O il TIRIR 77 K 264 N AR 6 R 4 5 1 Fenna-Matthews-Olson R HL T
ReEfFIS I R E T TSR, REEEM ST R, 12408 &R S250 0l 2 & A T IR AT Re 2
FHER AL B S AH T B AT Y, SRTIIX — SEIR I R RE R B T AT RARELN TAHOEA RS R AELE
EFHTAERSENRE, HiNSE — M SR A, A S EEd N A g T onils R e E
KMIEAEAEAE AR R e AL & AT IR R, 4 = 4 o7l X Ph S 00 7 V2 e 08 78 38 2 B F 90 A3

UL Sz S

KR —4ErToniE, ETAHT
PACS: 78.47.J-, 78.47.jh, 78.47.jm

1 58 =

PR L viad, R AR TR PR,
2 VeIl 7€ e AN T & T 0 %% (If you think
you can talk about quantum theory without feel-
ing dizzy, you haven’t understood the first thing
about it.). A W& AT &R LR EAZ 1
BHWE. AR THTSHNELRES, FFENA
e LB T PR ). — AR ATE R, 55—
BPHTEMAM E. 77248 Gk [F
ME — X ILHER PR, InaeRE A W), ShE 5107
B OME TSRS R ER Y, X TAR T — A
BT E2MASRNE, LA RSP A A
FEZS. T T o RO S B R E TR T, R
L0 PR A (R I 52 3 A R B R A X

DOI: 10.7498 /aps.67.20180783

e HI T LA A I A A R, R i I T 23
. LABOG IR e, R AR g i kA B
ko, T JCTE R SCERRE B (D) S A
(IRAHF I 18] ) ARG 250 &5 5 — D7 T S LA
52 B AR ARSI S A B AN AR, T
TIEFASINERE R, RE HBOLH B IE S
Hl 2577 TS T B INSRG MRS, R
Xof T ST A28 I 2 I D7 vk PR R D A 2 A A
JR PR A AT — AN W] FE FR S 58 7 V2 b ISR T IR
KPR

2007 4F, D B R 27 A0 BE A 3 42 B ) FELAL
% 5% Fleming M 3 A 15 3 IR FH CRD I 8] 43 B ()
TR LR IR T ORAR T T gk
Bk T S NSO R &R B R E 5K (Fenna-
Matthews-Olson complex, FMO) &2 7)1 [8] [f] 1%
RERLRE, ML) A& BT S RN FEBR BT

* [E K H AR R SRR AR AR UL AR (e S 21227003) BEBIAERAE.

T B E/E#E. E-mail: yxweng@iphy.ac.cn

© 2018 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

127801-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.67.20180783
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 12 (2018) 127801

E) -0 B, BRI R sz e b my 0 ) 241 1) = 1 4
AL, BIAH 1% gk F2 0 0 uEd . AR T1E 5
) Froster Be & 7 7 A 8 (58 & HH & 2K Y SO0 £
TERENL), &7 HH T A 4% 5 B AT 3 ok 08 0 of =
FEE B I S UK Re L S B R 1, AT BT T RE &
e B 2% R FE B pH T A2 aze B A% Be 200K HH
WM TR AN EE FHTE
() — P A 7 B 7T T B 51k TR PO R A 4
WA T I OCTE. A 2 15 AR IR B A A &
FEAERAH & T A TSRS, Wk 17eE1E
FH e 2 AL B HLH S BE AR — D IF AL S 2010 4F,
Engel % Pl(Fleming (1 -+ J5) /8 T =E LT
FMOH M EFMHTHE. FNmMERZHLEZ RE
f) Scholes 2% 124 7 5 Il 26 1 T Ba 2E g FE 6 R 2%
HERIN B T B AT RS, ISR T R (A IA
B WHE TS S, i€ 1 Rz 0f
300 fs )i g A T L Re it B2, 45 SRR, |/
fEEAFRRAE N, oA T8 i 2R A R 2 Al 7 L1
MR FAEKTEL 5 nm 1) X I A 3L
KA, TR EIA 2.5 nm. £ LR+,
FEl 580 G A H ) I R 2 S AP AR A TS AR R
X —FEA ) L — B 20 W EY, 556 Fleming
SN AR R A AT E K A T AR A
OIS F ST E . BT SIS A5 RS
T HTESSRME TSN ILIRES, A R
Girp KT - TR A DL

2 tEE Tt
2.1 ZHHBFHRIEFHE

YRR BTN R 1 R AR K E D T A
AR, HT WM RZEMA L SN, A 22E BT
FERCERK LG R T AR e RIS T
Wt L3R e AR b A% e (B9 M 4 T 4% 1 e
TE —m /2 W Rk b R J5 , 78 18] B B ]+ FH — AN 7 ik
MR, RGBEET—A B8 G 82— A
WAES. Z T LU Bloch 2R, i, —
Y TR R R AE S, S4B
A _EOA AR BT, R =T R i DU Y TR A
TR B (a) g5t T 5N B RS ¥ B G
FEI Bloch K & 3R~ (W6F [BIEAE & =+
(B3 IR ) BT 1 (D) 25 8 T =7 Bl 3 1 ik v

F1| S B AS 5 IR IS Rl 67 B (215 5 il
ot B IS ARG R I &, XFEOREF 1[50
B3 A AL A R, e R A — Bk i oa /e A AR
Yife 5 5 BG5S HET TR R Z D&, [
Kl 1 (b) 487 1 a2 — M R G b R 2 —
AN AN B N — M, R =
Fkrb et — AT AR B (o) a7 R
PR GAE =W 8] 7 41 ok e b 1 T 55 R R
JCHEA, AR — A IKBUR T — M por,
5 AP AR 3RS T O ES AG E pr, BB
Ak [FTRE A B R 2 AH T2 pro, 2B =AM R4
T ik, BT B IA T35 pro @R 7 =t = 3
J& TV 18 0] 35 F 3 T A AR 2. o g S por B3
g, PR IA) B RESC R, AT LR AE S ] LA

<a>§w %w %w %w %w
- N 7

A ATime
n/2-pulse n-pulse 2PPE
WRITE READ
: T T t

A Coherent time Population time Echo time

j

Local oscillator

poo O 0 por 0 0 0 0
0 0 00 0 P11 P10 0

(PDOO 0 0
00 P10 0)

T T t

1 BT =00 [P & 5 4 i Ol R R
(a) J62%% Bloch %8 ik B9 006 T 81 (b) =67 1Al
WO AR K PGB I Fr R il A5 = b A 72 I s 2
B BB A KRS TS RE N, B EA kRS
FTFARELH; (c) PIRESR G =061 RIS AR Firnd B
B R AR A

Fig. 1. Schematic configuration of two-dimensional
electronic spectroscopy based on three photon echo:
(a) Two-photon echo described with optical Bloch vec-
tor; (b) diagram of the pulse sequence and time labels
for the three-pulse photon echo and heterodyne detec-
tion; the first and second pulses write the coherences
and the third pulse read the coherence; (c¢) diagram
of temporal evolution of the density matrix for a two-

level system.
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Fig. 2. Feynman diagrams of three photon echo pro-
cess: (a) Ground state population density matrix with-
out a coherent state; (b) ground state population den-

sity matrix with a vibrational coherent state.
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different coherence time; right, obtained two-dimensional spectrum after FFT.

3 ETMHETAWN CAAE 983 &%
B F
H 2007 5= i N B TR 2= A R 4 R

Fleming & 5 15 # A A — 4 76 fE D6 R
28 H FMO H O 2UAH T S AL e A2 LUK, 40

SR R 2 3 T X A T R R S RO RGP
G RLEA . P LA e AR I
BEATWETE. T A A% B A3 U S 06 3R
T R P T AR R AR 7 A HE 2 A R U
W8 A Jee B T T R4 A2 75 A7 2 AR AR S PR 9IR 95 BL
G BRI H TR T AR RE 6 [R] N S U T T S
(7B ) MRS HMEE, Bl —4um

127801-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 67, No. 12 (2018) 127801

A P AR X o3 LS SIRENS AT TS SR
BNASHE AR T ATIIR I 1 A SR A e RO 27

FRATRESL T AP I (] 43 #% 4 i1 &ml
IFRNZ AT T B SR 5 T IR S
HL TSRS A WOR, IR T A FR S AL SL
PR L B ORI AR P ) 2 AMIRPR S AT H TS A
AT T ) 22 IR B B - 40 (% B8 ) B A B[R] T
A FE (B 5 (a)) P @R DLBOR SR L 45
A28 DA% A S8 B T Ay A1 A 1) = 44 0408 B 1 %o A
JE B TR FET, 4321 7 4k 76k 3 ) 80dE
FEARIE T 3. A e 5 o A J I 1) T 22 46y
AR A, R B AR R O TR R
PR wr = 200 em ™ {9 4EE A, 40F 5 (b)
s,

PRI

w-/10* cm 1!
1.20 1.22 1.24 1.26 1.28 1.30 1.32

v =200 cm~!

wo = 12520 cm—!

wo+200

wo

wp—200

1.20 R
wo | +160 +280 +400
+80 +200 +340 +440

El5  (a) EFXdAm (e T 5 — 241 B FFT #7218
(b) IR wy = 200 em ™~ A9 4B B

Fig. 5. (a) Schematic diagram of FFT of the two-
dimensional data according to the population time T3
(b) rephasing Fourier map for a typical beating fre-

quency of wp = 200 cm~1.

FERERL TR, B8 R P T SR A
RTINS ISR T, WK |g), WS

le), FEE— RINERT, TILE ) Ae 25 A
H = Hglg){g| + Hele){el H = Hglg) (gl + Hele)(el,
Horp

Hg - Z (2,Ulgz + :u’gl gzqz)

r .2
pi |1
He = hweg + Z 5 -+ _Meiw;(qi - di)2:|7
— [ 20g 2
(a0 ;?Mi (b) A
4 el 2
v, v
€o
Weg
2
g
o g{’lIQ
vV —V
GBE O
SE @ O

w90 ail| w(lon(ail| x(lon(ail] x| l9n) (a1l
lef) (gt lef) (gt lef) (g le4) (gl
Zga it A 7 god (it | 2 7ottt | 2 7 lgo) 4ol | 2
196) {eol |90) (et |90} (el |90} (€]
190) (a0l ™ 190> (a0l ™ [190) (g0l ™ [1g0) (g0l [™
(1) (2) (3) (4)
w90 (ail| x| lgDCail| w190 (il
leo) (gt leb) (gl leo) (g7
1g0) gt | 2 7 1en) teol | A 7 leo) Getl | A
‘go> (e q| |90> <€0| |90> (5'1|
190) (a0l ™ [190) (g0l ™ | 190) (g0l [™

(5) (6) (7)

K6 (a) ZHBARA, (b) fE4ERN Awr = v AEKIAIALE
RFFT KOG, B ORRDIER SRR, L0 ORIy U &
Wefr, JTHERR IS EIRE S, W BRR AN T A
RERNIESE, TOERRERFIE,; (o) IRGIMEN v
WA, THRRRBTE, ERRRIRNE

Fig. 6. (a) Multi-vibrational mode-coupled displaced os-
cillator model; (b) cartoon rephasing Fourier map for the
vibrational mode-coupled displaced model at the oscilla-
tion frequency Awr = v, displaying the uncoupled pat-
tern (blue ellipses) and the two vibrational mode coupled
pattern (red ellipses); the squares represent the beating
appearing in the ground-state bleaching signals while the
circles in the stimulated emission signals; the filled symbols
for the beating with +v frequency while the open ones for
the —v frequency; (¢) Feynman diagrams of four typical
coupling cases having a beating frequency of +v; the sub-
script indicates ladder of the mode, and the superscript

indicates the vibrational mode.

127801-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 12 (2018) 127801

Horb i RS AN RBNEE, py B g 23 70 & B & AL
BER wgi(pei) AT HE (BEE) L0 &;
Wei(wei) R IRTERES (WORE) B, d; 2K
AH B AN FE A A BRI ARIR q; IR AT FE B weg
AR Re R 2.

I 22w -G R T g T T IR B S ERIT
PR EE, A AN IR 2 55 04 5T Bk ] 3 S TR A O
K6 (a) &2 MG IR B R IEA, v 5 Q70 2R
FIRLEIIEE, 6 (b) A2 45 A3 v # & QB
FET GG E, B 6 (c) MMM 1) 9% 28k 12. Bl 6 (b)
HH ARG 15 P TR T R 7 T P 2 I PR ) A LA
MEEE. B 17 REREE S, ARG 1E
T, Bl SRR Weg, Weg + 1 A wWeg + 2 A
% ) AR A B 5 (rephasing) % we, — v + £2; 5L
RANZE wo FXT L weg + v — QAN HBIZE,; 5
BORINZ weg + 02 FHXS NI weg — v AH AL B FEAH
5. XEE S SUL IR v 1 Q A ER G
— R, LR R B s

1% CAEAE SO0 p 2 Al EFR T 4 e b 1
ZIRBA THRA FFALH, ST 2ERE S
BT 2 2 R AR SO B 1 — 4 6 B et B2 )
A, FE 7 4R OGS I T T ) S8 Al
L7

iy

ETHTEG2RE S, e CRENT
27 MRS L. RER T — B
NI IEES, AR A ALY R G P A AL %
AR TR ) SRR A W, XSS TR A A LS AF
FEFFRTERIN ), I HL AT DAAFAE T 50 e ATk v 1)
Mg, IXRBIAR TR DU T 2R R 4
EEBRMAN I E RS H, feRfLiS R R2 R
TAMT, ARG T IR T BB TSR K
SRAFAE, (HAH T R B A% i 12 PU 20 A% Ay S AL
DR L e i 5 ok BHAR R D S 36 AR T35 i S B PR A3
L MITAT I, M R T T RS SR T
AR I A T AR AR T S N

4 %

S

(1]

(3]

(4]

(5]

[6]

(8]

(17]

(18]

(19]

[20]

(21]

127801-6

Engel G S, Calhoun T R, Read E L, Ahn T K, Man-
cal T, Cheng Y C, Blankenship R E, Fleming G R 2007
Nature 446 782

Panitchayangkoon G, Hayes D, Fransted K A, Caram J
R, Harel E, Wen J Z, Blankenship R E, Engel G S 2010
Proc. Natl. Acad. Sci. USA 107 12766

Collini E, Wong C Y, Wilk K E, Curmi P M G, Brumer
P, Scholes G D 2010 Nature 463 644

Weng Y X 2010 Physics 39 331 (in Chinese) [£3]#]
2010 ¥ 39 331]

Ball P (translated by Weng Y X) 2018 Physics 47 249
(in Chinese) [ff/K P (3R 4ii%) 2018 #H 47 249
Fuller F D, Pan J, Gelzinis A, Butkus V, Senlik S S,
Wilcox D E, Yocum C F, Valkunas L, Abramavicius D,
Ogilvie J P 2014 Nat. Chem. 6 706

Halpin A, Johnson P J M, Tempelaar R, Murphy R S,
Knoester J, Jansen T L C, Miller R J D 2014 Nat. Chem.
6 196

Romero E, Augulis R, Novoderzhkin V I, Ferretti M,
Thieme J, Zigmantas D, van Grondelle R 2014 Nat.
Phys. 10 676

Dean J C, Mirkovic T, Toa Z D, Oblinsky D G, Scholes
G D 2016 Chem 1 858

Weng Y X 2018 Chin. J. Chem. Phys. 31 135
Mukamel S 1995 Principles of Nonlinear Optical Spec-
troscopy (Oxford: Oxford University Press)

Hybl J D, Albrecht A W, Faeder S M G, Jonas D M
1998 Chem. Phys. Lett. 297 307

Oliver T A 2018 R. Soc. Open Sci. 5 171425

Davis J A, Tollerud J O 2017 Prog. Quant. Electron.
551

Brixner T, Hildner R, Kohler J, Lambert C, Wurthner
F 2017 Adv. Energy Mater. 7 1700236

Nuernberger P, Ruetzel S, Brixner T 2015 Angew. Chem.
Int. Ed. 54 11368

Fuller F D, Ogilvie J P 2015 Annu. Rev. Phys. Chem.
66 667

Schlau-Cohen G S, Dawlaty J M, Fleming G R 2012
IEEE J. Sel. Top. Quantum Electron. 18 283

Zhang Z, Tan H S 2014 Multidimensional Optical Spec-
troscopy Using a Pump-probe Configuration: Some Im-
plementation Details (Singapore: World Scientific Pub-
lishing) pp29-35

Yue S, Wang Z, He X C, Zhu G B, Weng Y X 2015 Chin.
J. Chem. Phys. 28 509

Yue S, Wang Z, Leng X, Zhu R D, Chen H L, Weng Y
X 2017 Chem. Phys. Lett. 683 591


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1038/nature05678
http://dx.doi.org/10.1038/nature05678
http://dx.doi.org/10.1073/pnas.1005484107
http://dx.doi.org/10.1073/pnas.1005484107
http://dx.doi.org/10.1038/nature08811
http://www.wuli.ac.cn/CN/abstract/abstract31701.shtml
http://www.wuli.ac.cn/CN/abstract/abstract71974.shtml
http://dx.doi.org/10.1038/nchem.2005
http://dx.doi.org/10.1038/nchem.1834
http://dx.doi.org/10.1038/nchem.1834
http://dx.doi.org/10.1038/nphys3017
http://dx.doi.org/10.1038/nphys3017
http://dx.doi.org/10.1016/j.chempr.2016.11.002
http://dx.doi.org/10.1063/1674-0068/31/cjcp1803055
http://dx.doi.org/10.1016/S0009-2614(98)01140-3
http://rsos.royalsocietypublishing.org/content/5/1/171425
http://dx.doi.org/10.1016/j.pquantelec.2017.07.001
http://dx.doi.org/10.1016/j.pquantelec.2017.07.001
http://dx.doi.org/10.1002/aenm.201700236
http://dx.doi.org/10.1002/anie.201502974
http://dx.doi.org/10.1002/anie.201502974
http://dx.doi.org/10.1146/annurev-physchem-040513-103623
http://dx.doi.org/10.1146/annurev-physchem-040513-103623
http://dx.doi.org/10.1109/JSTQE.2011.2112640
http://dx.doi.org/10.1109/JSTQE.2011.2112640
https://cps.scitation.org/doi/10.1063/1674-0068/28/cjcp1506136
https://cps.scitation.org/doi/10.1063/1674-0068/28/cjcp1506136
http://dx.doi.org/10.1016/j.cplett.2017.03.029

) I8 % 48 Acta Phys. Sin. Vol. 67, No. 12 (2018) 127801

Quantum coherence measurement with femtosecond
time-resolve two-dimensional electronic spectroscopy:
principles, applications and outlook”

Weng Yu-Xiang"?" Wang Zhuan? Chen Hai-Long" Leng Xuan®? Zhu Rui-Danb?

1) (Beijing National Laboratory for Condensed Matter Physics, Chinese Academy of Sciences Key Laboratory of Soft Matter
Physics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)
2) (University of Chinese Academy of Sciences, Beijing 100049, China)

( Received 23 April 2018; revised manuscript received 8 May 2018 )

Abstract

Two-dimensional electronic spectroscopy is a kind of nonlinear optical spectroscopy with both high time resolution
and high frequency resolution. It can be used to observe the complex dynamics of a condensed molecular system.
Meanwhile it is a very powerful tool to study the coherence between the electronic states or electronic and vibration
states. In 2007, Flemming’s group reported the long-lived quantum coherence observed in the energy transfer process
in the light-harvesting antenna protein complex Fenna-Matthews-Olson at 77 K by means of two-dimensional electronic
spectroscopy. Though it has been proved not to arise from the pure electronic coherence later, this discovery has
greatly stimulated the exploration of the coherent energy transfer pathways possibly existing in the natural and artificial
photosynthetic systems, and this is still a very active area nowadays. Here in this paper we briefly review the principle
and set-up of the two-dimensional electronic spectroscopy, and also some of its applications in investigating coherent
energy transfer in the photosynthetic and artificial systems, aiming to bring this novel spectroscopic tool into a wider

application.
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