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Pump-Probe Spectroscopy
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Source: Panitchayangkoon et al.

Two-Dimensional Spectroscopy
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Overview

electrodynamics of dielectric media
response function formalism
example: two-level system

pump-probe spectroscopy

two-dimensional spectroscopy

Electrodynamics of Media
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® wave equation for dielectric medium (592 ) 1 8
€0 ot?

p incoming fields E(r,t) = [E;(t)exp(ik;r —iw;t) + c.c]
j=1
p signal field Es is generated (n+1 wave mixing)

p polarization field
P(r,t) = P(l)(r,t)—l—PNL(r,t)
p optically thin medium
0? 1 9?
2 27 - - -
(C A N atg) E(I‘,t) €0 o2 PNL(ru t)

p equations for fields coupled since

PNL (I‘, t) = PNL[E]

p linearization possible since E; < E;



» wave mixing due to Pyi,[E] oc E?  yields combinations

kszﬂ:klikgiikn wS::I:culzl:wQ:I:...:i:wn

p general form of nonlinear polarization

Py (r, t) Z ZP(” exp(iksr — iw;t)

n=2.3,... s
p consider one-dimensional case
/
92 , 02 1 92 ky, = wsns/c
—ni—— | E(r,t) = — == P t
( o2 n53t2> (x, 1) gg Ot2 w(r, ) kj =wjn;/c

» in general due to dispersion effects one has k, # k.

) ansatz for fields

Pai(r,t) = Py(t) exp(ikse —iwst)  E(r,t) = Eg(x,t) exp(ikix — iwst)

p within slowly varying envelope approximation

O*E, OFE

0P, 'aES' s
‘at < ws Ps(t)] '815 < |wsEs(x, t)] 922 ks%
L 0B (z, 1) w?
ik o 202€0P (1) exp(iAkz) Ak = |k, — K|
p integration for a slab [0:L]
E,(L,t) = i, L P,(t)sinc(AkL/2) exp(iAkL/2) sine(z) = 208 _ 1 / "y e
’ 2ce0N T 2] .
) signal intensity LoF -1 0 !
0.8
L(Lt) = soem| (LR = 22 | o Psine(akL2) £ 0
s( L, €0CNg Teon, s sinc é oal
. - 0.2¢
» phase matching condition
0.0t ‘
-1 0 1

AkL < 7 X/2%



Summary

@ linearization wave equation & slowly varying envelope approximation

p incoming fields unaffected by medium

p signal field proportional to nonlinear polarization

p simple phase matching condition
® signals

» homodyne detection

Iu(t) o< | Es(t)|?
p heterodyne detection

IHET (t) XX Re [ELO (t) *ES (t)]

Time : ;I n

A

@ polarization=dipole density of medium

(6]
d"l
P(r,t
meAV H H

» molecular dipole operator

dn(t) = (fim)(t) = tr{p()fim}  fim = D gwxu==3 er]”

p limit of homogeneous medium

P(r;t) = nuad(r;t)

® matter-field Hamiltonian for a system of charged particles

P semiclassical dipole approximation

1 QUQU —
H(t U E( X, ) + Heela (t
(8) = ZQm P+ 87r502|xu—xv| ( )+ Heia(?)



Response Function Formalism

® time dependent perturbation theory
P Schrddinger equation
o) = HEW) ) = U 0)%) = Hy+V
p time evolution operator
Ult,tg) = Ut —ty) = e HE/M Ut tg) = Up(t,10)S(t, o)
p free time evolution according to Ho
Uy(t, ty) = e tHolt=to)/h

P S-operator

¢
S(t,to) = exp, {_% /dTV(I)(T)} V() = U (t,t0) VU (2, to)
to

® perturbation expansion of polarization

P(r;t) = Nmad(r,t) = nmatr{p(t)i} — P(r,t) = PO(r,t) + PO (r,t) + PO(r,1). ..

H - Hmol + Hint(t) Hint(t) - —E(I', t) ,J

p expansion of density operator

p(t) = Ut to)peaUT (t,t0)  —> p(t) = pM(t) + p@ () + p®(t) + ...

t
U()(t,to) = eXp(—iHmol(t — to)/h) S(t, to) = eXp+ (—% / dt/ HI(IR (t/))

to

Hi) (1) = U (t — to) Hi () Ug (t — to) = —E(r, ) i (¢)

int

p starting point

d(r;t) = tr{peaS* (t,10) @V (1) S (¢, 10)}



p first order term

d(r;t) =~ tr{pe[l+ ST (¢, )] A0 (t)[1 + SP(t,t0)]}

SW(t,ty) = %/dT E(r, 7)Y (1)

to
t

a0(t) = 5 [ dr Ble, el #0070 () - 7 () 0)

p linear polarization

PW(r t) = / dt; RV (t))E(r,t — t)
0

p linear response function

1

RO (1) = 200 ot { e [10 1), 10 (0)] _} = 200 (1) — T (2)

I () = tef u O (0)peq } = tr{ o (B)papea Ut (1)}

15

p third-order term

d(r,t) = tr{peq[l+SYT(t, 1) + SDT(t,t0) + SOT(L, t0)] i) (2)
x[1 4+ SW(t,to) + S (¢, 1) + SO (t,t0)] } .

i 3 t T1 T2
S(S)(t,to) = <—%> /dTl/dTQ/dTg
to to to
x E(r,n)i" () E(r,7)i" (r2) B(r, 73)i" (73) .

p third order polarization
P (r;t) = / Oodtgdtgdth(?’)(tg,tQ,tl)
X Eo(r;t —t3)E(r;t —t3 — to)E(r;t — t3 — ty — 1)
p third order response function
-\ 3
RO (ty, 1o, 1)) = (%) 0(t3)0(L2)0(t1 ) m

Xtr{peq [ [ [ﬁ(l) (tS +t2 + tl)} ’ ﬁ(l) (t2 + tl)] ) ﬁ(l) (tl)] ) :J(I) (0)] }



p eight multi-time dipole correlation functions

8

R(3) (fg, to, tl) = Nmol <%) ’ (9(753)9@2)6(151) Z Ri(tg, to, t1>

=1

Ri(ts,ta,t1) = tr{ peg t2+t1)u()(t3+t2+t1)ﬁ(1)(0)}
Ro(ts, ta,t) = tr{p 70 ()tg+t1),u(1)(t3+t2+t1)ﬁ(1)(t1)}
Ry(ts,ta,t)) = tr{ 70 tl),u()(tg+t2+t1)ﬁ(1)(t2+t1)}
Rilts,taty) = tr{puai®(ts +ta + )0 (b2 + )i (1) (0)}
Rilts,to,t)) = —R' ,(Ls,toity) i=5,....,8

@ it's all in the Feynman diagrams!

» model system

Hla) = Eala) peq = la)(al p= Hala) (b
a#b

E(r,t) = Z[Ej (t) exp(—iw;t + ik;r) + E7(t) exp(iw;t — ik;r)]

p linear response function

J(t1) = tT{MUo( DipeaUy (t } Z | ap| P67t = Z | tap|* Toa (1)

RO(t) = 2001 Y ol (1) — (1)

p first order polarization

i 0
P(l) (I', t) = ﬁnmol Z |/Lab|2 / dtl
b 0

x (e—waah . 67,(41bu,t1> |:E1€—uu1(t—t1)+zk1r + Erezwl(t—tl)—zklr}

18



® rules for double-sided Feynman diagrams

p density operator given by two vertical lines

time runs from bottom to top

signal field to the left by convention

4
p interaction=arrow labeled by field frequency/wave vector
4
4

overall sign (-1)™, m=number of interactions from right

b)

Ws, ks
A \
to
31
1 wikj
151
PY(r ¢

)

an

’4

|b)
|a)

(al
J(t1)
o
{a

b)
|a)

(c| Yg, -k,

{al

E; exp(—iw;t 4 ik;r) /
E} exp(iwgt — ikgr) \

incoming/outgoing arrow =
photon annihilation/creation

19
J*(t1)
{al /:JS (al/s
(b 1\031 (bl Qw1
la) <{al la) <(al

Z' oo
= Mmol ’Mab|2 / dtl
i 2l

v (e—iwbatl _ eiwbatl) [Ele—iwl(t—tl)—kiklr n Eikeiwl(t—tl)—iklr

w1 Rwpe >0 P

rotating wave approximation (RWA)

20
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p Feynman diagrams and correlation functions

w1

BN

|b)
la) {a

J(t1) = tT{MUo(tl)MpeqUSF(tl)}

Hab|b) (@

—iEpt1 /R oiBati/h

(&

fiba D) (@

peq = |a)(al

= 3 e =3 sl La(11)
b b
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p third order response functions: diagramatic representation

8

R(B)(tg,tg,tl) = Nmol l 3(9(t3)9(t2)9(t1) Ri(tg,tg,tl)
h

Wy

w1 wlld)
/ |a)

R

(el

(bl

(al

o\

Wys

wy

lc)

|d)

|a}
R;

(el

(ol

2

{al

\wl

=1

o Ne

Wy

Wy a)

ws/vlb)

wg/'|0)

il Gl o @1 ld)
N &l

la}  (al
R3 Ry

3

B
=

B

(el /&12

n

Ri(ts,to,t1) = —Rj ,(t3,ta,t1) i=05,...

p time-ordering of fields can be different

p direction of arrows different depending on level structure

p in practice diagrams have to be drawn for the actual system

22
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p for example R:

‘L a:\ c) phase matching
s 1 “ /m'3 k, = +k; + ky + ki
7 in RWA only one possibility!
-l <bt$f Ritk, = ki — ko + ks
T \d)
“"/' la)  (al

Ri(ts, ta, 1) = tr{Uy (t)uUo(t1) Uy (t1 + t2)uUo(tr + ta) Uy (tr + to + t3) puU(tr + to + t3)11peq }
= tr{Ug (L) Uy (t2) nUq (3)nUo(t1 + t2 + t3)1peq t
= > o {Ug (11)|a) taa (b|Uy (£2)[6) e (| Uy (t3)] ) reald|Uo (1 + b2 + t3)|d) praa(al

bed

= > te{|peald|Us(tr + ta + t)|d)praa (@|Ug (11)]@) ran (BUG (82)[6) ptne (| U (£)}

bed

Q

Z Habbtvetbedtbdalac(t3) Lap(te) Laa(t1)
bed

23

Frequency Domain

® equivalent formulation, but more suitable for CW fields

p linear response

PY(r t) = / dt, RV () E(r,t — t;)
0

PO (r,w) = xV(w)E(r,w)

p first order susceptibility

x =x"+ix"
YD (w) = /dtexp(iwt)R(1>(t) ?2
.10}
» absorption coeffiecient x5 :
w h 0
a(w) = Cn(w)lmx(w) s \/
—10¢ ‘ L,

06 08 10 12 14

w/wy
24



Two-Level System

® (generic two level system coupled to some heat bath

<Q7 T) Weg = (Ee — Ey)/h
fleg 7 Heg(q)

= e T = A

P QME like description
P non-perturbative quantum description

P semiclassical approach

25

® Quantum Master Equation approach

0 .
apab = (1 - 5ab)(_lwab - 'Vab)pab - 5ab(kabpaa - kbapbb)

P two level system fw., > kT

pee(t) = ‘Ce|2€_kegt ’06‘2 = pee(())

Peg(t) = Cec;e_iwegt_%gt cec; = Peg(0) Veg = keg/2 + fyggd

p Bloch model notation

1 1 1 1

ST o

p response functions:

Loy (t) — e™ieoteo!

26



® non-perturbative quantum description

p dipole correlation function for linear response
J(t) = tr{qu(t),upequ“(t)} Us(t)]a) = |aeHa@t/n
J(t) = tr{pgelg) (ele™ 1/ uegle) (glpge ™ g) (g1}

p take partial trace w.r.t. two-level system
T(1) = [peg Pty gy 01
p general definition of S-operator

Ul(t,to) = Up(t, to)S(t, to) S(t,to) = exp, {% /dTV(I)(T)}

. . . t
) introduce reference Hamiltonian ’

t
Hy = (Hy — H,) + H,, et/ — oxp {%/dT(Hg — H;)(D (T)} otHyt/h
0

t
H,=(H,— H!)+ H! e iHet/h _ o—iH(t/h exp, {% /dT(He — Hé)(l)(T)}
0
27

» use ground state as reference H;=H,  H)= Hy+ hwe,

p correlation function

t

IO = e exp, { — 3 [ arU @}

» gap coordinate
U=He— Hy— hweg U(t) = U(I)(t) — Hst/hye—iHgt/h

P choice of Wegarbitrary, often thermally averaged energy gap useful
hweg - <He - Hg>

P gap coordinate describes fluctuations of energy gap of two level
system due to interaction with the thermally moving bath

U(t)/h = dweg(t) = weg(t) — (weg)

28



Source: Hamm&Zanni

® example: from gap fluctuations to correlation function

uuuuuuuuu
% Y

ELM/\W\K\W\/\/\/\{\M
= LRV VITV IV

29

® cumulant expansion

P goal: approximate evaluation of time-ordered exponential

IO = oo exp, { — 3 [ arU ()

0

P cumulant expansion: resummation of perturbation series

A= AL+ XA + XA+ ..) = AN (A=A ‘

p application to dipole correlation function

T(8) A |jteg |26~ 00 ((1——/dTU (--)2/657 /dTU

= (1) = |aeg P e
» lineshape function

o(t) = % / d@idﬁw(@w(ﬁ» _ % /t d@jdﬁw(ﬁw(o»

0 0 0 0
30



Source: Hamm&Zanni

p multi-time correlation functions

Ry (ts,t2,t1) = exp(—iwegts — iwegts) exp(—g™(ts) — g(t1) — f+(ts,t2,t1))
Ro(t3,ta,t1) = exp(iwegts — twegts) exp(—g*(t3) — g"(t1) — fl(t3,t2,t1))
Rs(ts, ta, 1) = exp(iwegts — twegts) exp(—g(ts) — ¢"(t1) — f2(ts,t2,t1))
Ry(ts,ta,t1) = exp(—iwegt1 — iweyts) exp(—g(ts) — g(t1) — f-(ts,t2,t1))
filts ta, t1) = g(t2) — g(t2 + t3) — g(t1 + t2) + g(t1 +t2 + t3)
f-(ts, 12, t1) = g™ (t2) — g7 (t2 + t3) — g(t1 + t2) + g(t1 + 12 + 13)

p within second order cumulant approximation, all response
functions can be expressed by a single lineshape function!

31

® Kubo lineshape model

dw(1)

50 100 150 200

(dw(1) 30(0))

10 12 14

P Kubo ansatz  (0wey(t)dwey(0)) = A2e It/

32



Source: Hamm&Zanni

o(t) = /0 ' dn /0 (e (1) ey (0))

p lineshape function in Kubo model

Te

g(t) = AQTCQ (e_t/TC + i — 1)

p fast modulation/homogeneous limit: A7, < 1

5(t)

t/Te >1 —  (0wey(t)0wey(0)) = T

p Lorentzian absorption spectrum

g(t) = A%t = t/Ty

X' (w) Re/ dt €' J(t) = |,ueg|2Re/ dt e et e=9(0)

0 0
1/Ty
W — Weg)? + 1/T52

= |/v‘eg|2(

motional narrowing: 1/75 < A

33

p slow modulation/inhomogenous limit: Ar. > 1

t/1e <1 = (0weg(t)0weg(0)) = A = g(t) =

p Gaussian absorption spectrum

(w— weg)2>

V) o s exp (-2

Frequency

34



® oscillator model

>

>

Caldeira-Leggett type description

oy 0?
H=3 5 (g + @) Hson=le)el 3 hwig,Q;
J J

shifted oscillator model!

gap fluctuation

dweg(t) = w;g;Q;(t)

J

szs (14 n(w)le ™™ +n(w))e™’) S =g2/2
lineshape function

=" Sjlcoth(hw; /2ksT) (1 — cos(w;t)) + i(sin(wjt) — w;t)

J

35

P absorption spectrum

V(@) = 2 Re [ deemisatea) — ot )
0

X'(w) = n;OI exp(—S; coth(hw;/2kgT))
X Z exp(nhw;/2)1, { \/coth2(hw /2kgT) — 1} O(w — wgg — nwj)
p at 7=0K .
1] Nmol —S S_jd 0o
V() = 22 exp(—5) 3 2 — o, — )
n=0 )
03s*°*
030
0.25;
3020
= E g o o
~0.15 o o :
0.10. . » Franck-Condon factors
0.05: ¢ ? :
L L4 ® ]
000 .. . e ce0oe 080000
O 2 4 6 8 10 12 14

w/w; 36



p continuous distribution of oscillators (e.g. Debye)

w?J(w) = O(w)Agw

w2 +~2

_ Bs [2kgT | e _

g(t) = o l e z] [e™ 7" + 4t — 1]
Tnuc < Tﬂuc

10f o i
_ 08} 1
306 3
e 0.4} Se

0.2}

0.0t

(w_wcg)fmj

37

Asy [2ksT
C(t):TSV[ = —z’] s

Thue = 1/')’ Tawe = h/\/ ]{ZBTAS

Tnuc > Tﬂuc

] S SN e e clan] ]

—4-20 2 4 6
(W-wep)/w;

p Kubo model

® multi-mode Brownian oscillator (MBO) model

p coupling of discrete oscillators to secondary bath

1
Hsp = 5 ) [P +wix] + ) ceiQje

3

» MBO spectral density

X"(w)
O = W h

-4 -2 0 2 4 6

(W—wep)/w

38

€,J

L]}
X"(w)
COoLOoo0O
o T S S I L W )

-4 -2 0 2 4 6
(m_mcg}fﬂij



® classical bath

Source: Hamm&Zanni

H(s,q) = H(s) + H(q) + V(s,q)

p quantize fast mode via eigenvalue problem for fixed bath

(H(s) +V(s,q))xals;q)) = Ealg)xals,q))  A=0,12...
p Hellmann-Feynman force
. OV (s, q(t gssoo b
Fe = = [ s (o,a0) 51D s,4(0) Zowo
¢ 8 3300
§ 3200
p time-dependent potential contribution T 3100
oV
~ — _ — _ Tlme ps]
V(s,q) P lso(8 —S0) + ... Fi(s — s0) »
& 250
/ﬁ\ 200
g 150
% 100
< 50
0 02 04 06 08 12 14
Time [ ps]
HOD in DO
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Pump-Probe Spectroscopy

S. Lochbrunner lab

wavelength conversion variable
pump source and pulse compression time delay

~100 fs, ~800 nm,1 kHz —> ~10fs, 240 - 1600 nm

W excitation

Ti:sapphire
laser

sapphire
NN whitelight probe

'\ 1

AR
40

dispersed
detection




Source: Lochbrunner

steady state

spectrum ———— spectrum Dt

transient spectrum

after excitation

AOD x 100

absorption
change

400 500 2 (nm) 700 400 500 2 (nm) 700

E(t) = By (t)e ™ 1 Byt — T)e w2ttiker L cc

P pump triggers dynamics
P probe observes transient spectral changes after delay T
» phase matching direction: k, =k, (ws = wo)
p probe acts like local oscillator (self-heterodyning)
Inpr(t) = 2e9ensRe[E5 (1) Es(t)] o< 2wolm|[Es () Py (t)]
p time-integrated & frequency-dispersed signal
Spp(w2) = 2wy /OO dtIm[FEy(t) PX ()] Saisp (W) = 2wolm[Ey(w) P (w)]
4

® pump-probe signal

SPP(CUQ) = —2&)2/ dtRe[ZE;(t)PS(t)]
2w Mol > = twat—ikar Tk
= —QTIORG /_OO dt/o dtgdtgdtle 2t =ik EQ(t)
X E(t—t3)B(t—ts —t)E(t —ts —ta —t1) > Rilts, ta,11)

i=1,8
semi-impulsive limit (pulses shorter than molecular motion, but
longer than optical period)

Ei(t) — 4(t)

note that one needs to keep the wave vector dependence to find
proper phase matched contributions via

P, = P x exp(iwst — ikgr)

42



Source: Véhringer et al.

® pump-probe signal for three level system (pure dephasing only)

SE GSB ESA
SE GSB ESA
L N N "
o P @ |10 w1 ooy o) ojiv
B3
0 w:
I O Gy 2wl A ol o Ll Al
: '\ 0 “2 K “ Wy
1| P al w I ol "
f " o " Val w1_||1)
1w D Wig|1) w2 (|1} IR (1 w1 1l
/IO) (U /'|0> (0l /\0> (0] 10 <(o||\ 10) (0| 0) (<0|“\1
R; Ry Rs R; R; Rs
Ry = o To(t1) 111 (t2) o (t3) = |p10] Tio(t3) = |pao|*e™ 10t~ 10t
Ry = [paoTor (t1) I11 (t2) o (ts) = |pao|* Tro(ts) = |pao|te ot~ T10%
Rs = | 0| o1 (t1) Too(t2) T1o(t3) = |pio|* Tho(ts) = |pio| e ots~Tots
Ry = |mol*To(t1) Tua (t2) o (ts) & [0 Tro(ts) = |paro| *e*m0tsTiots
Rs = —|p10l?|pa1 [P Tro(t1) 11 (t2) o1 (ts) & —|p10l?| a1 [P To1 (ts) = —|pao|*|par [P "2t te T2t

Rg = —|p10?p21*To1 (t1) 111 (t2) L1 (t3) = —|p1o]*|p2r [P T21 (t3) = —|p1o|* a1 [Pe "2t~ 21ts

R1=R>=R3=R4 Rs5=Rs

43

p contributions to the signal
Sy (w) o — 4‘#10’41—‘10 2‘#10’2‘M21‘2F21
1S
P (Ww—w)?+T%  (w—wn)?+T%;
SE GSB ESA
L Ny Ny “Jiny — & 1:ground state bleach
5 s Wy . . .
4 r @ 2: stimulated emission
07w, “2al) A 3: excited state absorption
7] ‘,\ Wy A A
iy (U w, w1 10) (1\\
w1
ump
T w Il Wig|1) w2 | |1) P @ @
oy oy e @  probe
R] R4 Rs 4
T o -1
20t 2 Jod
o )
o 10} =
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'>ﬁ..__10. i lf
bt i H !
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4ol ~e-250ps ] _aob = { _ azide ion (N37) in H20
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Source: Lochbrunner

® (

>

uantum beat spectroscopy ‘
A
three levels, but two can be coherently excited by the
pump pump
SE GSB Quantum Beat
T ars\lo) c:s\ |0) c:s\ |0)
t3
© A w )
b W /l ) {0|6:
1 a N 10}
lwi  w; ¢
t N \w1
T wiglD Wiyl | 1) Wiy 117
/'|0) Ol /IU) 0] e 10) {0
Ry R4 R1
new type of R1 diagram
Ry = |pollpol* Tio(ty) Lin (t2) Io(t3) = |pao) | paro|* i (T) Tyro(t3)

— |'u10’2|M1/0‘2e—iw1/1T—F1/1T

e

—iwqrgtz—Tr9t3

p oscillating signal as function of delay time
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® Example: Wave packet dynamics of dye (S519)

AOD %100

in chloroform

>

p more info than in absorption spectrum

transient signal

0 =) 0.0 0:2 0:4 0:6 0:8
-1.0
-1.2¢ . . ) )
delay time (ps)
0 i 2 3
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amplitude (arb. u.)

electronic excitation with 9 fs pump pulse

$19 in chloroform

0+<0
Av: 1+<0
2+0
pump pulse
450 500 , (nm) 550

Fourier decomposition

o N B~ O

bl AL

Tosc:21fs ]

0

500

1000 1500 2000
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Two-Dimensional Spectroscopy

® goal: extract full information from RG)(t3,t2,t1)
@ inspired by multi-dimensional NMR spectroscopy

E(t) — El (t)e—iw1t+z’k1r 4 Eg(t o tl)e—’iwgt+ik2r + E3(t . tl . T)e_iw3t+7;k3r + e

p .clocking™ of signal by LO field
k1

S(tLo, T, tl) [0¢ Re/ dtg ELQ(tg — tLo)Es(tg,T,tl)
0 / i
ks

P semi-impulsive limit

S(t37T7tl) X Es(t?nTa tl) = ZR(3) (t3aT7 tl)

P signal via double Fourier trafo '
‘ Time

S(wl, w3, T) = / dtg / dt1€iw1t1€iw3t35(t3, T, tl)
0 0

ks
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® phase matching
» rephasing direction kr = —k; +ky+ks — Ry Rs Rs

» non-rephasing direction  kng = +ki —ks +ks — Ry, Ry, R

FoooNig
ty=t
I b

w3 (g | w3

o

1 (el

f=t v\ / |e) .
N w |e> 1
T 1/1 W, (el "
19) {91 19) (g
R1 R2
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Source: Hamm&Zanni

Source: Tokmakoff et al

® rephasing vs. non-rephasing
p example: two-level system with pure dephasing
Ry = |pio|* Tio(t1) I (t2 = T)I1g(ts) = |puao e 1ot —T10l g inots—Taots
Ry = |p1o|*Tor (t1) I (t2 = T) 1o (ts) = |puao*e™ 0 ~Hiottg—rwrots—Tots

p phase of oscillation during t: different

1 1 1 1
S(wr,ws,0) +

i(wr —wig) — To i(ws — wio) — 1o

p signals in different parts of Fourier plane
\ 1 0)1
) ((1)1,(1)3)2 e
(+)

4

(+,+) non-rephasing

N\ 7
N /
N2
d

®;

4 N

rephasing
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Example I. Line-Broadening

P homogeneous vs. inhomogeneous broadening
2

» Kubo model g(t) =Tt + %ﬂ

Ry (tg, 0, tl) _ |’u10|4e—iw10(tl-Hs)—Flo(t1+t3)—(t1+t3)2A/2

Ry (t3,0,t1) = |pio|te iwio(ta—t) "Troltitta) ~(ta=ts)?A/2

(w1 + wig) — Mo i(ws —wio) — o

204 a 201 d
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Source: Hamm&Zanni

Source: Bredenbeck et al

Example Il: 3-level System

® Morse oscillator

p eigenvalues

p anharmonicity constant: » = (

Ey = hw(M + 0.5) — (M + 0.5)2

hw)?

/4D

p if dipole moment linear and x=0: no
nonlinear signal

2100

1

N N
o o
e ~
o o

N
o
—_
O

pump frequency /cm

1980
1980 2010 2040 2070 2100

p power of 2D spectroscopy in unraveling mode couplings
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probe frequency /cm™
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Example IV: Spectral Diffusion

® signature of inhomogeneity at T=0 disappears for T>0 if ensemble
not completely frozen

t>0

d;’]‘“ “N\

(0]
wprob
36001, _80fs [ 1,=500 fs f=1fs
—_ 3450
c T
c £
© R3)
S 53300
ISs]
E 3150
E HOD in D20
T 3000 3150 3300 3450 3000 3150 3300 3450 3000 3150 3300 3450
[0} w3 [em™ [0} [em™ [0 [em™
o
S
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Example V: Chemical Exchange

@ reaction dynamics can be monitored as function of T

200 fs

t=0

£

8&
© ®
i) Wprob
()
2 ° 0

. >

Q &
_C ‘i,‘/@
"
-E 80‘
R
N W0
] - >
E (Dprobe
1]
T
0 HB dissociation of phenol-
Y benzene complex
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