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• Hydrogen bonding: HOD in D2O

• Bloch vs. Kubo models

• Two pulse photon echoes: dephasing

• Three pulse photon echoes
– Population relaxation and spectral diffusion

– Three pulse echo peak shift measurements (3PEPS)



Hydrogen Bonds in Water and IceHydrogen Bonds in Water and Ice
O-H...O hydrogen bonds between water molecules determine 

the structure and other physical properties

Water: unordered liquid structure

binding energy
10.7 kJ/mol

Ice: ordered crystal structure
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O-H/O-D stretching band

• Red-shift of ν(X-H)
reduced force constant

• Very strong broadening
distribution of bond lengths (& angles!)
anharmonic coupling to low-frequency modes
homogeneous broadening

O-H/O-D stretching band

• Red-shift of ν(X-H)
reduced force constant

• Very strong broadening
distribution of bond lengths (& angles!)
anharmonic coupling to low-frequency modes
homogeneous broadening

Hydrogen Bonding and IR SpectroscopyHydrogen Bonding and IR Spectroscopy

HOD in D2O

Weak Intermolecular H-Bond

Hadži and Bratos (1976): absorption line positions and shapes
S. Bratos, J.-Cl. Leicknam, G. Gallot, H. Ratajczak, 
In Ultrafast hydrogen bonding dynamics and
proton transfer processes in the condensed
phase, T. Elsaesser and H. J. Bakker, Eds. 
(Kluwer, Dordrecht, 2002), pp. 5-30.



Time Scales of Molecular Relaxation PhenomenaTime Scales of Molecular Relaxation Phenomena
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Femtosecond Mid-IR Photon Echo SpectroscopyFemtosecond Mid-IR Photon Echo Spectroscopy
E.L. Hahn 1950: Spin Echo
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k3-k2+k1

Pulse Delays
k3

 τ Τ

Sample

Four Wave Mixing Signal
in directions

• Transient Grating Scattering: τ = 0; scan T. 
• 2 Pulse Photon Echo: T = 0; scan τ.
• 3 Pulse Photon Echo: scan τ; scan T.
• Echo Peak Shift Measurement:

determine τmax(T) where ∂S3PE/∂τ = 0



Independent Two-Level Systems: Bloch ModelIndependent Two-Level Systems: Bloch Model
Transition coupled to solvent bath

with infinitely short or infinitely long 
correlation time (Bloch model)

Response described by frequency fluctuation 
correlation function

〈δω(t)δω(0)〉=π Γhom δ(t) + (∆ih)2

Γhom : homogeneous broadening amplitude
∆ih: inhomogeneous broadening amplitude

Homogeneous line width:  Γhom=1/πT2          
with:       1/T2=1/(T2*)+1/(2T1)

T2 : dephasing time, T2*: pure dephasing time, 

T1: population relaxation time

ω(t)=  + (t)
0

ω δω

Frequency →

Frequency fluctuation correlation 
function with infinite short & infinitely 

long components

Spectral line shape convolution of
Gaussian inhomogeneous and Lorentzian 
homogeneous broadening contributions 

(Voigt profile)
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Independent Two-Level Systems: Kubo ModelIndependent Two-Level Systems: Kubo Model
Transition coupled to solvent bath

with finite correlation time (Kubo model)

Response described by frequency fluctuation 
correlation function

〈δω(t)δω(0)〉=(∆h)2exp(-t/τc)

∆h : fluctuation amplitude
τc: correlation time

• ∆h τc<<1 : fast modulation limit T2*=[(∆h)2 τc]-1

• ∆h τc>>1 : static limit

ω(t)=  + (t)
0

ω δω

Frequency fluctuation correlation 
function with finite decay time

Spectral line shape interpolates 
between Gaussian and Lorentzian

limits
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2PE Double-Sided Feynman Diagrams: 2-Level System2PE Double-Sided Feynman Diagrams: 2-Level System
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only τ=0

t1 = τ
t2 = 0
t-t3 = t‘

t1 = 0
t2 = 0
t3 = t

δ-pulse:
Ei(τ)=Eδ(τ-τi)

E2 (t-t3-t2-t1-τ)

E1*(t-t3-t2)

E2(t-t3-τ)

E1*(t-t3-t2-t1)

E2(t-t3-t2-τ)

E2(t-t3-τ)

field 
interaction
order:

a: index of double-sided Feynman diagrams
i,j,k: index of applied light field(s) with delays ti,j,k

P(3)(t)= ∫ ∫ ∫ Ra(t3,t2,t1)Ei(t-t3-ti)Ej(t-t3-t2-tj)Ek(t-t3-t2-t1-tk)e     dt1dt2dt3
iωi(t-t3-ti)+iωj(t-t3-t2-tj)+iωk(t-t3-t2 -t1-tk)



Rephasing vs. Non-Rephasing Feynman DiagramsRephasing vs. Non-Rephasing Feynman Diagrams
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a: index of double-sided Feynman diagrams
i,j,k: index of applied light field(s) with delays ti,j,k

-iω01t1-t1/T2e

-iω10t3-t3/T2e

contribution
in Ra(t3,t2,t1)

“rephasing” echo

“non-rephasing”
virtual echo

-iω10t1-t1/T2e

-iω10t3-t3/T2e

P(3)(t)= ∫ ∫ ∫ Ra(t3,t2,t1)Ei(t-t3-ti)Ej(t-t3-t2-tj)Ek(t-t3-t2-t1-tk)e     dt1dt2dt3
iωi(t-t3-ti)+iωj(t-t3-t2-tj)+iωk(t-t3-t2 -t1-tk)



Rephasing in Echo Experiment IRephasing in Echo Experiment I

Y.R. Shen, The Principles of Nonlinear Optics



Rephasing in Echo Experiment IIRephasing in Echo Experiment II
E.L. Hahn 1950: 

Spin Echo



Chirped Four Wave MixingChirped Four Wave Mixing
Comparison of relative contributions of
rephasing and non-rephasing diagrams

K. Duppen, F. de Haan, E. T. J. Nibbering, and D. A. Wiersma
Phys. Rev. A 47, 5120-5137 (1993)
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Electric Field Interactions OrderElectric Field Interactions Order
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k2k2

kS

a: index of double-sided Feynman diagrams
i,j,k: index of applied light field(s) with delays ti,j,k

P(3)(t)= ∫ ∫ ∫ Ra(t3,t2,t1)Ei(t-t3-ti)Ej(t-t3-t2-tj)Ek(t-t3-t2-t1-tk)e     dt1dt2dt3
iωi(t-t3-ti)+iωj(t-t3-t2-tj)+iωk(t-t3-t2 -t1-tk)

E2(t-t3-τ)E2(t-t3-t2-τ)E*1(t-t3-t2-t1)e
iω2(t-t3-τ)+iω2(t-t3-t2-τ)-iω1(t-t3-t2 -t1)

Ei(t)e
iωi(t) E*i(t)e

-iωi(t)

Energy conservation: ωs= ω3 + ω2 - ω1 = 2ω2 - ω1 

Phase matching: ks= k3 + k2 - k1 = 2k2 - k1

Ra(t3,t2,t1)= (-i)l(i)r |µ10|4 e           e
- g(t1) + g(t2) – g(t3) – g(t2+t1) – g (t3+t2) + g(t3+t2+t1)-iω10(t3-t1)

l=number of interactions on the left
r=number of interactions on the right

Line shape function g(t)= 0
t∫ 0

τ2∫ C(τ2-τ1) dτ2dτ1



Polarisation in Bloch & Kubo CasesPolarisation in Bloch & Kubo Cases
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I2PE(τ) = ∫ |P(3)(t‘,τ)|2dt‘= 4(E2E2E*1)2|µ10|8 e
- 4g(τ) – 4g(t‘) + 2g(t‘+ τ)

E2E2E*1e
i (2ω2-ω1) (t‘-τ)

t1 = τt2 = 0t-t3 = t‘δ-pulse:
Ei(τ)=Eδ(τ-τi)

Ra(t‘,0,τ)= (-i)2(i)2 |µ10|4  e               e
- 2g(τ) – 2g(t‘) + g(t‘+ τ)-iω10(t‘-τ)

These 2 diagrams lead to same expressions 
in the case of two pulse photon echo

ω2=ω1=ω10

Bloch limit: g(t) = [1/T2] t + [(∆ih)2/2] t2

Kubo case: g(t) = [(∆ih)2 τc
2] {e        + t/τc -1}

- t/τc

scales as E6

scales as |µ10|8



Bloch Limit: 2PE ExperimentBloch Limit: 2PE Experiment

ES, kS

I2PE(t‘,τ) ∝ exp(-2τ/T2 -2t‘/T2) I2PE(τ) ∝ exp(-2τ/T2)

I2PE(τ) ∝ exp(-4τ/T2)

ES, kS

I2PE(t‘,τ) ∝ exp(-2τ/T2 -2t‘/T2 - (∆ih)2 (t‘-τ)2)

 

τ

echo

〈δω(t)δω(0)〉 = δ(t)/T2A

〈δω(t)δω(0)〉 = δ(t)/T2 + (∆ih)2B
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Independent Two-Level Systems: Bloch ModelIndependent Two-Level Systems: Bloch Model
2-pulse photon echo (2-PE) 

(T=0,scan τ)

Signals in directions 2k2-k1 , 2k1-k2

I2PE(ω ,t‘,T=0,τ) ∝ |P(3)(ω ,t‘,T=0,τ)|2

Time evolution of 2-PE signals

Independent 2-level systems

• Homogeneous broadening 

I2PE(∆t12=τ) ∝ exp(-2τ/T2) 

(free induction decay)

• Dominant inhomogeneous broadening   

I2PE (∆t12=τ) ∝ exp(-4τ/T2)    
(photon echo)

Homogeneous line width

Γhom=1/πT2          1/T2=1/(T2*)+1/(2T1)

T2 : dephasing time, T2*: pure dephasing time, 
T1: population relaxation time

Spectral line shape convolution of
Gaussian inhomogeneous and 

Lorentzian homogeneous broadening 
contributions (Voigt profile)

Frequency →



Kubo Case: 2PE ExperimentKubo Case: 2PE Experiment

τ

t‘

Echo maximum does not exceed τc
(frequency fluctuation correlation time)

E.T.J. Nibbering, thesis
“Femtosecond optical dynamics in liquids”
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Independent Two-Level Systems: Kubo ModelIndependent Two-Level Systems: Kubo Model
Transition coupled to solvent bath

with finite correlation time (Kubo model)

Response described by frequency fluctuation 
correlation function

〈δω(t)δω(0)〉=(∆h)2exp(-t/τc)

∆h : fluctuation amplitude
τc: correlation time

• ∆h τc<<1 : fast modulation limit T2*=[(∆h)2 τc]-1

• ∆h τc>>1 : static limit 0

Echo Peak Shift

 ∆.τ
c
 = 10

 ∆.τ
c
 = 1

 ∆.τ
c
 = 0.33

 ∆.τ
c
 = 0.1

Pulse Delay τ

Spectral line shape interpolates 
between Gaussian and Lorentzian 

limits

2PE-signal interpolates between
Gaussian and exponential decay

Frequency

 ∆.τc = 10
 ∆.τ

c
 = 1

 ∆.τ
c
 = 0.33

 ∆.τ
c
 = 0.1

ω(t)=  + (t)
0

ω δω
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2PE Double-Sided Feynman Diagrams: 3-Level System2PE Double-Sided Feynman Diagrams: 3-Level System
a: index of double-sided Feynman diagrams
i,j,k: index of applied light field(s) with delays ti,j,k
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Two Pulse Photon Echo Study of HOD in D2OTwo Pulse Photon Echo Study of HOD in D2O
O-H stretching band

and laser spectra
Two pulse photon echo results
show coherence decay ~ 30 fs
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Fast component in dephasing dynamics 
of O-H stretching mode in HOD

• Very fast vibrational dephasing

• Pure dephasing time T2*=90 fs

• Γhom = 120 cm-1             (T1≈1ps)

J. Stenger et al., Phys. Rev. Lett. 87, 027401 (2001)
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3PE Double-Sided Feynman Diagrams: 2-Level System3PE Double-Sided Feynman Diagrams: 2-Level System
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δ-pulse:
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a: index of double-sided Feynman diagrams
i,j,k: index of applied light field(s) with delays ti,j,k
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field 
interaction
order:

“rephasing” echo

“non-rephasing” virtual echo

τ32 = τ31 – τ21

P(3)(t)= ∫ ∫ ∫ Ra(t3,t2,t1)Ei(t-t3-ti)Ej(t-t3-t2-tj)Ek(t-t3-t2-t1-tk)e     dt1dt2dt3
iωi(t-t3-ti)+iωj(t-t3-t2-tj)+iωk(t-t3-t2 -t1-tk)



3PE Double-Sided Feynman Diagrams: 2-Level System3PE Double-Sided Feynman Diagrams: 2-Level System
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field 
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order:
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“non-rephasing” virtual echo

τ23 = τ21 – τ31

P(3)(t)= ∫ ∫ ∫ Ra(t3,t2,t1)Ei(t-t3-ti)Ej(t-t3-t2-tj)Ek(t-t3-t2-t1-tk)e     dt1dt2dt3
iωi(t-t3-ti)+iωj(t-t3-t2-tj)+iωk(t-t3-t2 -t1-tk)



3PE: Population Relaxation3PE: Population Relaxation
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ES, kS

I2PE(t‘,τ) ∝ exp(-2τ/T2 -2T/T1 -2t‘/T2)

Bloch Limit: 3PE ExperimentBloch Limit: 3PE Experiment
I2PE(τ) ∝ exp(-2τ/T2 –2T/T1)

I2PE(τ) ∝ exp(-4τ/T2 -2T/T1)

〈δω(t)δω(0)〉 = δ(t)/T2A

〈δω(t)δω(0)〉 = δ(t)/T2 + (∆ih)2B
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I2PE(t‘,τ) ∝ exp(-2τ/T2 -2T/T1 -2t‘/T2 - (∆ih)2 (t‘-τ)2)
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Frequency Gratings in 3PE ExperimentsFrequency Gratings in 3PE Experiments
• After interaction with field E1*(k1),

a coherence period, and a 
field interaction E2(k2), one 
has transiently generated 
frequency gratings in 
ground and excited states

• Modulation depth is given by 
nutation angle (π/2 or less)

• Frequency period is given by 
inverse of delay time 
between interactions 
E1*(k1) and E2(k2).

K. Duppen and D.A. Wiersma, 
J.Opt. Soc. Am. B 3, 614 (1986) 



3PE: Population Relaxation & Spectral Diffusion3PE: Population Relaxation & Spectral Diffusion
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Echo Peak Shift MeasurementEcho Peak Shift Measurement
Echo Peak Shift: τ max(T)

• Echo peak shift indicates inhomogeneity
• Decay of peak shift = decay of inhomogeneity
• Echo peak shift decay mimics frequency 

fluctuation correlation function for 2-level systems

Determine T-dependence of echo peak 
shift, given by τmax(T) where ∂S3PE/∂τ = 0

0 0
0

1
Delay T 
increases

2τ
max

(T)

Delay Time τ 
τ m

ax
(T

)/τ
m

ax
(T

=0
)

Delay (T)

Signal in 
k3+k1-k2
direction

Signal in 
k3+k2-k1
direction

W.P.de Boeij, M.S. Pscheninichnikov
and D.A. Wiersma, Chem. Phys. 
Lett. 253, 53 (1986) 

J.T. Joo, Y.W. Jia, J.Y. Yu, M.J. Lang, 
G.R. Fleming, J. Chem. Phys. 104, 
6089 (1996). 



Frequency-Dependent Echo Peak Shift of HOD/D2OFrequency-Dependent Echo Peak Shift of HOD/D2O
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Double-Sided Feynman Diagrams for 5-Level SystemDouble-Sided Feynman Diagrams for 5-Level System
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Calculations: 3-Level System – Kubo ModelCalculations: 3-Level System – Kubo Model
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Correlated vs. Uncorrelated T1-DynamicsCorrelated vs. Uncorrelated T1-Dynamics
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Calculations: 5-Level System – Bloch ModelCalculations: 5-Level System – Bloch Model
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Calculations: 5-Level System – Kubo Model ICalculations: 5-Level System – Kubo Model I
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Calculations: 5-Level System – Kubo Model IICalculations: 5-Level System – Kubo Model II
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Calculated Four-Wave Mixing Signals: Kubo ModelCalculated Four-Wave Mixing Signals: Kubo Model
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3rd column:
best calculated
result with

T2 = 90 fs 

∆1 = 54 cm-1 
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3rd column:
best calculated
result with

T2 = 90 fs 
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Cf. MD simulations: response at multitude of time scales! 
See e.g. Diraison et al. [CPL 258, 348 (1996)]: 50 fs and 800 fs components.
See also: Marti et al. [JCP 105, 639 (1996)]; Luzar and Chandler [Nature 379, 55 (1996)].

J. Stenger et al., 
J. Phys. Chem. A, 
106, 2341 (2002)
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