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The first photon echo peak shift study of liquid water is presented. Spectral diffusion within the OH stretching
absorption band of HDO in D2O takes place on many time scales with a slow component on the order of
5-15 ps. This indicates that fluctuations of local structure of the hydrogen bond network in liquid water are
relatively long-lived. Vibrational relaxation of the excited state populates a state which is spectroscopically
different from the initial ground state. This leads to an strong enhancement of the peak shift and allows
spectral diffusion to be measured for delay times beyond the limit determined by the population relaxation
time T1. The observed signals are discussed with the help of model calculations.

1. Introduction

Determination of the structural fluctuations of the hydrogen
bond network in liquid water is crucial for the understanding
of its outstanding physical and chemical properties. These
fluctuations take place on ultrafast time scales and are reflected
in the stochastic behavior of transition frequencies between
vibrational energy levels that are sensitive to hydrogen bonding.
It is well-known that the OH stretching vibration probes the
local microscopic structure because its frequency shift due to
hydrogen bonding scales roughly linearly with the OH‚‚‚O
distance.1 Hence, the correlation function of the fluctuations of
the transition frequency, which is an experimentally accessible
quantity, is of great interest because it gives direct information
about structural fluctuations.

The structural dynamics of liquid water have been addressed
recently by ultrafast vibrational spectroscopy. A 700 fs spectral
diffusion process has been reported which was observed in hole-
burning experiments on the OH stretch absorption band of HDO
in D2O.2 In these measurements infrared laser pulses of 150 fs
duration have been used to monitor the spectral shift of the
transient spectrum over time. Independent of excitation wave-
length the first moment of the transient spectrum moves to the
center of the absorption band. The data have been fit using a
frequency fluctuation correlation function which decays mo-
noexponentially with a correlation time of 700 fs. However,
we have determined that a major part of the broad absorption
band (120 out of 235 cm-1 fwhm) is due to homogeneous
broadening3 and that therefore a dominating part of the
frequency fluctuation correlation function decays on an ultrafast
sub-100 fs time scale. A water model with three major structural
components has been proposed4 on the basis of hole-burning
experiments with 2 ps pump pulses and 1 ps probe pulses. The
results are interpreted by structural cross relaxation between the
different constituents with a time constant of 1 ps. On the other

hand, probing orientational dynamics by anisotropy decay
measurements suggests a mixture model for which only two
species of local structures or hydrogen bond lifetimes exist.5

Here, the authors assume that an observed time constant of 13
ps in the orientational relaxation of excited OH dipoles might
be connected to a process involving the breaking of a hydrogen
bond and therefore also structural relaxation.

Though such studies have provided substantial insight into
the structural dynamics of water, the full correlation function
of the transition frequency remains unknown. Three-pulse
photon echo measurements,7,8 a technique recently also dem-
onstrated in the midinfrared spectral range,6 have the potential
to reveal this information. The essential quantity from such an
experiment is the so-called three-pulse photon echo peak shift
(3PEPS), whose evolution under increasing population timeT
has been found to be a highly informative quantity. It has been
shown7,8 that for a simple two-level system this quantity directly
resembles the frequency correlation function of the transition
under investigation. The same is true for simple vibrational
three-level systems,6 consisting ofν ) 0, ν ) 1, andν ) 2
states.

In this contribution we present 3PEPS measurements on the
OH stretching absorption band of HDO in D2O. Data for
different spectral positions within this band display a fast decay
of the peak shift within the first 500 fs. At longer delays, we
observe a pronounced rise of peak shift in the red part of the
spectrum, reaching a maximum after 2 ps and decaying
subsequently within several picoseconds. This behavior cannot
be explained within simple two- or three-level models. The
coupling of the OH stretching mode to intermolecular degrees
of freedom of the hydrogen bond network of water, which are
excited and eventually heated upon dissipation of the energy
initially pumped into the OH vibration, has a strong effect on
the peak shift data and is taken into account by a more
sophisticated energy level scheme. For this case the peak shift
does not directly resemble the frequency fluctuation correlation
function. Nevertheless, the 3PEPS results still do uncover the
dynamic properties of the transition under study. With the help
of numerical model calculations we conclude that spectral
diffusion in water cannot be described only by a single-
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exponential process, as deduced from the spectral hole-burning
experiments,2 but takes place on many time scales including a
slower component on the order of 5-15 ps.

2. Experimental Section

Since a stimulated photon echo signal scales with the third
power of the pulse energy (see below), it is crucial to have a
stable high power light source available. To generate intense
midinfrared laser pulses in the femtosecond regime we use
optical parametric amplification. Pulses at 800 nm with an
energy of 300µJ and a duration of 90 fs from an amplified
laser system based on Ti:sapphire are converted in a KTiOPO4

crystal in two stages. The first stage is seeded by a single
filament white light continuum and pumped by 3µJ at 800 nm.
In the second stage pumping with 200µJ yields 150 fs mid
infrared pulses with an energy of 3-5 µJ. They are tunable
between 3000 and 3600 cm-1 while the energy varies from 5
µJ at low frequencies to 3µJ at high frequencies. The spectra
of the laser pulses used in this work and their position with
respect to the OH stretching absorption band of HDO in D2O
are shown in Figure 1.

The measurement principle of the photon echo peak shift
experiment is the following: The laser pulse tuned to the
transition frequency is split into three parts with wave vectors
k1, k2, andk3, the wave vectors being of parallel polarization
and approximately the same energy. These three beams are then
focused onto the sample in the so-called box configuration (focal
diameter of∼80µm), which allows the spatial separation of the
third-order polarization in the phase matching directions- k1

+ k2 + k3 and+ k1 - k2 + k3 (see Figure 2). In both directions
the four wave mixing signals are recorded simultaneously by
two InSb detectors which integrate the light intensity over time.
The pulse delay between the first two pulsesk1 and k2 is
conventionally called coherence timeτ (which is defined as
positive whenk1 arrives beforek2), while the period between

the pulse which arrives as the second pulse at the sample and
the third pulse is referred to as population timeT (which is
positive). During the first time periodτ, the system evolves in
an (off-diagonal) coherence state, while it evolves in a (diagonal)
population state during the second time periodT. Both time
periods are varied by computer controlled delay stages. Typical
stimulated photon echo signals for one population timeT are
shown in Figure 3. The signals in the two phase matching
directions are mirror images of one another and therefore the
value of half the distance between the peaks can be extracted
very accurately. This quantity is called the “peak shift”, which
is the essential property deduced from the experiment. Measur-
ing the peak shift up to a delay time of 100 ps (where it is
expected to be zero) indicates that it is subject to a systematic
error of≈3 fs, a phenomenon which has been observed before.9

In addition, we report the “transient grating” decay, which is
the four wave mixing signal as a function of population timeT
recorded for the coherence timeτ set to zero.

The sample consists of HDO dissolved in D2O so that the
OH stretching absorption band of HDO reaches an optical
density of 0.4 at 3400 cm-1 which corresponds to a concentra-
tion of 0.2M. This concentration has been shown to be small
enough so that the O-H stretch modes can be regarded as
isolated oscillators.10 The liquid is held at 300K between two
CaF2 windows with a spacing of 300µm and is rapidly
circulated to avoid accumulation and heating effects.

3. Results

The experimental peak shift and transient grating signals are
shown as a function of population timeT in Figure 4 for the
three spectral positions. For all wavelengths the peak shift atT
) 0 has a value of around 50 fs indicating the presence of
inhomogeneity in the absorption band. Within the first 200 fs
of population timeT the shift decays to about 20 fs. After 500
fs the behavior then shows a strong spectral dependence. In the
center and in the blue wing of theνOH absorption band the
signals stay constant at around 10-20 fs. However, on the red
side of the band at 3300 cm-1 the peak shift rises again strongly
starting at∼1 ps. At aboutT ) 2 ps it reaches a maximum
value of almost 50 fs followed by a decay down to 10 fs atT
) 4 ps. The higher noise of the data on the blue side of the
absorption line is due to the lower energy of the pulses generated
for that wavelength.

The three normalized transient grating traces show for short
timesT a decay behavior close to exponential. The time constant
is close to 300 fs suggesting a population relaxation on the order
of 600 fs. However, here we use a parallel geometry of
polarizations of the light pulses and therefore the measurement
is sensitive to rotational diffusion. This is the reasonT1 appears
somewhat faster than the true population relaxation timeT1 )
700 fs measured in pump/probe experiments under magic

Figure 1. Absorption spectrum of the OH stretch vibration of HDO
in D2O corrected for D2O background (solid) and the power spectra of
the laser pulses (dashed).

Figure 2. Schematic configuration of the four-wave-mixing experi-
ment.τ describes the temporal delay between the first and the second
pulse with wave vectorsk1 andk2. T is the time between second and
third pulse (with wave vectork3). This geometry allows the spatial
separation of the third-order polarization generated in the-k1 + k2 +
k3 and the+k1 - k2 + k3 phase matching directions.

Figure 3. Integrated photon echo signals in liquid water forT ) 0 fs
as a function of coherence timeτ. Solid symbols represent the signal
in the -k1 + k2 + k3 direction, while open symbols are used for the
data taken in the+k1 - k2 + k3 direction.
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angle.5,11After 1 ps, the transient grating signals flatten for 3500
and 3400 cm-1 to reach a small constant value (∼4 × 10-3)
for long delay times. In the red at 3300 cm-1 the intensity has
a dip at around 2 ps and rises again afterward to lead as well to
a constant nonzero value for long delay times. We have observed
this constant level in the transient grating signal for delay times
up to 100 ps.

It has been verified that, within signal-to-noise, the peak shift
data and the shape of the normalized transient grating signals
are independent of the pulse energy which was varied by up to
a factor of 5. Thus, artifacts from higher order nonlinearities
can be excluded.

4. Theory

It has been shown that the peak shift measurement directly
resembles the frequency fluctuation correlation function of the
transition under investigation in simple two- and three-level
systems.6-8 In view of that work, the dramatic rise in the peak
shift for the red part of the absorption band might seem
surprising at a first sight. If this rise would directly reflect the
frequency fluctuation correlation function, one would have to
assume the existence of a low frequency, underdamped mode
coupled to the OH stretching vibration. The exciting light pulse
would coherently excite this mode and one would interpret the
rise of the photon echo peak shift as a damped oscillation with
a period on the order of 2 ps (frequency 500 GHz). However,

the existence of such a mode can be excluded from what we
know from linear dielectric spectroscopy of water in that
frequency range.12

Yang et al.13 have shown that for optical echoes at very low
temperatures the imaginary parts of the response functions of
different Liouville space pathways can interfere in such a way
that it produces such a rise in the peak shift. However, this
situation does not apply here because all measurements were
taken at room temperature. Nevertheless, a similar signal is
predicted for reactive systems,13 such as that for the energy
transfer system LHC-II at room temperature.14

The excitation of the OH stretching mode in water initiates
a sequence of fast relaxation steps15 and returns to a state
spectroscopically different from the original ground state:18 The
energy dissipated after vibrational relaxation heats the bulk
sample. As the hydrogen bond potential is anharmonic, heating
leads to a weakening of the hydrogen bonds which eventually
results in an observable blue shift of the OH absorption band
(see Figure 5). In that sense, the system might be viewed as a
reactive system and the peak shift evolution is qualitatively
similar to the mentioned work of Fleming and co-workers, even
though the details of the underlying physical process are very
different.

Nonlinear optical experiments, such as the three-pulse photon
echo, are usually described with the help of a set of nonlinear
response functions, one for each Liouville pathway (i.e.,
Feynman diagram, see Figure 6). The methodology has initially
been developed to describe nonlinear spectroscopy of optical
two-level systems.20 The “standard” two-level diagrams areR1

and R5, which describe the contribution of the hole (i.e., the
bleach), andR2 andR6, which describe the contribution of the
excited state (i.e., stimulated emission). Both the bleach and
stimulated emission contribute equally to the total signal. It is
generally accepted that vibrational relaxation into the ground
state can be considered by weighting the corresponding response
functions with a phenomenological factor exp(-T/T1),6 which
does not affect the peak shift but only reduces the intensity of
the signal. This approach assumes that the bleach signal
disappears simultaneously with the decay of the simulated
emission signal. However, we see from the transient grating
signal, which decays monoexponentially only up to≈1.5 ps,
that this simplifying approach is not appropriate for the
description of the nonlinear response of water. Interestingly,
the rise of the peak shift data appears at about the same delay
time T, when the transient grating signal starts to deviate from
a simple monoexponential decay.

The crucial point is that the excited molecules relax into a
ground state which is spectroscopically different from the initial
excited state. After a complicated and fast sequence of relaxation
processes,15 energy dissipation eventually heats the bulk sample,
leading to a small but observable blue shift of the OH stretching

Figure 4. (A) Experimental three-pulse photon echo peak shift data
for laser pulses centered at 3300 cm-1 (solid), 3400 cm-1(dashed), and
3500 cm-1 (dotted). For the trace at 3500 cm-1 the data could be only
collected up toT ) 2.5 ps because of the smaller output power of the
OPA at this wavelength (see Experimental Section). (B) The experi-
mental normalized transient grating signal (τ ) 0) for the same spectral
positions (labeling as in (A)).

Figure 5. Energy level scheme for the hydrogen bonded OH stretching
oscillator. The transition frequency fromν ) 1 to ν ) 2 is
anharmonically shifted to the red byR )270 cm-1 21 with respect to
the ν ) 0 to ν ) 1 transition frequencyω01. The population decay to
a “hot” ground stateν ) 0′ introduces a transition fromν ) 0′ to ν )
1′which is blue shifted by∆ω ) 20 cm-1 (see text) with respect to
ω01.
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mode.18 Hence, part of the spatial grating, which has initially
been written into the sample by the first two laser pulses,
remains for a very long time scale, which is limited only by
thermal diffusion over macroscopic distances. This grating gives
rise to the constant offset in the transient grating signal which
does not decay on the time scales investigated and which is in
fact a thermal grating (at least at long enough delay times).

We take into account this spectroscopic response by an
extended level scheme (see Figure 5), whereT1 relaxation leads
into a “hot”, blue-shifted ground state rather than into the
initially pumped ground state. As a consequence, the bleach is
not refilled by population relaxation, while the excited state still
decays with exp(-T/T1). In addition, an absorption signal
between theν ) 0′ f ν ) 1′ level pair is obtained, which grows
in by 1 - exp(-T/T1) (see Figure 5).

This has important consequences for the observation of
inhomogeneous broadening and spectral diffusion, an informa-
tion which is stored in the form of a frequency grating written
by the first two laser pulses. Such a grating exists for both the
bleach and the excited-state signal, and hence, both contain
identical information about inhomogeneous broadening. When
both sets of diagrams would decay simultaneously with popula-
tion relaxation, as in the traditional two-level picture, observation
of spectral diffusion processes would be limited to a time scale
on the order ofT1. However, in the present case, the ground-
state diagrams survive vibrational relaxation and allow spectral
diffusion to be observed over an essentially infinite time range.

The essential idea of this model is the same as the traditional
picture of hole burning, except that it happens on a much faster
time scale. At low enough temperatures and in glasses, transient
holes can be observed for 103 s and even longer,19 even though
the lifetime of the transitions under investigation is certainly
much shorter (on the order of 1 ns). The important point is that
the excited molecules do not specifically refill the hole after
relaxation, but end up with random transition frequency. In a
photon echo experiment, the first two light pulses burn a
frequency grating into the absorption band rather than a hole

(see Figure 7). Nevertheless, spectral diffusion will destroy this
grating in exactly the same way as it destroys the hole in a
hole-burning experiment.

4.1. Response Functions.In the following we present a self-
contained model in the framework of Liouville space formal-
ism20 that includes the effect discussed in the previous section.
We shall see that with this model we can predict the excitation
wavelength dependence of the peak shift as well as the transient
grating decay traces. Since theν ) 1 f ν ) 2 and theν ) 0
f ν ) 1 transitions are both resonant with the light field when
the anharmonicity of the oscillator is sufficiently small, a
vibrator has to be treated as a three-level system. The “con-
ventional” response functions of a three-level system (see
Feynman diagramsR1-R3 andR5-R7 in Figure 6) have been
reported recently,6 and are listed below with the corresponding
decay factors:

The coupling to the thermal bath is incorporated by the line
shape functiong(t)

and δω01(t) describes the fluctuating part of the transition
frequencyω01(t) ) ω01 + δω01(t), andω01 is the mean transition
frequency〈ω01(t)〉. µ01 andR are the transition dipole moment
and the anharmonicity, respectively, which is defined as the
difference between theν ) 1 f ν ) 2 and theν ) 0 f
ν ) 1 transition frequency. It is assumed that the fluctuations
δω01 and δω12 are strictly correlated (δω01 ) δω12) which
implies that the solvent induced fluctuations of the potential
surface affect only the harmonic term. For the transition dipole
moments a harmonic approximation yielding 2µ01

2 ) µ12
2 is

used. Since the anharmonicityR ) 〈w01(t)〉 - 〈w12(t)〉 in liquid
water is 270 cm-1,21 which is much larger than the bandwidth
of the laser pulses (100cm-1) these pathways have only a minor
effect on the signal as we verified in numerical simulations.

In the extended level scheme Figure 5, additional Feynman
diagramsR4 and R8 grow in, which describe the absorption
between theν ) 0′ f ν ) 1′ level pair. In the following, we
will discuss two limiting cases and compare them with the
experimental results: (A) The frequency memory is totally lost
during relaxation of the excited state or (B) it is retained, as
depicted schematically in Figure 7. In case A we have no
correlation betweenν ) 0 f ν ) 1 and theν ) 0′ f ν ) 1′

Figure 6. Double sided Feynman graphs which have to be considered.
The upper row (R1-R4) describe the echo generating (rephasing)
Liouville space pathways, while in the lower rowR5-R8 symbolize
the pathways, which do not generate an echo (nonrephasing).R1, R2,
R5, andR6 are the diagrams for a two level system;R3 andR7 are also
contributing in a three level system with excited-state absorption from
ν ) 1 to ν ) 2. R4 and R8 take the process of relaxation to a “hot”
ground state into account (see text for details). This process is
symbolized by a horizontal dashed line. Above the diagrams are the
multiplicative factors that are used for the response functions represented
by the diagrams below.R1 and R5 do not decay because there is no
relaxation channel feeding back population intoν ) 0. R2, R3, R6, and
R7 decay with the population relaxation timeT1 since they describe
pathways in which the system is in theν ) 1 state during the population
periodT. Simultaneously the “hot” ground stateν ) 0′ is populated.
Hence, the response functionsR4 andR8 are multiplied by a factor of
1 - exp(-T/T1).

R1 ) µ01
4 e-iω01(t-τ) exp[- g(τ) + g(T) - g(t) - g(T + τ) -

g(t + T) + g(t + T + τ)]

R2 ) e-T/T1µ01
4 e-iω01(t-τ) exp[-g(τ) + g(T) - g(t) -

g(T + τ) - g(t + T) + g(t + T + τ)]

R3 ) - e-T/T1µ01
2 µ12

2 eiRte-iω01(t-τ) exp[-g(τ) + g(T) -
g(t) - g(T + τ) - g(t + T) + g(t + T + τ)]

R5 ) µ01
4 e-iω01(t+τ) exp[-g(τ) - g(T) - g(t) + g(T + τ) +

g(t + T) - g(t + T + τ)]

R6 ) e-T/T1µ01
4 e-iω01(t+τ) exp[-g(τ) - g(T) - g(t) +

g(T + τ) + g(t + T) - g(t + T + τ)]

R7 ) -e-T/T1µ01
2 µ12

2 eiRte-iω01(t+τ) exp[-g(τ) - g(T) -
g(t) + g(T + τ) + g(t + T) - g(t + T + τ)] (1)

g(t) ) ∫0
t dτ1 ∫0

τ1 dτ2〈δω01(τ2)δω01(0)〉 (2)
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absorption, and the response functionsR4 andR8 are

where∆ω is the blue shift of the “hot” ground-state absorption
ν ) 0′ f ν ) 1′ with respect to the original transitionν ) 0 f
ν ) 1. The transition dipole moments are assumed to be identical
(µ01 ) µ0′1′). The response functionsR4

uncorrandR8
uncorrenter the

total response with a negative sign because there is only one
interaction on the right (bra) side of the Feynman diagram.20

The pathwaysR4
uncorr and R8

uncorr can each be seen as a
combination of two successive independent linear processes
since the phase memory is assumed to be lost by relaxation to
the hot ground state. Therefore the response functions reduce
to a product of two two-point dipole correlation functions instead
of a single 4-point dipole correlation function (eq 7.14 in ref
20). To obtain an intuitive picture of this situation, one can use
a simple Bloch line shape functiong(t) ) t/T2 + 1/2∆inhom

2 t2.
The response functionsR1 andR2 are in this case proportional
to exp(- ∆inhom

2 (τ - t)2) while R4
uncorr ∝ exp(- ∆inhom

2 τ -
∆inhom

2 t). For a givenτ in the first case the signal will peak att
) τ. In other words, it forms a photon echo. In the latter case
the maximum is always located att ) 0, not forming an echo
at all.

Given this model, one can qualitatively understand the rise
of the peak shift after vibrational relaxation of the system. The
bleach (R1) and “hot” ground state (R4) signals have opposite
signs and strongly tend to cancel each other (they would
completely cancel when there would be no blue shift). As a
function of timet, this cancellation is complete for that part of
the bleach signal which does not contain frequency memory,
i.e., the free induction decay which is emitted att ) 0 and
decays quickly. The photon echo part ofR1, however, which is

emitted later att ) τ, is not canceled since theR4 response
function has nothing to oppose to. Hence, for large enoughτ,
the remaining signal will increase, giving rise to a large peak
shift.

For the case of complete correlation betweenν ) 0 f ν )
1 andν ) 0′ f ν ) 1′ absorption (case B, see Figure 7) the
response functionsR4

corr andR4
uncorr are the same asR1 andR5,

except for a frequency shift of∆ω and the transition dipole
moments, which are however again assumed to be identical (µ01

) µ0′1′).

The detector measures the time-integrated square of the third-
order polarization:

where the third-order polarization is obtained by convolution
of the response functionsRj with the electric fields of the laser
pulses:

E1,2,3 are the envelopes, andω is the carrier frequency, of the
three laser pulses.

4.2. Model Calculations.In this section we present illustra-
tive calculations using the formalism described above (eqs 1-6)
using models for the frequency correlation function, which are
increasingly more complicated, but also increasingly more
realistic. We follow this approach to gain an understanding of
how the vibrational relaxation in a hydrogen bonded system
influences the peak shift behavior and what can be learned about
the frequency correlation function. We will compare both
limiting cases A and B, which assume complete loss of all
frequency memory after relaxation into the “hot” ground state
and complete conservation of the memory, respectively (Figure
7). In the numerical calculations, we use the actual experimental
pulse duration of 150 fs and the known parameters of the OH
stretch transition of HDO in D2O (T1 ) 700 fs,2,22 T 2 ) 90 fs,3

R ) 270 cm-1 21).
Before exploring the effect of the relaxation to the “hot”

ground state on the signal we perform first numerical simulations
using the “conventional” model6 that involves only levelsν )
0, ν ) 1, andν ) 2. In this case, vibrationally excited molecules
relax to the original ground stateν ) 0. Figure 8 shows the
peak shifts (D, E, and F) and transient gratings (G, H, and J)
for different frequency correlation functions (A, B, and C).
These model functions are described in detail later on and are
presented here for direct comparison with the following calcula-
tions. In all cases the peak shift decays monotonically in a
similar manner as the correlation function. The transient grating
intensity decays monoexponentially with a time constant close
to T1/2 and exhibits no offset. These results are not in agreement
with our experimental data and show that this model does not
apply for the case of water.

Figure 7. By the first two pulses interacting with the sample a
frequency grating is burned into the ground state (ν ) 0) absorption
band. Simultaneously a frequency grating appears in the excited state
ν ) 1. During the process of population relaxation of the excited-state
frequency grating to the “hot” ground state the memory of the original
spectral position might be lost (case A) or conserved (case B).

R4
uncorr) -(1 - e-T/T1)µ01

2 µ0′1′
2 eiω01(t-τ)e-i∆ωte-g(τ)e-g(t)

R8
uncorr) -(1 - e-T/T1)µ01

2 µ0′1′
2 eiω01(t+τ)e-i∆ωte-g(τ)e-g(t) (3)

R4
corr) -(1 - e-T/T1)µ01

2 µ0′1′
2 e-i∆ωteiω01(t - τ) exp[-g(τ) +

g(T) - g(t) - g(T + τ) - g(t + T) + g(t + T + τ)]

R8
corr) -(1 - e-T/T1)µ01

2 µ0′1′
2 e-i∆ωte-iω01(t+τ) exp[-g(τ) -

g(T) - g(t) + g(T + τ) + g(t + T) - g(t + T + τ)] (4)

S(T,τ) ) ∫0
∞|P(3)(τ,T,t)|2 dt (5)

P(3)(τ,T,t) ) ∫0
∞ dt′ ∫0

∞ dT′ ∫0
∞ dτ′ ×

∑
j

Rj(τ′,T′,t′)E3(t - t′)e-iω(t-t′)E2(t - t′ - T′) ×

e-iω(t-t′-T′)E1(t - t′ - T′ - τ′)e+iω(t-t′-T -τ′) (6)
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Moving on to the more sophisticated approach with the
extended level scheme (Figure 5), we determine in a first step
the blue shift∆ω of the “hot” ground state. The blue shift is
due to heating of the bulk solution and gives rise to a thermal
grating for long enough population timesT. Since the bleach
signal and theν ) 0′ f ν ) 1′ absorption signal tend to cancel
each other (they would completely cancel when the blue shift
would be zero), the long-time off-set of the transient grating
signal does critically depend on the amount of the blue shift.

Hence, by comparing the experimental off-set (see Figure 4B)
with the numerical result (see Figures 9-11), we can estimate
for the blue shift∆ω ≈ 20 ( 5 cm-1. Since the blue shift is a
thermal effect, the long-time offset in the transient grating signal
does not depend critically on the particular dephasing model
used (Figure 9, Figure 10, or Figure 11), and we use the same
value for∆ω for all model calculations. When a value is used
beyond those given by the error(5 cm-1, we see a significant
discrepancy between experimental and calculated off-set values

Figure 8. Calculation of the signals observed in an echo experiment using the ‘conventional’ level scheme with vibrational statesν ) 0, ν ) 1,
andν ) 2. On the top row the assumed correlation functions are shown according to eq 8 (A and B) and eq 9 (C), respectively. The corresponding
calculated peak shift traces (D, E, and F) as well as the transient grating intensities (G, H, and J) are plotted for laser pulses centered at 3300 cm-1

(solid), 3400 cm-1 (dashed), and 3500 cm-1 (dotted).

Figure 9. The calculated peak shift (A and B) and transient grating (C and D) using a Bloch model (eq 7) for laser pulses centered at 3300 cm-1

(solid), 3400 cm-1 (dashed), and 3500 cm-1 (dotted). On the left side (A and C) a total loss of frequency memory during population relaxation is
assumed (R4 ) R4

uncorr) while on the right (B and D) frequency memory is conserved (R4 ) R4
corr). The enhancement of the peak shift upon

population relaxation to the “hot” ground state is much stronger in the uncorrelated case (A) than in the correlated case (B).
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of the transient grating signals. It should be noted that the blue
shift of 20 cm-1 is consistent with the temperature-dependent
shift observed in steady-state absorption spectroscopy.23

The most simple model for system bath interactions is the
Bloch model that assumes a strict separation of time scales
between ultrafast fluctuations giving rise to homogeneous

Figure 10. Simulation of the echo experiment with a Kubo model and assuming complete loss of frequency memory during population relaxation.
On the top row the assumed correlation functions are shown according to eq 8 (A and B) and eq 9 (C), respectively. The corresponding calculated
peak shift traces (D, E, and F) as well as the transient grating intensities (G, H, and J) are plotted for laser pulses centered at 3300 cm-1(solid), 3400
cm-1 (dashed), and 3500 cm-1 (dotted). The calculations illustrated in the middle and the right column agree well with the experimental data.

Figure 11. Simulation of the echo experiment with a Kubo model and assuming complete conservation of frequency memory during population
relaxation. On the top row the applied correlation functions are shown using eq 8 (A and B) and eq 9 (C). The corresponding calculated peak shift
traces (D, E, and F) as well as the transient grating intensities (G, H, and J) are plotted for laser pulses centered at 3300 cm-1 (solid), 3400 cm-1

(dashed), and 3500 cm-1 (dotted). No parameter set could be found to approximately reproduce the experimental observations.
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broadening and quasi-static inhomogeneous broadening. The
Bloch model excludes processes, such as spectral diffusion, a
simplification which certainly is not valid for liquid water.
Nevertheless, we use this model as a first simple example that
is easy to interpret and to demonstrate the strong enhancement
of the peak shift due to a relaxation to a “hot” ground state. In
Figure 9A,B the calculated peak shift is plotted over population
time T for both limiting casesR4 ) R4

uncorr andR4 ) R4
corr. The

solid, dashed, and dotted lines represent 100 cm-1 red detuning,
no detuning, and 100 cm-1 blue detuning of the laser pulses
with respect to the center of the absorption band, respectively.
For this simulation we use a frequency correlation function

where the parametersT2 ) 90 fs and∆inhom ) 66 cm-1 have
been determined recently3 to reproduce the slope of the photon
echo signal as function ofτ, the peak shift atT ) 0, and the
total width of the absorption spectrum. In all six transients we
observe a fast initial decay forT e 200 fs which is due to a
pulse duration effect and vanishes when delta pulses are used
(not shown). On a time scale close toT1 the peak shift then
rises to reach a constant value. This value differs for the two
casesR4 ) R4

uncorr andR4 ) R4
corr. When all frequency memory

is lost (case A, Figure 9A), the enhancement of the peak shift
is much larger (up to a level of 100 fs) than that in the correlated
case B (Figure 9B) where the increase is not as dramatic. In
general, this indicates that in both cases the population relaxation
triggers an increase of the peak shift. This enhancement can be
correlated to the presence of molecules in the “hot” ground state
generated on the time scale of the population relaxation process.
Therefore, we conclude that the evolution of the peak shift does
not reflect the frequency correlation function as long as
population relaxation takes place. For long time delays, however,
the peak shift is constant and does represent the correlation
function, namely, a constant, used as input into the simulation.

Inhomogeneity is not static in the liquid phase, and in liquid
water the existence of spectral diffusion has been reported
recently.2 In the following, we want to investigate on what time
scales spectral diffusion in water occurs by comparing model
calculations for different relaxation times with the experimental
data. The recent observation of spectral diffusion in a single-
exponential manner2 suggests a frequency fluctuation correlation
function of the form

The first term represents a Kubo line shape with modulation
strength ∆1 and a correlation timeτ1, convoluted with a
Lorentzian line shape corresponding to homogeneous broadening
with T2 ) 90 fs.3 To be consistent with the full width of the
absorption line, we find∆1 ) 66 cm-1.3 Figure 10D,G shows
the photon echo peak shift and the transient grating decay for
case A for a correlation timeτ1 ) 700 fs, which is the value
that has been reported recently from transient hole-burning
experiments2 (see Figure 10A). The transient grating signal is
not that much different from the experimental data but clearly
the rise in the peak shift is not reproduced. All peak shift traces
decay monotonically. For the correlated case (Figure 11D,G)
the disagreement is even stronger and the characteristic dip in
the red detuned transient grating trace is not appearent like in
the uncorrelated case. Hence, eq 8 withτ1 ) 700 fs is not
consistent with the photon echo data.

As a next step we varied the time constant in the Kubo term
in eq 8, but kept all other parameters constant. We find that for

τ1 ) 2 ps in the uncorrelated case (Figure 10B,E,H) the peak
shift and as well the transient grating match the experimental
data satisfactory. The amplitude of the peak in the red detuned
peak shift trace and its position atT ) 2 ps is well reproduced.
The general trend to the blue side of the band exhibiting smaller
peak shifts for longer time delays is also apparent. In the
transient grating the off set for population times longer than 4
ps is close to the experimental value of∼10-2 and the dip in
the red trace (solid line) at 2 ps is reproduced remarkably well.
In contrast the calculation with the same parameters butR4 )
R4

corr do not give a good representation of the measurement
(Figure 11B,E,H). No rise in the peak shift or a dip in the
transient grating is present. In fact by varyingτ1 we could not
find a time for which these features would be obtained.

Finally, we tried a multiexponential decay of the frequency
fluctuation correlation function with two Kubo terms:

With τ1 ) 700 fs,∆1 ) 54 cm-1, τ2 ) 15 ps, and∆2 ) 38
cm-1 (Figure 10C,F,J) one achieves for case A a similarly good
agreement with the experiment as with the single-exponential
correlation function withτ1 ) 2 ps. This is not surprising,
because the correlation functions (Figure 10B,C) are very similar
in the time region between 1 and 4 ps. In other words, the
parameters are highly correlated and in fact we can obtain an
equal match for a shorter correlation timeτ2 with a correspond-
ingly larger amplitude∆2. In that sense, we cannot deduce from
our experiment the exact functional form of the frequency
fluctuation correlation function. Nevertheless, the existence of
a peak shift at population timesT g 4 ps shows that the
frequency fluctuation correlation function has not completely
decayed yet. As before, the correlated case B cannot describe
the experimental result (see Figure 11C,F,J).

To summarize this paragraph, we have seen that we can
qualitatively reproduce the features observed in the experimental
data. However, we can conclude that they can be reproduced
only when (a) we assume a rather long-lived component in the
frequency fluctuation correlation function and (b) when we
assume that frequency memory in the “hot” product state is
essentially destroyed after relaxation. We have seen in Figure
9 that the destructive interference of several contribution to the
total signal results in a dramatic increase of the peak shift, which
rises on the time scale of population of the hot product state.
However, since the frequency fluctuation correlation function
decays, the peak shift eventually decreases for large enough
population timeT. Hence, two counteracting effects contribute
to the size of the peak shift, resulting in a maximum at around
2 ps.

5. Discussion

Even though a photon echo peak shift experiment and a
transient hole-burning experiment2 are both capable to resolve
inhomogeneous broadening and measure spectral diffusion
processes,20 and hence should reveal identical results, both
experimental techniques are sensitive to different aspects of the
complex relaxation process. For example, the photon echo
experiment is a background free technique which allows to
follow spectral diffusion processes for long time scales where
the signal gets extremely small. On the other hand, integration
over the signal (eq 5) destroys part of the information, so that
interpretation of the signal at early delay times, where both
spectral diffusion and population relaxation contribute simul-
taneously, is not straightforward. Thus, we conclude that the

〈δω01(t)δω01(0)〉 ) δ(t)/T2 + ∆inhom
2 (7)

〈δω01(t)δω01(0)〉 ) ∆1
2e-t/τ1 + δ(t)/T2 (8)

〈δω10(t)δω10(0)〉 ) ∆1
2e-t/τ1 + ∆2

2e-t/τ2 + δ(t)/T2 (9)
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transient hole-burning experiment is well suited to determine
fast spectral diffusion processes, while the photon echo experi-
ment is the method of choice for longer time scales.

We have seen from the model calculations that a single-
exponentially decaying frequency fluctuation correlation func-
tion with a correlation time ofτ1 ) 700 fs cannot explain the
experimentally observed photon echo peak shift. Even though
the photon echo peak shift does not directly resemble the
frequency fluctuation correlation function, such as it does in
simple two-level systems,7,8 the existence of a peak shift at times
T around 2-4 ps nevertheless unambiguously proves that the
frequency fluctuation correlation function has not yet completely
decayed. Apparently, the hole-burning experiment in ref 2
missed that slow tail of the frequency fluctuation correlation
function because the signal was too small. On the other hand,
a single-exponentially decaying frequency fluctuation correlation
function with a correlation time ofτ1 ) 2 ps, which would be
consistent with our photon echo experiment, would probably
not be consistent with the hole-burning result. We therefore
conclude that the decay of the frequency fluctuation correlation
function is nonexponential, with a fast component in the range
of 700 fs and a slower component in the range of 5-15 ps (see
Figure 10C,F).

Such a nonexponential decay with a rather slow tail is to be
expected since there are numerous experimental observations
which give strong evidence that water forms relatively stable,
ice-like, structures. These include transient hole-burning experi-
ments with longer pulses,4 a slow component in the orientational
relaxation of the OH dipoles in D2O measured with the help of
the anisotropy decay,5 the Debye relaxation, which also
measures orientational relaxation,12,24,25and results from NMR
measurements.26 As inhomogenenous broadening is in some
complicated way related to the heterogeneous surrounding of
the individual HDO molecules, structural diffusion will give
rise to spectral diffusion, and the time scales of both processes
are correlated. Hence, our experiment is yet another proof of
the existence of long-lived structures in water, and it unites
observations made before using different experimental tech-
niques.

It is interesting to compare our results with molecular
dynamics simulations. Diraison et al.27 find for the system H2O
in D2O that the frequency correlation function of the three
vibrational normal modes can be mimicked using a biexponen-
tial expression with two time constants, 50 and 800 fs. As
pointed out already in ref 27, the signatures of the fast response
observed in ultrafast experiments depend strongly on the pulse
duration. A correlation time as fast as 50 fs cannot be determined
in our experiment with the current time resolution. We have
recently published the two-pulse photon echo experiment on
HOD/D2O3 where for the analysis we have assumed that for
this fast process the fast modulation limit is valid with a resulting
exponential decaying behavior for the O-H stretch with aT2

value of 90 fs. This value represents an upper limit for fastest
solvent fluctuation time scale. The 50 fs component in the MD
result might well be responsible for this ultrafast coherence
decay. The 800 fs component in the calculated response function
of Diraison et al. agrees approximately with the 700 fs
component used in our analysis of the experimental peak shift
data. As noted by Bratos et al.28 this value is also close to the
hydrogen bond lifetime reported by Marti et al.29 and Luzar/
Chandler.30 This suggests that they represent the same underly-
ing mechanism. Simulations on the 5-15 ps time scale have

not been realized in full extension. Therefore we hope that our
findings on this long time scale will stimulate further theoretical
work.

Furthermore, our model calculations verify that any frequency
memory is completely lost after relaxation into the “hot” ground
state, and only case A can describe the experimental data. For
longer population timesT this can readily be understood: As
the blue shift of theν ) 0′ f ν ) 1′ absorption band is a thermal
effect, it averages over many molecules and the frequency
memory about those molecules which had initially been excited
(i.e. the hole) and which had dissipated the energy is completely
lost. However, there is a second process which might explain a
memory loss even for earlier timesT where thermal diffusion
is not completed. Energy relaxation from the OH vibration will
initially excite (thermally or nonthermally) the immediate
surrounding of the molecule, i.e., the hydrogen bonds which
fix the molecule. Since the lifetime of these hydrogen bonds is
only a few ps at room temperature, it seems reasonable that it
is even shorter at the elevated high temperature which will be
present for a short period of time. In other words, it seems likely
that the structures fixing the OHD molecule are destroyed,
leaving the molecule in a new, randomized surrounding. As the
absorption frequency of the molecule is related to the surround-
ing, the absorption frequency will be randomized as well
immediately after relaxation of the OH vibration.

6. Conclusions

In conclusion, we have presented the first photon echo peak
shift study of the OH vibration of HDO dissolved in D2O. Due
to the strong anharmonic coupling of the OH vibration to its
surrounding, the system cannot be treated as a simple two- or
three-level system, because an extended model including a
vibrationally “hot” ground state is required. We have presented
a model which self-consistently describes the experimental data.
The analysis shows that spectral diffusion, which is related to
structural diffusion, exhibits a relatively slow tail which decays
on a 5-15 ps time scale.
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