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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 I 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 hand, probing orientational dynamics by anisotropy decay
o . measurements suggests a mixture model for which only two
Determination of the structural fluctuations of the hydrogen gpeies of local structures or hydrogen bond lifetimes &xist.
bor)d network n liquid water is crucial for the undgrstandlng Here, the authors assume that an observed time constant of 13

ﬁf its outstanding physical and chemical properties. These n<iy e orientational relaxation of excited OH dipoles might
uctuations take place on ultrafast time scales and are reﬂectedbe connected to a process involving the breaking of a hydrogen

in the stochastic behavior of transition frequencies between bond and therefore also structural relaxation.

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 ©&

distance: Hence, the correlation function of the fluctuations of . > f X
the transition frequency, which is an experimentally accessible Onstrated in the midinfrared spectral raridegve the potential

quantity, is of great interest because it gives direct information {© reveal this information. The essential quantity from such an
about structural fluctuations. experiment is the so-called three-pulse photon echo peak shift

(3PEPS), whose evolution under increasing population ime
has been found to be a highly informative quantity. It has been
'showrT8that 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

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 measuremeritsa technique recently also dem-

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 D,0.2 In these measurements infrared laser pulses of 150 fs e
duration have been used to monitor the spectral shift of the three-level systemfsconsisting ofv = 0, v = 1, andv = 2
transient spectrum over time. Independent of excitation wave- states.
length the first moment of the transient spectrum moves to the  In this contribution we present 3PEPS measurements on the
center of the absorption band. The data have been fit using aOH stretching absorption band of HDO in,O. Data for
frequency fluctuation correlation function which decays mo- different spectral positions within this band display a fast decay
noexponentially with a correlation time of 700 fs. However, Of the peak shift within the first 500 fs. At longer delays, we
we have determined that a major part of the broad absorptionobserve a pronounced rise of peak shift in the red part of the
band (120 out of 235 cnt fwhm) is due to homogeneous Spectrum, reaching a maximum after 2 ps and decaying
broadening and that therefore a dominating part of the subsequently within several picoseconds. This behavior cannot
frequency fluctuation correlation function decays on an ultrafast be explained within simple two- or three-level models. The
sub-100 fs time scale. A water model with three major structural coupling of the OH stretching mode to intermolecular degrees
components has been proposed the basis of hole-burning  of freedom of the hydrogen bond network of water, which are
experiments with 2 ps pump pulses and 1 ps probe pulses. Theexcited and eventually heated upon dissipation of the energy
results are interpreted by structural cross relaxation between thenitially pumped into the OH vibration, has a strong effect on
different constituents with a time constant of 1 ps. On the other the peak shift data and is taken into account by a more
sophisticated energy level scheme. For this case the peak shift

t Part of the special issue “Noboru Mataga Festschrift”. does not directly resemble the frequency fluctuation correlation

:To whom correspondence should be addressed. _ function. Nevertheless, the 3PEPS results still do uncover the

. '\D":s‘;?tcr’]:g'r:?f)tf'tgth‘;“m'i\gfrgt“”eare Optik und Kurzzeitspektroskopie.  gynamic properties of the transition under study. With the help

IINew address: Physikalisch Chemisches Institut, Univirgitaich, of numerical model calculations we conclude that spectral
Winterthurerstr. 190, CH-8057 Zigh, Switzerland. diffusion in water cannot be described only by a single-
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3 Figure 3. Integrated photon echo signals in liquid water To= 0 fs
< , as a function of coherence time Solid symbols represent the signal

s -7 ~ e S S~ in the —k; + k2 + ks direction, while open symbols are used for the

3600 3500 3400 3300 3200 data taken in thetk; — k; + ks direction.

-1
Frequency [cm ] the pulse which arrives as the second pulse at the sample and

Figure 1. Absorption spectrum of the OH stretch vibration of HDO the third pulse is referred to as population timewhich is

in D20 corrected for 3O background (solid) and the power spectra of  positive). During the first time period, the system evolves in

the laser pulses (dashed). an (off-diagonal) coherence state, while it evolves in a (diagonal)
population state during the second time peribdBoth time
periods are varied by computer controlled delay stages. Typical
stimulated photon echo signals for one population timare
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

Figure i Sc'rgemart]ic configurlattjior Ofbthe four-\r/]va\f/_e-mixicrj]ghexperi- Jvery accurately. This quantity is called the “peak shift”, which
ment.z describes the temporal delay between the first and the second. : - s
pulse with wave vectork, andko. T is the time between second and is the essential property deduced from the experiment. Measur

third pulse (with wave vectoks). This geometry allows the spatial g the peak shift up to a delay time of 100 ps (where it is
separation of the third-order polarization generated in-the+ k, + expected to be zero) indicates that it is subject to a systematic
ks and the+k; — ko + ks phase matching directions. error of~3 fs, a phenomenon which has been observed béfore.

In addition, we report the “transient grating” decay, which is
exponential process, as deduced from the spectral hole-burninghe four wave mixing signal as a function of population tifne
experimentg, but takes place on many time scales including a recorded for the coherence timeset to zero.

-k tkytk,

slower component on the order of-45 ps. The sample consists of HDO dissolved inMso that the
OH stretching absorption band of HDO reaches an optical
2. Experimental Section density of 0.4 at 3400 cm which corresponds to a concentra-

g tion of 0.2M. This concentration has been shown to be small
enough so that the ©H stretch modes can be regarded as
isolated oscillator$? The liquid is held at 300K between two
CaF, windows with a spacing of 30&m and is rapidly

circulated to avoid accumulation and heating effects.

Since a stimulated photon echo signal scales with the thir
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 300uJ and a duration of 90 fs from an amplified
laser system based on Ti:sapphire are converted in a KT} OPO
crystal in two stages. The first stage is seeded by a single The experimental peak shift and transient grating signals are

3. Results

filament white light continuum and pumped by:3 at 800 nm. shown as a function of population tinfein Figure 4 for the
In the second stage pumping with 200 yields 150 fs mid three spectral positions. For all wavelengths the peak shift at
infrared pulses with an energy of-% uJ. They are tunable = 0 has a value of around 50 fs indicating the presence of

between 3000 and 3600 chwhile the energy varies from 5 inhomogeneity in the absorption band. Within the first 200 fs
uJ at low frequencies to 8J at high frequencies. The spectra of population timeT the shift decays to about 20 fs. After 500
of the laser pulses used in this work and their position with fs the behavior then shows a strong spectral dependence. In the
respect to the OH stretching absorption band of HDO #©D  center and in the blue wing of theoy absorption band the
are shown in Figure 1. signals stay constant at around-12D fs. However, on the red
The measurement principle of the photon echo peak shift side of the band at 3300 crhthe peak shift rises again strongly
experiment is the following: The laser pulse tuned to the starting at~1 ps. At aboutT = 2 ps it reaches a maximum
transition frequency is split into three parts with wave vectors value of almost 50 fs followed by a decay down to 10 fd at
ki, ko, andks, the wave vectors being of parallel polarization = 4 ps. The higher noise of the data on the blue side of the
and approximately the same energy. These three beams are theabsorption line is due to the lower energy of the pulses generated
focused onto the sample in the so-called box configuration (focal for that wavelength.
diameter o~80um), which allows the spatial separation of the The three normalized transient grating traces show for short
third-order polarization in the phase matching directieng; timesT a decay behavior close to exponential. The time constant
+ k2 + ks and+ k; — ky + ks (see Figure 2). In both directions is close to 300 fs suggesting a population relaxation on the order
the four wave mixing signals are recorded simultaneously by of 600 fs. However, here we use a parallel geometry of
two InSb detectors which integrate the light intensity over time. polarizations of the light pulses and therefore the measurement
The pulse delay between the first two puldasand k; is is sensitive to rotational diffusion. This is the reaSarappears
conventionally called coherence time(which is defined as somewhat faster than the true population relaxation fime
positive whenk; arrives beforek,), while the period between 700 fs measured in pump/probe experiments under magic
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Figure 5. Energy level scheme for the hydrogen bonded OH stretching
oscillator. The transition frequency from = 1 to v = 2 is
anharmonically shifted to the red lay =270 cn1?! 22 with respect to
thev = 0 tov = 1 transition frequencyo:. The population decay to
a “hot” ground stater = 0' introduces a transition from=0' tov =
1'which is blue shifted byAw = 20 cn1? (see text) with respect to
wo1.

Peak Shift [fs]

the existence of such a mode can be excluded from what we
10° h know from linear dielectric spectroscopy of water in that
: frequency rangé?

Yang et al*® 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 systemissuch as that for the energy
transfer system LHC-II at room temperatdfe.

The excitation of the OH stretching mode in water initiates
a sequence of fast relaxation st&®pand returns to a state
spectroscopically different from the original ground st&t€he
energy dissipated after vibrational relaxation heats the bulk

. ‘ sample. As the hydrogen bond potential is anharmonic, heatin
POpUIatlon Time T [pS] Ieadg toa Weakeyninggof the hygrogen bonds which eventuall;g/J
Figure 4. (A) Experimental three-pulse photon echo peak shift data results in an observable blue shift of the OH absorption band
for laser pulses centered at 3300 ¢rtsolid), 3400 cm(dashed), and (see Figure 5). In that sense, the system might be viewed as a
3500 cn1* (dotted). For the trace at 3500 chthe data could be only  reactive system and the peak shift evolution is qualitatively
collected up tol = 2.5 ps because of the smaller output power of the similar to the mentioned work of Fleming and co-workers, even

OPA at this wavelength (see Experimental Section). (B) The experi- : . .
mental normalized transient grating signa 0) for the same spectral though the details of the underlying physical process are very

positions (labeling as in (A)). diﬁerer_‘t- ) )

Nonlinear optical experiments, such as the three-pulse photon
angle511 After 1 ps, the transient grating signals flatten for 3500 echo, are usually described with the help of a set of nonlinear
and 3400 cm! to reach a small constant value4 x 1073) response functions, one for each Liouville pathway (i.e.,
for long delay times. In the red at 3300 chthe intensity has ~ Feynman diagram, see Figure 6). The methodology has initially
a dip at around 2 ps and rises again afterward to lead as well tobeen developed t(()) describe nonlinear spectroscopy of optical
a constant nonzero value for long delay times. We have observedWo-level systems? The “standard” two-level diagrams aRe
this constant level in the transient grating signal for delay times @nd Rs, which describe the contribution of the hole (i.e., the
up to 100 ps. bleach), and?, andRs, which describe the contribution of the

It has been verified that, within signal-to-noise, the peak shift excited state (i.e., stimulated emission). Both the bleach and

data and the shape of the normalized transient grating Signa|sstimulated emission contribute equally to the total signal. It is

are independent of the pulse energy which was varied by up togenerally accepted that vibrational relaxation into the ground
a factor of 5. Thus, artifacts from higher order nonlinearities Stet€ can be considered by weighting the corresponding response
can be excluded. functions with a phenomenological factor ex{T1),® which

does not affect the peak shift but only reduces the intensity of
4. Theor the signal. This approach assumes that the bleach signal
. y . . ) X
disappears simultaneously with the decay of the simulated
It has been shown that the peak shift measurement directlyemission signal. However, we see from the transient grating
resembles the frequency fluctuation correlation function of the signal, which decays monoexponentially only up~t&.5 ps,
transition under investigation in simple two- and three-level that this simplifying approach is not appropriate for the
system$8 In view of that work, the dramatic rise in the peak description of the nonlinear response of water. Interestingly,
shift for the red part of the absorption band might seem the rise of the peak shift data appears at about the same delay
surprising at a first sight. If this rise would directly reflect the time T, when the transient grating signal starts to deviate from
frequency fluctuation correlation function, one would have to a simple monoexponential decay.
assume the existence of a low frequency, underdamped mode The crucial point is that the excited molecules relax into a
coupled to the OH stretching vibration. The exciting light pulse ground state which is spectroscopically different from the initial
would coherently excite this mode and one would interpret the excited state. After a complicated and fast sequence of relaxation
rise of the photon echo peak shift as a damped oscillation with processe¥’ energy dissipation eventually heats the bulk sample,
a period on the order of 2 ps (frequency 500 GHz). However, leading to a small but observable blue shift of the OH stretching
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1 e-T/T1 1- e-T/T1 (see_ Fig_ure 7). Nevertheless, spectral_diﬁusion will destroy_this
N grating in exactly the same way as it destroys the hole in a
R "’RE o R, . R hole-burning experiment.
P § ER TS KX ky veo 4.1._ Response I_:unctionsm the foIIowir]g we present a self-
L e /l'( A ; : kA ; : kALY _contalned_model in the frame\_/vork of L|_0UV|IIe space forma_ll-
7 & NI N N isn?9 that includes the effect discussed in the previous section.
R, R, R, R, We shall see that with this model we can predict the excitation
ky o]l o ’/‘,s 1. . k: o Wav_elength dependencg of the peak shift as well as the transient
Neel J ik ,{3' i q 2 « grating decay traces. Since the= 1 — v = 2 and thev = 0
kA"l A KAt L B — v = 1 transitions are both resonant with the light field when
the anharmonicity of the oscillator is sufficiently small, a

Figure 6. Double sided Feynman graphs which have to be considered. vibrator has to be treated as a three-level system. The “con-
The upper row Ri—Rs) describe the echo generating (rephasing) ventional” response functions of a three-level system (see
Liouville space pathways, while in the lower roR—Rs symbolize Feynman diagramB,—R; and Rs—R; in Figure 6) have been

the pathways, which do not generate an echo (nonrephaftngye, ; ; ;
Rs, andRs are the diagrams for a two level systeRy:andR; are also reported recentl§,and are listed below with the corresponding

contributing in a three level system with excited-state absorption from d€cay factors:
v = 1tov = 2. Ry and Rs take the process of relaxation to a “hot” _
ground state into account (see text for details). This process is R, = toe D exp[— g(r) + o(T) — g(t) — g(T +7) —
symbolized by a horizontal dashed line. Above the diagrams are the t+T) +alt + T +
multiplicative factors that are used for the response functions represented o( T+ 7]
by the diagrams belowR; and Rs do not decay because there is no T 4
;?Ia(tjxation c_rtlﬁnt?]el feedi:qu_ back IpopltJ_latict)rr\T%nteF_ 0. RihRg dR6 an_?) R=¢€ 1,[4016_'“"’1“_1) exp[—g(r) + g(T) — g(t) —

, decay wi e population relaxation tinlg since they describe .
pathways in which the system is in the= 1 state during the population 9T+ 1) —gt+T) +glt+T+17)]
period T. Simultaneously the “hot” ground state= 0’ is populated. ) )
Hence, the response functioRs andRs are multiplied by a factor of ~ R,= — e’T’Tllug]ufzé“‘e"“’m(t”) exp[-9(z) + g(T) —

L expCTT). o) — 9T+ 1) — gt + ) + ot + T+ 7)]

mode!® Hence, part of the spatial grating, which has initially Ry = ug,e "**" exp[-g(r) — o(T) — g(t) + o(T + 7) +
been written into the sample by the first two laser pulses, _
remains for a very long time scale, which is limited only by g+ —gt+T+0)
thermal diffusion over macroscopic distances. This grating gives _ ot
rise to the constant offset in theptransient grating gignalgv?hich Re=e "ge "™ expl-g(r) — g(T) — g(t) +
does not decay on the time scales investigated and which is in gT+7)+glt+T)—gt+ T+ 1)
fact a thermal grating (at least at long enough delay times). S
We take into account this spectroscopic response by anR;= —eleTlﬂgjyfze'“tef'“’m“”) exp[—g(r) — g(T) —
extended level scheme (see Figure 5), whgnelaxation leads g) +o(T+7) +gt+T—gt+T+1)] 1)
into a “hot”, blue-shifted ground state rather than into the
initially pumped ground state. As a consequence, the bleach is The coupling to the thermal bath is incorporated by the line
not refilled by population relaxation, while the excited state still shape functiorg(t)
decays with expfT/T;). In addition, an absorption signal
between the = 0 — v = 1’ level pair is obtained, which grows = [t 71
in by 1 — exp(—T/T1) (see Figure 5). a0 f o 0n1 f 0" A7ol000(7)0os(O)F @
This has important consequences for the observation of and dwoy(t) describes the fluctuating part of the transition
inhomogeneous broadening and spectral diffusion, an informa- frequencywos(t) = wo1 + dwoa(t), andwo, is the mean transition
tion which is stored in the form of a frequency grating written frequencyldo(t)l] uo; anda are the transition dipole moment
by the first two laser pulses. Such a grating exists for both the and the anharmonicity, respectively, which is defined as the
bleach and the excited-state signal, and hence, both contairdifference between the = 1 — v = 2 and thev = 0 —
identical information about inhomogeneous broadening. When v = 1 transition frequency. It is assumed that the fluctuations
both sets of diagrams would decay simultaneously with popula- dwo; and dwi, are strictly correlateddwo1 = dwiz) which
tion relaxation, as in the traditional two-level picture, observation implies that the solvent induced fluctuations of the potential
of spectral diffusion processes would be limited to a time scale surface affect only the harmonic term. For the transition dipole
on the order off1. However, in the present case, the ground- moments a harmonic approximation yielding52 = uZ, is
state diagrams survive vibrational relaxation and allow spectral ysed. Since the anharmonicity= Wvo1(t)— Evio(t)Cin liquid
diffusion to be observed over an essentially infinite time range. water is 270 cm?,2! which is much larger than the bandwidth
The essential idea of this model is the same as the traditionalof the laser pulses (100ct) these pathways have only a minor
picture of hole burning, except that it happens on a much faster effect on the signal as we verified in numerical simulations.
time scale. At low enough temperatures and in glasses, transient In the extended level scheme Figure 5, additional Feynman
holes can be observed for3€©and even longéf even though diagramsR, and Rg grow in, which describe the absorption
the lifetime of the transitions under investigation is certainly between ther = 0" — v = 1' level pair. In the following, we
much shorter (on the order of 1 ns). The important point is that will discuss two limiting cases and compare them with the
the excited molecules do not specifically refill the hole after experimental results: (A) The frequency memory is totally lost
relaxation, but end up with random transition frequency. In a during relaxation of the excited state or (B) it is retained, as
photon echo experiment, the first two light pulses burn a depicted schematically in Figure 7. In case A we have no
frequency grating into the absorption band rather than a hole correlation betweem = 0—v =1and thev =0 —v =1
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emitted later at = z, is not canceled since thig; response
function has nothing to oppose to. Hence, for large enaygh
the remaining signal will increase, giving rise to a large peak
shift.

For the case of complete correlation betweers 0 — v =
1 andv = 0 — v = 1' absorption (case B, see Figure 7) the
response functionBS’" andR;"*" are the same aR; andRs,
except for a frequency shift ohw and the transition dipole
moments, which are however again assumed to be identigal (

= Uo1)-

_O' Frequency
Vor=0 Von=

Frequency

T

Frequency
Frequency

R'= —(1— & igugre e explg(o) +
oM —gt) —g(T+7) —gt+T) +gt+T+7)]

Rgorrz -1- efT/Tl)luélugv1’e*iAwte*iw01(I+T) exp[-g(z) —
oM —gt) + (T +7) + gt +T) — gt + T+ 7)] (4)

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

Vor=0"
vor=0 o

(%)

Figure 7. By the first two pulses interacting with the sample a where the third-order polarization is obtained by convolution

frequency grating is burned into the ground state<(0) absorption  of the response functior with the electric fields of the laser
band. Simultaneously a frequency grating appears in the excited state

v = 1. During the process of population relaxation of the excited-state pulses:
frequency grating to the “hot” ground state the memory of the original
spectral position might be lost (case A) or conserved (case B).

T2) = [ PO TPt

POETY = [odt [o"dT ["dr' x

z R, T 1)Eqt — t)e Bt —t = T) x
]

absorption, and the response functidhsand Rg are

_ i (t—7) i o) — —iwt—t—T , ' NoHot—t-T -7
R‘Lincorrz - T/Tl)ﬂg]#g'relwm“ 1)@ 180t g=0(0) g 9(t) g il )El(t —t =T — 7)€ i 7') (6)

R;ncorr: - e—T/Tl)ﬂglué1’e|wm(H-r)e—iAwte—g(r)e—g(t) E; .3 are the envelopes, anad 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 (eef®) 1
. - . .__using models for the frequency correlation function, which are
v = 1. The transition dipole moments are assumed to be 'dem'calincreasingly more complicated, but also increasingly more
(o1 = uov). The response functio®™*" andRg™*"enter the  (oqjistic. We follow this approach to gain an understanding of
total response with a negative sign because there is only oneyg\y the vibrational relaxation in a hydrogen bonded system
interaction on the right (bra) side of the Feynman diag?m. jnquences the peak shift behavior and what can be learned about

The pathwaysR,"" and Rg™" can each be seen as a he frequency correlation function. We will compare both
combination of two successive independent linear processesjimiting cases A and B, which assume complete loss of all
since the phase memory is assumed to be lost by relaxation tofrequency memory after relaxation into the “hot” ground state
the hot ground state. Therefore the response functions reduceyng complete conservation of the memory, respectively (Figure
to a product of two two-point dipole correlation functions instead 7). |n the numerical calculations, we use the actual experimental
of a single 4-point dipole correlation function (eq 7.14 in ref ise duration of 150 fs and the known parameters of the OH

®3)

whereAw is the blue shift of the “hot” ground-state absorption
v =0 — v = 1" with respect to the original transitian= 0 —

20). To obtain an intuitive picture of this situation, one can use gretch transition of HDO in BD (T; = 700 fs222T , = 90 fs3

a simple Bloch line shape functiog(t) = t/T, + YoAZ, .12

The response functiorf?; andR; are in this case proportional
to exp Ao — 1) while R™™ O exp(— Ao —
A2, 1). For a givenr in the first case the signal will peak &t

inhom'

o = 270 cnr1?y),

Before exploring the effect of the relaxation to the “hot”
ground state on the signal we perform first numerical simulations
using the “conventional” modéthat involves only levely =

= 7. In other words, it forms a photon echo. In the latter case 0,v =1, andv = 2. In this case, vibrationally excited molecules

the maximum is always located &at= 0, not forming an echo
at all.

relax to the original ground state = 0. Figure 8 shows the
peak shifts (D, E, and F) and transient gratings (G, H, and J)

Given this model, one can qualitatively understand the rise for different frequency correlation functions (A, B, and C).
of the peak shift after vibrational relaxation of the system. The These model functions are described in detail later on and are
bleach R;) and “hot” ground stateRj) signals have opposite  presented here for direct comparison with the following calcula-
signs and strongly tend to cancel each other (they would tions. In all cases the peak shift decays monotonically in a
completely cancel when there would be no blue shift). As a similar manner as the correlation function. The transient grating
function of timet, this cancellation is complete for that part of intensity decays monoexponentially with a time constant close
the bleach signal which does not contain frequency memory, to T1/2 and exhibits no offset. These results are not in agreement
i.e., the free induction decay which is emittedtat 0 and with our experimental data and show that this model does not
decays quickly. The photon echo partRyf however, which is apply for the case of water.
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Figure 8. Calculation of the signals observed in an echo experiment using the ‘conventional’ level scheme with vibrational-states= 1,

andv = 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 centeredat 3300 cm
(solid), 3400 cm? (dashed), and 3500 crh(dotted).
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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
(solid), 3400 cm?* (dashed), and 3500 crh(dotted). On the left side (A and C) a total loss of frequency memory during population relaxation is

assumed Ry = R;™°") while on the right (B and D) frequency memory is conservBd £ R;°"). 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).

Moving on to the more sophisticated approach with the Hence, by comparing the experimental off-set (see Figure 4B)
extended level scheme (Figure 5), we determine in a first step with the numerical result (see Figures 81), we can estimate
the blue shiftAw of the “hot” ground state. The blue shift is  for the blue shiftAw ~ 20 4+ 5 cm L. Since the blue shift is a
due to heating of the bulk solution and gives rise to a thermal thermal effect, the long-time offset in the transient grating signal
grating for long enough population timds Since the bleach  does not depend critically on the particular dephasing model
signal and thee = 0' — v = 1' absorption signal tend to cancel used (Figure 9, Figure 10, or Figure 11), and we use the same
each other (they would completely cancel when the blue shift value forAw for all model calculations. When a value is used
would be zero), the long-time off-set of the transient grating beyond those given by the erra&i5 cnl, we see a significant
signal does critically depend on the amount of the blue shift. discrepancy between experimental and calculated off-set values
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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-a{s28ia), 800

cm ! (dashed), and 3500 crh(dotted). The calculations illustrated in the middle and the right column agree well with the experimental data.
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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 388l@y;8400 cm?

(dashed), and 3500 crh(dotted). No parameter set could be found to approximately reproduce the experimental observations.

of the transient grating signals. It should be noted that the blue The most simple model for system bath interactions is the
shift of 20 cnT? is consistent with the temperature-dependent Bloch model that assumes a strict separation of time scales
shift observed in steady-state absorption spectrost¢opy. between ultrafast fluctuations giving rise to homogeneous
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broadening and quasi-static inhomogeneous broadening. Ther; = 2 ps in the uncorrelated case (Figure 10B,E,H) the peak
Bloch model excludes processes, such as spectral diffusion, ashift and as well the transient grating match the experimental
simplification which certainly is not valid for liquid water. data satisfactory. The amplitude of the peak in the red detuned
Nevertheless, we use this model as a first simple example thatpeak shift trace and its position &t= 2 ps is well reproduced.
is easy to interpret and to demonstrate the strong enhancementhe general trend to the blue side of the band exhibiting smaller
of the peak shift due to a relaxation to a “hot” ground state. In peak shifts for longer time delays is also apparent. In the
Figure 9A,B the calculated peak shift is plotted over population transient grating the off set for population times longer than 4
time T for both limiting caseR, = R;"*"andR, = R}*". The ps is close to the experimental value-e102 and the dip in
solid, dashed, and dotted lines represent 100'aed detuning, the red trace (solid line) at 2 ps is reproduced remarkably well.
no detuning, and 100 cm blue detuning of the laser pulses In contrast the calculation with the same parameterdRput
with respect to the center of the absorption band, respectively. R;>" do not give a good representation of the measurement
For this simulation we use a frequency correlation function  (Figure 11B,E,H). No rise in the peak shift or a dip in the
transient grating is present. In fact by varyingwe could not

[y (1)0we,(0) = O(H)/T, + Aﬁ,hom (7 find a time for which these features would be obtained.
Finally, we tried a multiexponential decay of the frequency
where the parametef = 90 fs andAinnom = 66 cnT* have  fluctuation correlation function with two Kubo terms:
been determined recentlio reproduce the slope of the photon
echo signal as function of, the peak shift al = 0, and the D, (Y)0w,(0)= Aieft/n + Ageft/zz + O, (9)

total width of the absorption spectrum. In all six transients we
observe a fast initial decay far < 200 fs which is due to a
pulse duration effect and vanishes when delta pulses are use
(not shown). On a time scale close T the peak shift then

(yVith 71 = 700 fs,A; = 54 cnrl, 7, = 15 ps, andA, = 38
cm! (Figure 10C,F,J) one achieves for easa similarly good
rises to reach a constant value. This value differs for the two 29réement with t_he experiment as W'th. th_e smgle-expo_nenUal
caseRs = RI™" andR, = R°". When all frequency memory correlation functlon.wr[hrl = 2 ps. This is not surprising,
is lost (case A, Figure 9A), the enhancement of the peak shift because the correlation functions (Figure 10B,C) are very similar

is much larger (up to a level of 100 fs) than that in the correlated in the time region between 1 and 4 PS. In other Words,_ the
case B (Figure 9B) where the increase is not as dramatic. Inparameters are highly correlated and in fact we can obtain an

general, this indicates that in both cases the population relaxatlon.eolual match for a shorter correlation timewith a correspond
triggers an increase of the peak shift. This enhancement can beIngly larger amplitude,. In that sense, we cannot deduce from
99 P . e our experiment the exact functional form of the frequency
correlated to the presence of molecules in the “hot” ground state X ) . .
. . . fluctuation correlation function. Nevertheless, the existence of
generated on the time scale of the population relaxation process, . . .
- : a peak shift at population time$ > 4 ps shows that the
Therefore, we conclude that the evolution of the peak shift does . . .
. . frequency fluctuation correlation function has not completely
not reflect the frequency correlation function as long as

opulation relaxation takes place. For long time delays, however decayed yet. As before, the correlated case B cannot describe
Pop P ’ 9 ys, 'the experimental result (see Figure 11C,F,J).

the peak shift is constant and does represent the correlation To summarize this paraaraph. we have seen that we can
function, namely, a constant, used as input into the simulation. L paragraph, : .

Inhomogeneity is not static in the liquid phase, and in liquid qualitatively reproduce the features observed in the experimental

: data. However, we can conclude that they can be reproduced

water the existence of spectral diffusion has been reported . )
5 . . . X only when (a) we assume a rather long-lived component in the
recently? In the following, we want to investigate on what time . - .
frequency fluctuation correlation function and (b) when we

scales spectral diffusion in water occurs by comparing model assume that frequency memory in the “hot” product state is

calculations for different relaxation times with the experimental . . S
- e - essentially destroyed after relaxation. We have seen in Figure
data. The recent observation of spectral diffusion in a single- A o
. . ; 9 that the destructive interference of several contribution to the
exponential mannésuggests a frequency fluctuation correlation I sianal its in a.d i fth K shift. which
function of the form total signal results in a dramatic increase of the peak shift, whic
rises on the time scale of population of the hot product state.
- However, since the frequency fluctuation correlation function
By ()0, (0)I= A2e ™ + §(t)/T 8 * .
©01(1)00(0) 1 O, ®) decays, the peak shift eventually decreases for large enough

The first term represents a Kubo line shape with modulation POPulation timeT. Hence, two counteracting effects contribute
strength A; and a correlation timer;, convoluted with a to the size of the peak shift, resulting in a maximum at around

Lorentzian line shape corresponding to homogeneous broadeningiZ PS.
with T, = 90 fs3 To be consistent with the full width of the
absorption line, we find\; = 66 cnm 1.3 Figure 10D,G shows
the photon echo peak shift and the transient grating decay for Even though a photon echo peak shift experiment and a
case A for a correlation time; = 700 fs, which is the value  transient hole-burning experimérare both capable to resolve
that has been reported recently from transient hole-burning inhomogeneous broadening and measure spectral diffusion
experiments (see Figure 10A). The transient grating signal is processed? and hence should reveal identical results, both
not that much different from the experimental data but clearly experimental techniques are sensitive to different aspects of the
the rise in the peak shift is not reproduced. All peak shift traces complex relaxation process. For example, the photon echo
decay monotonically. For the correlated case (Figure 11D,G) experiment is a background free technique which allows to
the disagreement is even stronger and the characteristic dip infollow spectral diffusion processes for long time scales where
the red detuned transient grating trace is not appearent like inthe signal gets extremely small. On the other hand, integration
the uncorrelated case. Hence, eq 8 with= 700 fs is not over the signal (eq 5) destroys part of the information, so that
consistent with the photon echo data. interpretation of the signal at early delay times, where both
As a next step we varied the time constant in the Kubo term spectral diffusion and population relaxation contribute simul-
in eq 8, but kept all other parameters constant. We find that for taneously, is not straightforward. Thus, we conclude that the

5. Discussion
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transient hole-burning experiment is well suited to determine not been realized in full extension. Therefore we hope that our
fast spectral diffusion processes, while the photon echo experi-findings on this long time scale will stimulate further theoretical
ment is the method of choice for longer time scales. work.

We have seen from the model calculations that a single- Furthermore, our model calculations verify that any frequency

exponentially decaying frequency fluctuation correlation func- Memory is completely lost after relaxation into the “hot” ground
tion with a correlation time of; = 700 fs cannot explain the ~ State, and only case A can describe the experimental data. For

hlonger population time§' this can readily be understood: As
the blue shift of ther = 0' — v = 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 timdswhere thermal diffusion

experimentally observed photon echo peak shift. Even thoug
the photon echo peak shift does not directly resemble the
frequency fluctuation correlation function, such as it does in
simple two-level system&® 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 i completed. Energy relaxation from the OH vibration will
missed that slow tail of the frequency fluctuation correlation initially excite (thermally or nonthermally) the immediate

fun_ction because_the signal_ was too small. On the other h"’_‘”d’surrounding of the molecule, i.e., the hydrogen bonds which

a single-exponentially decaying frequency fluctuation correlation fix the molecule. Since the lifetime of these hydrogen bonds is

function with a correlation time of, = 2 ps, which would be  only a few ps at room temperature, it seems reasonable that it

consistent with our photon echo experiment, would probably is even shorter at the elevated high temperature which will be

not be consistent with the hole-burning result. We therefore present for a short period of time. In other words, it seems likely

conclude that the decay of the frequency fluctuation correlation that the structures fixing the OHD molecule are destroyed,

function is nonexponential, with a fast component in the range leaving the molecule in a new, randomized surrounding. As the

of 700 fs and a slower component in the range 15 ps (see absorption frequency of the molecule is related to the surround-

Figure 10C,F). ing, the absorption frequency will be randomized as well
Such a nonexponential decay with a rather slow tail is to be immediately after relaxation of the OH vibration.

expected since there are numerous experimental observations

which give strong evidence that water forms relatively stable, 6. Conclusions

ice-like, structures. These include transient hole-burning experi-

ments with longer pulse€sa slow component in the orientational In conclusion, we have presented the first photon echo peak

relaxation of the OH dipoles in D measured with the help of  shift study of the OH vibration of HDO dissolved in,O. Due

the anisotropy decay,the Debye relaxation, which also to the strong anharmonic coupling of the OH vibration to its

measures orientational relaxati&?425and results from NMR surrounding, the system cannot be treated as a simple two- or

measurement®. As inhomogenenous broadening is in some three-level system, because an extended model including a

complicated way related to the heterogeneous surrounding ofVvibrationally “hot” ground state is required. We have presented

the individual HDO molecules, structural diffusion will give a model which self-consistently describes the experimental data.

rise to spectral diffusion, and the time scales of both processes! he analysis shows that spectral diffusion, which is related to

are correlated. Hence, our experiment is yet another proof of structural dlffus_lon, exhibits a relatively slow tail which decays

the existence of long-lived structures in water, and it unites ©" & -15 ps time scale.

observations made before using different experimental tech-
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