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Abstract 

We show that for systems that exhibit bimodal dynamics in their system-bath correlation function the shift of the 
stimulated photon-echo maximum as a function of waiting time reflects fairly well the long time part of the correlation 
function. For early times this correspondence breaks down due to a fundamentally different behaviour of the echo-peak shift 
in this time domain and because of the effect of finite pulse duration on the echo-peak shift. The method is used to 
characterize the solvation dynamics in various dye solutions. 

1. Introduct ion  

The exploration of solvation dynamics is currently 
actively pursued using a variety of methods [1,2]. 
There are at least two good reasons for this activity. 
First, a grasp of solvation dynamics is crucial to a 
better understanding of chemical reactivity in the 
liquid phase. Second, novel theoretical approaches to 
a description of solvation dynamics have emerged. 
Especially molecular dynamics simulation studies of 
solvation dynamics [3-8] and calculations based on 
an instantaneous modes analysis [9,10] of solvent 
motion have provided a different perspective and 
stimulated new experiments. For instance, the so- 
called inertial solvation effect was first observed in 
computer simulations [3] and predicted to occur on a 
100 fs timescale. Since then this inertial effect has 
been searched for in many ultrafast (nonlinear) opti- 
cal experiments. 

The most direct probe of solvation dynamics is 
time-gated fluorescence [ 11-14]. The achievable time 
resolution is about 100 fs, and is set by the fact that a 
careful balance between both spectral and time reso- 
lution must be maintained. The analysis of this ex- 
periment is, however, not as straightforward as it 
seems [14]; especially the fitting of the short-time 
dynamics is problematic. Transient absorption stud- 
ies [15] have a much higher time-resolution intrinsi- 
cally, but here interference with stimulated emission 
presents a problem. Another popular probe of solva- 
tion dynamics is femtosecond photon echo [16-27]. 
This technique has a time resolution limited only by 
the excitation pulse width, which can be about 10 fs. 
A clear disadvantage of this method is the fact that a 
theoretical model is needed to connect the echo with 
the solvation dynamical process. 

The connection between the optical and solvation 
dynamics is often made through the multi-mode 
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Brownian oscillator (MBO) model [28]. In certain 
limits this model reduces to the Kubo stochastic- 
oscillator model and to the Bloch model. Here the 
total system is partitioned in a two-level electronic 
system coupled to a bath comprised of the remaining 
degrees of freedom. In the MBO model a central role 
is played by the oscillator-bath correlation function 
M(t), which, in linear response theory, is isomor- 
phous with the solvation-correlation function. Many 
recent femtosecond photon echo experiments have 
employed the MBO model to elucidate M(t) 
[19,20,22-27]. The problem is that the correlation 
function M(t) is not directly expressed in the mea- 
sured photon echo response. Even in the impulsive 
excitation limit, calculation of the time-gated echo 
signal involves a double time-integration of M(t) 
[23,26]. When the time-integrated echo is measured 
by a slow detector an additional time integration is 
required. It is therefore highly desirable to develop a 
simple method that yields a first-order approximation 
to the correlation function. 

In this paper we discuss echo-maximum (-peak) 
shift measurements and show that under certain con- 
ditions the echo-peak shift reflects fairly well the 
correlation function. An echo-peak shift experiment 
is based on a conventional time-integrated stimulated 
photon echo (SPE) experiment, with delay ~- be- 
tween the first two excitation pulses and T between 
the second and third pulses. The observable is the 
shift of the position of the echo maximum on scan- 
ning ~- at a certain fixed T. This shift is then 
measured as a function of T (waiting time). 

Echo-peak shift measurements were first explored 
by the Ippen group in three-pulse scattering studies 
on condensed phase systems [29,30]. It was clearly 
demonstrated that the echo-peak shift is related to 
the balance between homogeneous and inhomoge- 
neous broadening in the system. Joo and Albrecht 
employed echo-peak shift measurements to charac- 
terize spectral diffusion in optical transitions of dyes 
in solution, using a stochastic model to interpret the 
data [21]. Recently Joo et al. sought to employ the 
echo-peak shift as probe of the inertial effect in 
solvation dynamics [25]. We questioned their analy- 
sis and pointed out that for early times the photon 
echo-peak shift is dominated by wave packet dynam- 
ics and finite excitation pulsewidth effects rather 
than solvation dynamics [27]. Subsequently, in nu- 

merical simulations of SPE we found that the echo- 
peak shift is directly related to the correlation func- 
tion 

In this Letter we show that an essential prerequi- 
site for a correspondence between the echo-peak 
shift and the correlation function is the presence of 
an initial fast component in the system-bath correla- 
tion function. The similarity breaks down, however, 
at short timescales due to fundamentally different 
behaviour of the echo-peak shift and due to finite 
pulse-width effects on the echo shift. Computer sim- 
ulations and results of echo-peak shift measurements 
in different solvents are reported and briefly dis- 
cussed. 

2. Theoretical background 

In this section we investigate the relation between 
the echo-peak shift and the correlation function M(t) 
in the context of the MBO model. The MBO model 
has been described extensively in the literature [28] 
so we will mention only a few points relevant to this 
Letter. In the MBO model all intra-, intermolecular 
and solvent motions are represented by harmonic 
oscillators that can be over- or underdamped. For 
example, a molecular vibration is portrayed by an 
underdamped oscillator, and solvent motions are 
simulated by a set of different overdamped Brownian 
oscillators. An important ingredient in the MBO 
model is the so-called line broadening function g(t). 
Once g(t) is known, all nonlinear optical response 
functions can be calculated, including the ones that 
determine the shift of the echo maximum. The line 
shape function g(t) is connected to the correlation 
function M(t) in the following way: 

g(t )  = iAftdT[M('r)  - 1] 
Jo 

2 f l  rTi  
+ a ld~' , l  d72M(Tz) 

"o JO 
(z) 

I The remarkable similarity between the echo-peak shift and 
correlation function was first discussed at the VII-th Time-Re- 
solved Vibrational Spectroscopy Meeting (Ref. [31]). 
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In Eq. (1), A equals half the distance between the 
first momenta of the absorption and emission spec- 
tra, while A is connected to the frequency and 
displacement of the Brownian oscillator. In the high 
temperature limit the parameters A and A, are re- 
lated by A 2-- 2AkT/h. The extension to a multi- 
mode model is straightforward; g(t) is just the sum 
over single-oscillator functions, gi(t): g(t) = 
~,igi(t). 

In conventional SPE experiments the echo signal 
is measured using a slow detector, thereby recording 
the integrated transient. It has been shown that the 
SPE intensity can be expressed in terms of g(t) as 
follows [20] 

ISPE(T, 7) 

exp( - 2T/T,)fo~dt cosZ [Im{ g(t) 

+g(T) - g ( t +  r)}] 

X e x p [ - 2  Re{ g(t) + g(~') - g(T) 

+g(t + T) + g(r+ T) - g('e+ t + T)}] 

(2) 

In Eq. (2) t is the time of the echo with respect to 
the third pulse, while T~ denotes the population 
relaxation time. For a general M(t) it is not feasible 
to calculate the echo-shift analytically from Eq. (2). 
Yet it turns out that an analytical solution is possible 
when M(t) exhibits bimodal dynamics, with a domi- 
nant fast initial part Mfa~t(t) and a slower tail 
M~o~(/): 
M(t)=(1-a)Mfast+aMs,ow with a < < l  (3) 

Interestingly enough a correlation function of this 
form is often applicable to optical dynamics in solu- 
tion. The fast part of M(t) could be due to multi- 
wavepacket dynamics [30] or /and the inertial solva- 
tion effect [3-8]. 

In the theoretical analysis following it is assumed 
that Mfast(T) has decayed to zero at time T: Mfast(T) 
= 0. The slow part of the correlation function is 
taken to be stationary on the timescales of t and ~-. 
With these assumptions we can expand g(T + t) in a 
Taylor series around g(T). The resulting expressions 
for the real and imaginary parts are then found to be: 

Im{ g(T+ t)} -- Im{ g(T)} - i At[1 - aMsio~(T)] 

R e { g ( T +  t)} -~ Re{ g(T)} + A2tf0rM(T ) dr 

A2t,2 
+ ----~aMs,ow(T ) (41 

The time-integrated echo signal can be calculated 
by substitution of the above expressions into Eq. (2) 
as: 

I(T, r) ot exp(-2T/Tl)  fo dt cos2{Im{ g(t)} 

+ At[1- aMs,ow(t)]} 

× e x p { - 2  Re{g( t )  + g( r )}  

+ 2 A2"ctaMslow( T) } (5) 

To obtain the shift of the echo maximum as a 
function of 7, the derivative of I(T, T) with respect 
to ~" must be taken and the zero-crossing point be 
found: 

dZ(T, "r) l 
= 0  (6) 

d7 ~= S(T) 
Here S(T) denotes the measured echo-maximum shift 
as a function of the waiting time T. Applying Eq. (6) 
to Eq. (5), results in the following transcendental 
equation for S(T): 

s(r) (/32 _ 1 + erf[ /3S(r)]}  

+/3 exp[- /32S2(T)]  = 0, (7) 

where 

amslow (T) a 2 
/3 (8) 

CA 2 + A2[1 - aMs,ow(r)] 

and eft(x) is the error function. Solving Eqs. (7) and 
(8) and using the fact that a << 1, the following 
relation between the correlation function and the 
echo shift is found: 

¢7]'( ,~2 "J'- A 2 ) 
Ms,ow(T ) = S(T) (9) 

a 

Eq. (9) is the main result of this paper. It shows 
that a direct one-to-one relationship exists between 
the echo-shift and the "s low" part of the correlation 
function. We hasten to stress that a crucial factor to 
obtaining the result of Eq. (9) is that the correlation 
function exhibits bimodal dynamics as expressed by 
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Fig. 1. Calculated echo-peak shift functions for scenarios where 

the fastest part of the correlation function is included (main 

figure) and neglected (inset). The fit parameters are given in Table 

1. The total coupling strength A was set at 265 c m -  ~ (50 THz). 

The solid circles represent results of  numerical  simulations while 

the solid lines are fits as described in the text. 

Eq. (3). Note also that the echo-shift provides infor- 
mation on the correlation function regardless of pop- 
ulation relaxation, as is the case in conventional SPE 
(Eq. (2)). 

Fig. 1 vividly demonstrates the remarkable corre- 
spondence that can exist between the echo-peak shift 
and the slow part of the correlation function. For 
simplicity, the calculations were performed for 8- 
pulse excitation conditions. For the case to be dis- 
cussed the correlation function was taken as the sum 
of two critically damped Brownian oscillators [28]: 

M ( , )  = A f  e x p ( - t o f t ) [ 1  + loft] 

+ a  s e x p ( - t o s t ) [ 1  + ogst ] (10) 

The chosen oscillator parameters are listed in Table 
1. To judge on the measure of correspondence, the 
Ansatz is that the echo-peak shift function (calcu- 
lated from the true correlation function Eq. (10)) has 
the same time dependence as the slow part of the 
correlation function itself, with w, and A s being fit 
parameters. As can be seen in Fig. 1, the fit calcu- 

lated on the basis of this assumption accords very 
well with the echo shifts calculated from the input 
correlation function. The similarity of the two sets of 
data starts already from early waiting times 
( =  100 fs), with fit parameters that are within 20% 
of those used for the input correlation function (Ta- 
ble 1). On the other hand, if only the slow Brownian 
oscillator is taken as M(t), the calculated echo-peak 
shift fails completely to represent the correlation 
function (Fig. 1, inset). Nonetheless, even in this 
case the long times echo shift (from 1 ps on) pro- 
vides a good approximation of the correlation func- 
tion (Table 1). This latter case is a clear demonstra- 
tion of the fact that an appreciable initial relaxation 
is required to have the echo-peak shift reflect the 
correlation function. For example, a double-exponen- 
tial fit, shown as the dashed line in the inset of Fig. 
1, yields decays of 110 fs (32%) and 600 fs (68%). 
Although the 600 fs decay time correctly reflects the 
tail of the correlation function, the fast decay time 
has no physical significance. 

We will now show that there is a fundamental 
reason why the echo-maximum-shift cannot repre- 
sent the correlation function at early times. This fact 
is related to the theoretical requisite that the slope of 
the correlation function near zero time should vanish 
[3]. For the echo-peak-shift function this slope will 
be shown to be distinctly non-zero. To quantify the 
above statement, we first expand the system's corre- 
lation function at early times to second order: 

092/2 
M(t) = 1 2 (11) 

Using Eqs. (1), (2), (6) and (11) it can then be 
shown that the following relation exists between the 

Table 1 
Parameters of  the fits presented in Fig. 1. Ampli tudes  of the oscillators are normalized so ~ i A i  = 1 

Parameter Fig. 1 Fig. 1, inset 

Input for M(t) Fit on S(T) a Input for M(T) Fit on S(T) b 

A s 0.5 0.41 1 1 
(Ws)-~ (Is) 500 450 500 475 

Af 0.5 - 0 - 
(we) i (fs) 50 - - - 

A o (fs) - 15 - 12 

a Fit was perfomred from T =  100 fs on. 
b Fit was performed from T = 1 ps on. 
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Fig. 2. The initial  behaviour  of the echo-peak shift. Solid and 

dotted l ines are for &pulses  and 15-fs pulses excitation, respec- 

tively. The parameters are the same as for the inset of Fig. I. The 

detuning of the laser from the absorption maximum was set to 

zero. 

zero-time slope of echo-shift and echo-shift function 
itself at that time: 

OS(T) ) 
T ~  + 0  

4 2 2 2 + 3 A  S ( T = 0 ) [ 1  +2¢o2S2(T=0) ]  

(12) 

From Eq. (12) it follows immediately that the 
initial slope of the echo-maximum shift function is 
always negative. To illustrate this point in more 
detail, the situation near zero delay for the shift of 
the echo maximum is displayed in Fig. 2. From these 
simulations we found also that the slope of the 

echo-shift function can be described fairly well by 
Eq. (12). 

When a finite pulse width is taken into account 
the situation remains basically the same. To illustrate 
this let us first consider the echo-shifi behaviour for 
negative delays T, where the position of the pulses 2 
and 3 is interchanged. In order to generate any three 
pulse echo signal, the delay between the first two 
pulses should be small enough for the electronic 
coherence to survive. This can be only accomplished 
for delays ~- that are close to the absolute value of 
the waiting time T. This manifests itself as a straight 
line in the echo-peak-shift plot (Fig. 2), which ex- 
hibits a slope of approximately - 1. For finite excita- 
tion pulse widths the general trend persists, although 
the whole shift function is somewhat displaced to 
larger echo-peak-shift values (Fig. 2, dotted line). 
Moreover, an additional contribution to the echo-shift 
around T = 0 can be noticed, which results from the 
convolution of the echo-peak shift and the excitation 
pulse width. Therefore, the overall conclusion must 
be that the echo-shift function is not suitable for the 
characterization of the short-time decay of the corre- 
lation function. 

Let us turn now to a more realistic correlation 
function M(r) as encountered in experiments on dye 
solutions and examine its correspondence to the 
echo-shift function S(t). Previous time-gated echo 
experiments [23] demonstrated that in solution M(t) 
is distinctly bimodal, with the fast part caused by 
wave packet dynamics and, possibly, the inertial 
effect and the slower part by diffusive solvent mo- 

Table 2 

Parameters of the fits presented in Fig. 3. The ampli tudes of the oscillators are normalized so v_ i A i = 1. The fit was performed from T = 40 

fs on 

Parameter Input correlation Fit to S(T) for: 
function 

M( t ) 3-pulses 15-fs pulses 

A I 0.37 0.41 0.44 

( A  t) ~ (fs) 140 150 140 

A 2 0.13 0.16 0.13 

( A 2 ) - I  (ps) 5 5.3 3.9 
A 3 0.26 0.15 0.16 

a v 0.24 0.28 0.27 
(Yv) ~ (fs) 190 170 165 
o~ v ( c m -  t) 154 153 154 

A o (fs) - 13.0 14.7 
t o (fs) - - 15 - 21 
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Fig. 3. A model correlation function (a) and calculated echo-peak 
shift for 8-pulses excitation (b) and 15-fs pulses excitation (c). 
Parameters of the fits are given in Table 2. In numerical stimula- 
tions of  the echo-peak shift, the total coupling strength A was set 
at 300 c m - i  (55 THz) and the detuning of the laser from the 
absorption maximum was 450 c m -  ~ to the red. Note the striking 
similarity between the correlation function (a) and echo-shift (b, c) 
regardless of the pulse duration. 

tion. To simulate solvent and intramolecular vibra- 
tional dynamics we therefore consider a correlation 
function based on a set of four Brownian oscillators: 

M(t) =Am e x p ( - A i t  ) + A  2 e x p ( - A 2 t  ) + a  3 

+ A v exp( - Yv t/2) 

× cos ~ v t +  (2(2v)s in  ~ t  (13) 

where Ov=[ ( to~)  2 - (3 ,v /2 )2 ]  m/2. The first three 
terms represent solvent motion, while the term with 
amplitude A v represents an intramolecular vibra- 
tional mode with frequency to V and decay time Yr. 
The Brownian oscillator parameters used are listed in 
Table 2. Fig. 3 shows that a remarkable similarity 
exists between the correlation function and the 
echo-peak shift calculated from the correlation func- 
tion. To quantify the correspondence, the calculated 
echo-peak shifts were fitted using the original corre- 

lation function, be it that the amplitude A 0 and 
zero-time-shift t o were added as additional fit pa- 
rameters, S(T) = AoM(T- to). Fit parameters for 
both impulsive and finite pulse-width excitation are 
given in Table 2 and show that a reasonable corre- 
spondence exists with the input parameters, although 
the amplitude A~ of the fastest oscillator is over- and 
that of the static one A 3 under-estimated. The corre- 
spondence for both impulsive and finite pulse-width 
excitation holds because a 15-fs pulse is short com- 
pared to the vibrational period ( --- 200 fs). A non-zero 
time shift t o appears since we displayed on the 
abscissa axis the delay between the second and third 
pulses T rather than that between the first and third 
p u l s e s  t13 = T +  r ,  upon which the vibrational co- 
herence mainly depends [32]. This fact is not cap- 
tured by Eq. (9) due to the approximations made. 

The excellent correspondence between the echo- 
peak shift and correlation function in the case dis- 
cussed rests upon the presence of a marked vibra- 
tional contribution to the correlation function. At 
early times ( t <  100 fs) this mode leads to a fast 
decay of M(t), which is connected to the short-time 
dynamics of the underdamped mode. When this mode 
exhibits its first recurrence, the fastest exponential 
solvent mode A l has taken over the role of the 
underdamped mode in providing an ultrafast decay 
of M(t). This means that the total correlation func- 
tion still complies with the condition set by Eq. (3). 

In closing this section we note that time-gated 
SPE is superior to echo-peak shift measurements in 
characterization of the correlation function, because 
the integration over time t in Eqs. (2) and (5) is 
absent. It can be shown that in this case both the 
slow and fast part of the correlation function as well 
as their relative strengths (Eq. (3)) can be deter- 
mined, without having to make the assumption that 
a << 1 [33]. 

3. Results and discussion 

We have applied the method outlined above to the 
study of solvation dynamics in three different sol- 
vents: ethylene glycol (EG), methanol (MeOH) and 
acetonitrile (AN). As a probe, the dye molecule 
DTFCI was taken, although some other molecules 
from the same carbocyanine group (HITCI, HDITCP, 
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DDTTCI) were also used as probes. The echo-peak- 
shift experiments were performed as described in 
Refs. [27] and [29] and will be presented in more 
detail elsewhere [33]. The echo-peak shift functions 
obtained looked very similar to those shown in Fig. 
[3]. In light of the preceding discussion we may 
therefore assume the echo-shift function to be a fair 
representation of the correlation function beyond, 
say, T = 50 fs. Multiple prominent vibrational modes 
as well as several overdamped modes were evident 
in the experimental signals. The data were fitted in 
the form analogous Eq. (13) using seven Brownian 
oscillators. In order to describe the inertial solvation 
effect, a Gaussian initial part was also incorporated 
in the fit. Since the vibrational contributions were 
identical for all solvents, we concluded that they 
reflect the intra-molecular modes and are not related 
to the true solvation dynamics. In sharp contrast, the 
other (overdamped) modes were found to be strongly 
solvent dependent and only weakly dependent on the 
probe molecule. Therefore, we can most likely as- 
sign these overdamped modes to solvation dynamics. 
By eliminating the vibrational effect from the fitted 
echo-peak shift curves, we are left with the genuine 
solvation correlation function (Fig. 4). Note, that an 
ultrafast part of it, which is probed in phase-locked 
pump-probe experiments [27,34], is not displayed; 
with the fit starting at 50 fs this part is automatically 
omitted. The ultrafast part of the correlation function 
is currently assigned by us to intramolecular energy 
redistribution after instantaneous (at the timescale of 
the pulse duration) excitation of a vibrational mani- 
fold that underlies the optical spectrum excited. 

.~ 1.o ~, 
t! \ [ - -  EG 

e ~i ~x [ . . . . . . . . .  MeOH 

° ~i \.x,. I . . . . . . . . . .  ' ~  

~o.5 \ "'.. 
i .  '.. " - - . .  
o "... " " -  . . . .  

Q 

~ ° ' ° o  . . . . . . . .  i o ~  . . . . . . .  2ooo 
T i m e  Its] 

Fig. 4. Initial part of the solvation correlation function for ethy- 
lene glycol (EG), methanol (MeOH) and acetonitrile (AN). 

The ultrafast part of the depicted correlation func- 
tions up to times of 200 fs is very similar for the 
solvents methanol and ethylene glycol. It is tempting 
to assign this effect to librational motion of the 
OH-group. A much faster initial decay of the solva- 
tion correlation function is observed for acetonitrile. 
The long time dynamics is slowest for ethylene 
glycol (up to 300 ps). In acetonitrile and methanol, 
the slower solvation steps occur on timescales of 3 
and 6 ps, respectively. All these timescales are in 
good agreement with those reported by Horng et al. 
[14], although we observed longer decay times for 
ethylene glycol and acetonitrile. In particular, the 
1 / e  decay times of the correlation function (t~e), 
0.33 ps (acetonitrile), 1.1 ps (methanol) and 14.5 ps 
(ethylene glycol) are very similar to those reported 
by Horng et al. [14]. The results for methanol accord 
also well with those reported by the Bingemann et al. 
[15] (although our data show no indication of an 
initial solvation process on a timescale of 70 fs) and 
are in line with data presented in Ref. [13]. From 
phase-locked pump-probe experiments [34] we de- 
duced a dynamical process on a 40 fs timescale, 
which we have assigned here to an intramolecular 
vibrational redistribution effect. 

4. Summary and conclusion 

Conventional stimulated photon echo-maximum 
shift experiments yield important information on the 
system-bath correlation function for systems that 
exhibit ultrafast initial dynamics. Such fast dynamics 
can be provided by, for instance, the combination of 
inertial solvation response and wavepacket dynam- 
ics. A theoretical analysis of the relation between the 
echo-shift and system-bath correlation function has 
been presented in the framework of the Brownian 
oscillator model. The short-time dynamics is not 
reflected correctly in the echo-shift due to different 
behaviour of the echo-shift and correlation function 
at early times. This implies that echo-maximum shift 
measurements cannot be used for a final characteri- 
zation of the correlation function. To get the full 
picture of the solute-solvent dynamics, time-gated 
[23,26] and phase-locked heterodyne-detected 
[27,34,35] stimulated photon echo are the most pow- 
erful tools. 
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