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A unified theoretical description of various forms of time- and frequency-resolved stimulated-emission

pump-probe (PP) spectroscopy of molecules is outlined. The expressions for the integrated and the

dispersed PP signal are derived in the limit of an optically thin medium. In the limit of ultrashort pulses,

the connection between the PP signals and the appropriate time-dependent observables of the molecular

system are established. The PP signals obtained with probe pulses of finite duration are expressed in

terms of the simpler quantities pertaining to the ultrashort limit. The apparent paradox that it seems

possible to achieve simultaneously high time and frequency resolution is discussed. It is shown that the

dispersed PP spectrum carries information on electronic population dynamics, coherent excited-state vi-

brational motion, as well as electronic dephasing processes. It may thus be difficult to interpret in gen-

eral. The integrated PP signal, on the other hand, possesses a particularly simple interpretation in the

limit of ultrashort pulses: It directly reAects the electronic population dynamics of dipole-allowed excit-

ed states. The general conclusions are illustrated by computational results for a model system represent-

ing multidimensional vibrational motion and u1trafast internal conversion in excited singlet states of py-

razine.

PACS number(s): 33.80.—b, 31.70.Hq, 42.65.Re

I. INTRODUCTION

With the availability of optical and uv laser pulses with
durations of the order of 10 fs [1], time-resolved pump-
probe (PP) spectroscopy has become an important tool in
the investigation of ultrafast molecular dynamics [2].
Femtosecond PP techniques are now extensively applied
to investigate ultrafast processes in biological systems [3],
the excited-state dynamics of dye molecules in solution
[4—6], the relaxation of coherent transients in semicon-
ductors [7,8], and the photodissociation dynamics of sim-
ple diatomic and triatomic systems in the gas phase
[9,10].

All these experiments share the general idea that the
pump pulse prepares a nonstationary state, which is in-
terrogated by the time-delayed probe pulse. The probing
of the excited-state dynamics is achieved either by moni-
toring the probe-pulse transmission (transient absorption)
[11],by excited-state absorption with detection of fluores-
cence or photofragments [9,12,13], or by pulsed ioniza-
tion with ion or photoelectron detection [14—17]. De-
pending on the probe mechanism and on laser-pulse
properties, the observed signal may reAect different as-

pects of the dynamics of the material system. This indi-
cates that the interpretation of time-resolved PP experi-
ments in terms of microscopic dynamics requires a care-
ful theoretical analysis.

There is a rapidly increasing amount of theoretical
work that considers the possibility of real-time monitor-

ing of ultrafast molecular dynamics with various probe
mechanisms, including excited-state absorption [10,18],
ionization [19,20], stimulated emission [21—27], and
stimulated impulsive Raman scattering [26,28 —31]. In

the latter two cases several methods of photon detection
have been considered, namely, frequency-integrated
[21,22,27 —31], dispersed [23—27], and polarization-
sensitive [5] detection of the probe-induced emission field.
A closely related problem is time-resolved fluorescence
spectroscopy [32—34]. The time-dependent response of
the material system, i.e., the ultrafast system dynamics to
be observed, usually enters the formulation through the
probe-induced third-order polarization P' '(t), which has
to be evaluated for an appropriate model system. The
system response has been taken into account by classical
models [10,35 —37], one-dimensional quantum wave-

packet calculations [18,25,38,39], few-level density-
matrix models with phenomenologically or stochastically
introduced dephasing [22—31,40], or by time-dependent
quantum-mechanical multimode calculations on coupled
electronic surfaces [41].

In this work we outline the theory of time- and
frequency-resolved stimulated-emission experiments on
molecular systems, with emphasis on the limit of ul-

trashort pulses. The theoretical expressions for the in-

tegrated as well as the dispersed emission spectrum are
derived by solving the wave equation for the probe field

in the limit of an optically thin medium. We wish to clar-
ify, in particular, the relationship between the PP signals
and appropriate observables of the time-dependent in-

tramolecular dynamics. It will be seen that the integral
and the dispersed signals elucidate different aspects of the
molecular dynamics, depending on the probe-pulse dura-
tion and the coherence decay time of the probe-induced
polarization. The integrated PP signal obtained with

sufficiently short pulses reflects most directly the elec-
tronic population dynamics in excited states. The
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differential PP spectrum obtained with an ultrashort
probe pulse carries additional information on coherent vi-
brational motion and electronic dephasing.

The general theoretical considerations will be illustrat-
ed by computational results for a simple but nontrivial
model system representing multidimensional vibrational
motion and ultrafast internal conversion in excited singlet
states of pyrazine [42]. The example demonstrates that
time- and frequency-resolved PP spectroscopy has the po-
tential to reveal rich information on the ultrafast vibronic
and vibrational dynamics in polyatomic molecules.

II. PUMP-PROBE SIGNALS

In a typical time-resolved stimulated-emission PP ex-
periment the first (pump) pulse prepares a nonstationary
vibrational state on an excited electronic potential-energy
surface, which is interrogated after a delay time ht by the
second (probe) pulse through stimulated emission into the
electronic ground state. As usual in the description of
stimulated processes, the radiation field is treated classi-
cally. Assuming that both pulses propagate collinearly in
z direction, the total electric field is written as

E(z, t)= g [a,E, (z, t)+c c.], .
i =1,2

E, (z, t) =e, (z, t)e

(la)

(lb)

where co&, co& are the laser frequencies, s&, s2 the polariza-
tion vectors, k is the z component of the wave vector, and
s, (z, t), c2(z, t) denote the pulse envelope functions, cen-
tered at t=0 and t =ht, respectively.

The experimental PP signal is usually defined as the
difference between the transmission of the probe pulse
with and without the preparation of the sample by the
pump pulse [6,7,10]. We therefore have to consider the
propagation of the probe pulse in the nonlinearly polar-
ized medium. In the slowly varying envelope approxima-
tion, the wave equation for the probe pulse reads [43]

1 8 2+——s,(z, t) = p"'(z, t),
Bz v Bt ne

e,(z=0, t)=s,(t) . (3)

We restrict the discussion to Fourier-limited laser pulses.
In the numerical calculations below, gaussian pulse en-
velopes are assumed.

As the nonlinear polarization p' )(z, t) is itself a func-
tion of the local probe field Ez(z, t) in the sample [cf. Eq.
(13)], the coupled field-material equations have to be
solved self-consistently [44]. However, if we assume an
optically thin sample, the incident field E~(t) that induces
the polarization passes, by definition, through the medi-

where n =v/c is the refractive index of the medium and
p' '(z, t) is the envelope function of the nonlinear polar-
ization. It has to be kept in mind that the slowly varying
envelope approximation may approach the limits of its
validity in the case of femtosecond pulses with optical
frequencies. In front of the sample (z=O) the incident
field is given by

um unchanged. In this case we may neglect the time
derivative in (2} and calculate the polarization using only
the incident field. We thus obtain for the field at the end
of the sample (z = I ) [5,10]

27Tl c021
Ez(l, t) =Ez(t)+ p '(t) . (4)

where, for convenience, a prefactor 2~1/nc has been
dropped and the higher-order (p ) term has been neglect-
ed. As the linear absorption of the probe pulse does not
depend on the delay time At, the definition (5) is, up to an
additive constant, equivalent to the experimentally
detected signal, which is the difference between the probe
transmission with and without preparation of the sample
by the pump pulse. Equation (5) can also be derived by
integrating the classical electrodynamical field-energy
rate E(t)(()i(}t)P(t}[43], implying that the IPP signal is
proportional to the total energy that is gained or dissipat-
ed by the probe field.

As can be seen directly from Eq. (5), the duration of
measurement is determined by the probe-pulse duration,
i.e., in the limit of ultrashort pulses we perform a true
real-time measurement of the system dynamics. The
resolution of the IPP signal with respect to the probe car-
rier frequency co2 is therefore limited by the probe-pulse
duration.

In order to obtain the spectrum of the emitted field (4),
one has to disperse the probe pulse with a spectrometer
after it has passed the sample. As the PP signal is usually
measured as the time-integrated energy rate [cf. Eq. (5)],
the corresponding spectrum may be considered as sta-
tionary although it inherently depends on the delay time
At. In this case the effect of the spectrometer [45] need
not be considered in the theoretical description [40].

We define the dispersed pump-probe (DPP) signal as
the difference between the intensity of the Fourier trans-
form of the total emitted field (4) and the intensity of the
Fourier transform of the incident field (3), yielding

I (~,at) = IE,(l, ~) I' —IE, (co) I'

=2co21mE2(co)P "*(co), (6)

where

E,(co)=f dt e'"'E~(t)e

P(3)(~) f dt eirutp(3)(t)e

are the Fourier transforms of the incident field and the
polarization, respectively. Higher-order terms and some

Within the approximation of an optically thin medium,
the total electric field is thus simply given by the sum of
the incident field and the material response field, i.e., the
probe-induced polarization p' '(t).

The integrated pump-probe (IPP) signal is defined as
the (time-integrated) intensity of the total emitted field
e2(l, t) minus the intensity of the incident field e2(t)

I(ht) = f dt [ I e2(1, t) I' —IE2(t) I']

=2 Imco2 f dt ez(t)p' "(t),
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prefactors have again been dropped. The IPP signal (5) is
related to the DPP signal (6) by integration over all emis-
sion frequencies

(9)

The DPP signal is often alternatively defined as the
transmission spectrum normalized to the spectrum of the
incident field [6,10,23 —25], which makes it possible in the
limit of an optically thin medium to express the transmis-
sion spectrum in terms of an exponential law [5]

(10)

4&602
ImP' (to)/E2(to) .

nc

Assuming the probe-pulse spectrum E2(co) to be
known, the information on the system dynamics gained
by a DPP experiment is contained in the spectrum of the
probe-induced polarization. According to Eq. (8) the fre-
quency resolution of P' '(to) is determined by the lifetime
of the polarization, which decays on the time scale of the
coherence dephasing time Tz in the case of a two-level

system [43]. This results in a homogeneous linewidth of
the DPP spectrum of A/T2.

It should be noted that an interpretation of the DPP
signal defined by (11) in terms of a transient absorption
spectrum may be misleading. By definition, absorption
can only occur during the presence of the pulse in the
sample. The frequency resolution of a transient absorp-
tion spectrum is thus determined by the field-sample in-

teraction time, which vanishes for ultrashort pulses in op-
tically thin samples. It follows from Eqs. (6) and (8) that
the relevant time scale for the measurement is rather the
decay time of the electronic polarization. It is therefore
possible to achieve simultaneously high resolution in both
time and frequency domain. The DPP signal, however,
does not represent a true real-time measurement, in the
sense that an observable of the material system is detect-
ed at a specific time, even when ultrashort pulses are em-

ployed. This fact is nicely demonstrated in recent experi-
ments on semiconductors [46] and dyes [6], where the
DPP spectrum has been recorded also for negative delay
times At, i.e., for probe pulses arriving before the pump
pulse. It has been found that long before zero delay a rise
of the signal occurs, accompanied by strong spectral os-
cillations, which obviously cannot be related to the real-
time dynamics of the medium induced by the pump
pulses. This phenomenon arises because the presence of
the pump field modifies the otherwise free induction de-

cay of the probe-induced polarization. This eAect disap-
pears when one integrates the DPP spectrum.

III. IMPULSIVE LIMIT

The interpretation of real-time PP spectra is complicat-
ed by the fact that the observed signals in general depend
on the properties of the laser pulses (e.g. , carrier frequen-

cy and pulse duration) as well as on the molecular dy-
namics. It is therefore most helpful to consider idealized
limiting cases, where the measured signals, at least in

principle, become independent of the details of the exper-
imental setup. Classic cw spectroscopy corresponds to
the limiting case of stationary laser fields, which implies
in practice that the duration of the measurement has to
be much longer than the time scale of the system dynam-
ics under consideration. In order to establish an analo-
gous simple limiting case for time-resolved PP spectros-
copy, one has to meet the complementary condition, that
is, the duration of measurement has to be short compared
to the system dynamics under consideration.

The assumption of infinitely short pulses (5-function
pulses) is quite natural for the theoretical description of
time-resolved spectroscopy and has been introduced by
several authors [21—28]. However, 5-function pulses are
neither available nor actually desired (they would simul-
taneously excite all dipole-allowed electronic states of the
system). It is therefore appropriate to define the limiting
case of ultrashort pulses, henceforth referred to as the irn-

pulsive limit, more precisely.
Let us characterize the molecular system by two time

scales, namely, the period corresponding to the electronic
excitation energy 6 (R/6, =1 fs) and the period of a typi-
cal vibrational motion with frequency to„(A'/to, = 100 fs).
The impulsive limit is realized if (i) the laser frequencies
are approximately resonant with the electronic transition
(co& —-co2-—b, ) and (ii) the pulse duration is long compared
to A'/6 but short compared to the vibrational period
A/cu„. Note that a laser pulse meeting these conditions
coherently excites all vibrational levels of a given excited
electronic state according to the Condon principle. A
central goal of this paper is to clarify which time-
dependent observables of the molecular system are
reflected in the impulsive limit by the IPP and DPP sig-
nals, respectively.

Let us assume that a dipole-allowed excited electronic
state, for example, a higher singlet state in a closed-shell
system, is populated at t =0 by excitation from the
ground state with an ultrashort laser pulse, such that all
Condon-accessible vibrational states are coherently excit-
ed. The thus prepared non-stationary state represents a
coherent wave packet, which evolves on the excited-state
potential-energy surface. Excluding for the present dis-

cussion dissociative or photochemical isomerization pro-
cesses, the wave packet may decay by intramolecular
non-Born-Oppenheimer coupling with lower-lying elec-
tronic states (internal conversion and intersystem cross-
ing). In many cases, at least in fairly symmetric polya-
tomic systems, these lower excited states will be dark in

absorption, that is, they will possess vanishing transition
dipole moments with the electronic ground state. When
probing the time-dependent dynamics at the delay time
At by an ultrashort pulse, only the remaining population
of the bright electronic state can then contribute to the
stimulated emission. It is easy to show that the IPP sig-

nal in the impulsive limit is given by [21]

(12)

Here l4(t)) is the nonstationary molecular state vector
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and P, (t) is the time-dependent total electronic population
probability of the dipole-allowed diabatic state

~ y, ) .
P, (t) is a purely intramolecular observable, independent
of laser-field properties. By its definition as an electronic
population, P, (t) is not affected by electronic pure de-
phasing processes [41]. It is thus a conveniently detect-
able observable even in complex systems, where electron-
ic dephasing times are generally very short, typically of
the order of 10 fs. It is also seen that the impulsive IPP
signal is independent of the probe carrier frequency co2.
In the absence of vibronic coupling of ~q&, ) with other
electronic states, I(ht) becomes, moreover, independent
of the delay time ht Th. e IPP signal (5} in the impulsive
limit thus emerges as a particularly useful tool to detect
directly non-Born-Oppenheimer electronic population
dynamics in excited electronic states, without interfer-
ence from effects of vibrational motion and electronic de-
phasing.

A beautiful example for the real-time observation of
electronic population dynamics is provided by the experi-
ments of Zewail and collaborators on sodium iodide [13],
where excited-state absorption with fluorescence detec-
tion has been employed as probing mechanism. Given an
excited-state vibrational period of =1.25 ps and a probe-
pulse duration of 50 fs, the impulsive limit is not fully
realized in this experiment [13]. The observed oscilla-
tions [13] arise from the combined effect of electronic
population dynamics and vibrational wave-packet
motion. A detailed theoretical analysis of this rela-
tively transparent case has been given in Refs.
[18,26,36,38,47—52].

Let us next consider the DPP spectrum as defined in
Eq. (6). In the impulsive limit the pulse spectrum E2(co)
is approximately constant over the absorption band of
the electronic transition under consideration. In the im-
pulsive limit the DPP signal is thus essentially given by
the spectrum P' '(co) of the probe-induced polarization.

As has been discussed by several authors, the spectral
decomposition of the emission signal yields information
about the vibrational dynamics on the excited electronic
potential-energy surface [6,10,25,36]. In a classical pic-
ture the instantaneous emission frequency is given by the
vertical energy gap between the two electronic surfaces at
the position of the wave packet. The center of the emis-
sion spectrum is therefore correlated with the motion of
the wave packet on the excited electronic potential-
energy surface. As desired, the resulting time- and
frequency-resolved DPP spectrum depends solely on
dynamical properties of the molecular system. The
homogeneous linewidth of the DPP spectrum is given by
the coherence decay rate, and the time dependence of the
signal is determined by the dynamical response of the sys-
tem [23—25].

In recent work Pollard et al. have analyzed the DPP
spectrum for the case of wave-packet dynamics on a sin-
gle one-dimensional excited-state potential-energy surface
[25]. It has been shown that the effect of coherent vibra-
tional motion remains observable in the impulsive limit in
contrast to the IPP signal, as discussed above.

In the present work we have evaluated the DPP signal
(6) for a model system with non-Born-Oppenheimer cou-

pling in the excited electronic states (see Sec. V). As ex-
pected according to the above discussion, the DPP signal
rejects both electronic population dynamics, the effects
of vibrational motion and vibrational dephasing, as well
as electronic dephasing of the optical transition. The in-
terpretation of the time- and frequency-resolved DPP sig-
nal is thus considerably more involved than the interpre-
tation of the IPP signal in the impulsive limit. In prac-
tice, it will generally be difficult to separate the effects of
electronic population dynamics and vibrational dynamics
in the time- and frequency-resolved DPP spectrum. It is
therefore of interest to know that frequency integration
of the DPP spectrum in the impulsive limit eliminates the
effects of vibrational motion as well as electronic dephas-
ing, and thus exhibits the pure electronic population dy-
namics.

IV. EFFECTS OF FINITE-PULSE DURATION

Having seen how the integrated and dispersed impul-
sive PP signals can be directly interpreted in terms of vi-
brational and electronic dynamics, it is essential to dis-
cuss the effects of finite-pulse duration in order to see
whether the real-time information remains observable
with experimentally realizable pulses. In the following
we restrict ourselves to the discussion of the effects of
finite probe pulses. It has been shown elsewhere that in
the case of resonant excitation the stimulated-emission
signal is less sensitive to the pump-pulse duration than to
the probe-pulse duration [41). Furthermore, we want to
focus on the case of nonoverlapping pump and probe
pulses. As is well known, the PP signal for overlapping
pulses depends on the coherence properties of the laser
fields (so-called coherent artifacts) [53]. These effects are
not of interest when investigating the material system dy-
namics.

In the impulsive limit the pulse duration is short com-
pared to the vibrational period, with the consequence
that (i) the time dependence of the signal is solely deter-
mined by the molecular dynamics, and (ii) the frequency
spectra of the pump and probe pulses cover a significant
part of the absorption and the emission band, respective-
ly. For finite pulses these two conditions have to be re-
laxed, i.e., only a part of the absorption and emission
band is excited or stimulated and the time resolution is
eventually limited by the pulse duration. The polariza-
tion P(t, bt), induced by a finite probe pulse E2(t) cen-
tered at the delay time ht, can be simply expressed
through the corresponding polarization P (t, b,t) in the
impulsive limit via

P(r, hr) = J dr'E, (r')P'(r, t') . (13)

Inserting (13) into Eqs. (6) and (8), the DPP spectrum for
finite probe pulses can be written as [25]

I(co,bt)=2', ImE2(cg} J dt Ez(t)Ps(co, t), (14)

where P (co, b, t) is the Fourier transform of P (r, b, t) with
respect to t, the imaginary part of it being proportional to
the DPP spectrum in the impulsive limit.

Equation (14) elucidates the effects of the finite dura-
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tion of the probe pulse on the DPP spectrum. Owing to
the integration in (14) the time resolution is determined
by the probe duration, while the spectral width of the
probe pulse defines the "frequency window" of the ob-
served emission spectrum. As discussed in Sec. II, the
frequency resolution of the DPP spectrum, however, is
not affected by the probe-pulse duration.

Let us consider, for the sake of illustration, a Gaussian
probe pulse of duration [full width at half maximum
(FWHM)] ~&=20 fs with a corresponding spectral width
of 1500 cm, which is sufficiently short to resolve a typi-
cal vibrational period. Due to intramolecular or solvent-
induced relaxation processes, however, the emission spec-
trum may be redshifted by several thousand wave num-
bers with respect to the absorption spectrum. For a sys-
tem with a strongly redshifted spectrum only a fraction
of the emission band can therefore be stimulated with
20-fs pulses. With increasing probe-pulse duration the
probe carrier frequency thus becomes an essential param-
eter.

Combining Eqs. (9) and (14) we can also understand the
dependence of the integrated PP signal on the duration of
the probe pulse. In contrast to the IPP signal in the im-
pulsive limit, which is independent of the probe carrier
frequency by definition, it is possible to measure a
frequency-dependent IPP spectrum with a probe pulse of
finite duration. Qualitatively, the maximum of the fre-
quency distribution of the IPP spectrum reflects the in-
stantaneous vertical energy gap between the radiatively
coupled electronic surfaces. The IPP spectrum taken
with suitable finite pulses therefore allows for the real-
time observation of the vibrational motion on the excited
electronic surfaces (see Refs. [4,9] for experimental obser-
vations of this effect). As has been discussed in Sec. II,
the frequency resolution of the IPP spectrum is Fourier
limited with respect to the probe-pulse duration, in con-
trast to the frequency resolution of the DPP spectrum,
which is determined by the polarization decay time in the
limit of short pulses.

excited singlet (nor*) state. The vibronic dynamics is

treated microscopically by solving the time-dependent
Schrodinger equation, taking account of three nonsepar-
able vibrational degrees of freedom. It has been shown
that the model accounts for ultrafast non-Markovian
electronic population decay and electronic dephasing, as
well as rapid dephasing of coherent vibrational motion in

the S2 state [42]. Additional relaxation effects in the
excited-state manifold (pure electronic dephasing owing
to fluctuations in the remaining vibrational models as
well as population decay into the electronic ground state)
are taken into account via phenomenological electronic
dephasing ( T~ = 30 fs) and decay (T, = 500 fs) constants

[54].
For the present purposes we adopt this system as a

nontrivial model of ultrafast excited-state relaxation, for
which we wish to investigate the possibility of time- and
frequency-resolved PP spectroscopy. Applying time-

dependent density-matrix perturbation theory with

respect to the field-matter interaction, the nonlinear po-
larization p"'(t) entering in Eqs. (5) and (8) is calculated

[41]. We have neglected in this calculation the contribu-

tions which correspond to stimulated impulsive Raman
processes [28—31]. These contributions vanish in the lim-

it of ultrashort pulses and are not of relevance in the
present context.

Let us first consider the PP signals in the impulsive
limit. As has been discussed above, the IPP signal in the
ideal impulsive limit is independent of the probe carrier
frequency and purely a function of the pulse delay time.

Figure 1 shows the IPP signal of the model in the im-

pulsive limit as a function of the delay time ht. As dis-
cussed above [Eq. (12)], the impulsive IPP signal moni-
tors the total time-dependent population probability P,, (t)
of the optically excited electronic state. On the time scale
of Fig. 1 (600 fs), the phenomenological population decay
represented by T, =500 fs is of little relevance. The os-

cillatory decay of the signal in Fig. 1 rather reflects the
nonadiabatic electronic dynamics of the S2 state owing to

V. MODEL APPLICATION:
ULTRAFAST Sp S

&
INTERNAL CONVERSION

IN PYRAZINE

In order to illustrate and substantiate the statements of
Secs. III and IV, we present some results of a computa-
tional study of femtosecond PP signals for a suitable
model of ultrafast intramolecular dynamics. In contrast
to other recent studies of the fundamentals of molecular
femtosecond real-time spectroscopy, which have assumed
either one-dimensional shifted-harmonic-oscillator mod-
els with phenomenological electronic dephasing for the
excited-state dynamics [22—30,40] or phenomenological
Brownian-oscillator models [27,31], our model for the
material system represents multidimensional vibrational
motion with strong non-Born-Oppenheimer coupling be-
tween two excited electronic potential-energy surfaces.
As discussed in detail elsewhere [41,42], the model has
been devised to rationalize the ultrafast internal conver-
sion process in the second excited singlet (m.n*) state of
pyrazine in terms of a conical intersection with the first

100 200 300 400
delay time (fs)

500 800

FIG. l. Integrated PP signal in the impulsive limit for the
Lhree-state three-mode model system of pyrazine (see text) as a
function of the pulse delay time. The signal reflects the popula-
tion dynamics of the optically excited S, (mm. *) electronic state,
caused by the vibronic coupling with the Si (n~*) state.
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vibronic coupling with the lower-lying S, state. It is seen
that the short-time electronic decay dynamics is strongly
non-Markovian. It should also be stressed that the elec-
tronic population probability P, (t) shown in Fig. 1 can-
not be recovered by Fourier transformation from the cw
absorption spectrum (see Refs. [21,41] for a detailed dis-
cussion). The impulsive IPP signal therefore yields novel
information on the electronic excited-state dynamics.

Figure 2 shows the time- and frequency-resolved im-
pulsive DPP spectrum for the S&-S2 vibronic coupling
model of pyrazine (evaluated with 5-function pulses). For
zero delay time the emission spectrum is equivalent to the
stationary absorption spectrum of the S2 state. The de-

cay of the signal as a function of time qualitatively
reflects the electronic population dynamics. The frequen-
cy distribution of the signal, on the other hand, reflects
the evolution of the vibrational character of the system.
It is seen that within Et=20 fs the DPP spectrum
undergoes a dramatic redshift, which reflects the change
of the vibrational character of the wave function during
the ultrafast initial Sz~S& decay. For larger ht the
stimulated-emission signal remains redshifted
(bc@=1.2X10 cm '). The redshift of the emission sig-
nal reflects the conversion from initially prepared Sz lev-
els into high vibrational levels of the S& surface, from
which, according to the Condon principle, emission can
be stimulated only to correspondingly high levels of So.

In the absence of vibronic coupling of the optically
prepared S2 state with the lower-lying S, state, the cen-
troid of the DPP spectrum would shift periodically with
time, reflecting coherent vibrational motion in the S2
state (see Ref. [25] for a one-dimensional example). The
absence of this simple periodic motion in Fig. 2 reflects
the strong perturbation of the excited-state dynamics by
the conical intersection of the potential-energy surfaces,
which results in a dephasing of the initially coherent vi-
brational motion on femtosecond time scales [42] (not to
be confused with the dephasing of the So-S2 electronic

coherence). It should be stressed that the time depen-
dence of the DPP signal in Fig. 2 is not significantly
a6'ected by the phenomenological electronic dephasing
time. The parameter T2 simply determines the resolution
of the DPP signal with respect to frequency. If T2 were
longer, the signal in Fig. 2 would show sharper structures
as a function of frequency, but the overall shape of the
signal would remain unchanged.

It can be summarized that the DPP signal, if arbitrari-
ly short probe pulses were available, would yield very de-
tailed information on the dynamics in excited electronic
states. In the example considered here, which involves
multimode vibronic coupling of two excited electronic
states, the impulsive DPP signal monitors the time evolu-
tion of the electronic as well as the vibrational character
of the excited-state wave function. The frequency resolu-
tion of the signal is determined by the polarization decay
time; the detectability of the electronic population dy-
namics and the vibrational dynamics is not limited, how-

FIG. 2. Dispersed PP spectrum in the impulsive limit for the
three-state three-mode model of pyrazine, as a function of delay
time and frequency setting of the spectrometer.

FIG. 3. Integrated PP spectra for the three-state three-mode
model of pyrazine, calculated with pulses of finite duration, as a
function of delay time and carrier frequency of the probe pulse.
(a) pump- and probe-pulse duration 6 fs; (b) pump- and probe-
pulse duration 20 fs.
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ever, by the time scale of the electronic polarization de-
cay.

Let us now consider PP spectra obtained with pulses of
finite duration for the model system. In the case of the
IPP spectrum we gain frequency resolution while losing
time resolution with increasing probe-pulse duration. As
an illustration, Figs. 3(a) and 3(b) show the IPP signal for
the rnode1 as a function of both delay time and probe car-
rier frequency co2 for pulses of 6 and 20 fs duration, re-
spectively. The frequency of the pump pulse is resonant
to the center of the S2 absorption band. For such short
pulses, the frequency resolution is determined by the
pulse duration, and the signal becomes strictly indepen-
dent of the phenomenological electronic dephasing time
T2 ~ It is seen that the IPP measurement with finite pulses
allows the real-time detection of both the electronic char-
acter (via the intensity of the signal) as well as the vibra-
tional character (via the frequency distribution of the sig-

nal) of the excited-state wave function. It is also seen
that the impulsive DPP signal in Fig. 2 and the IPP sig-
nal in Fig. 3 provide largely equivalent pictures of the
excited-state dynamics. It should be kept in mind, how-
ever, that the signal in Fig. 2 requires a 6-function probe
pulse, whereas the signals in Fig. 3 are obtained with
physically realizable pulses.

DPP signals obtained with pulses of finite duration are
shown in Fig. 4. As discussed above [Eq. (14)], the spec-
tral width of the probe pulse defines the accessible fre-
quency window. Even with 6-fs pulses, only a fraction of
the frequency spectrum in Fig. 2 can be covered. In or-
der to enhance the information content, Figs. 4(a) and
4(b) contain the signals for two choices of the probe car-
rier frequency (co2=4.84 eV at the left-hand side,
~2=3.30 eV at the right-hand side). It is seen that with
20-fs pulses only a narrow slice of the impulsive DPP sig-
nal is obtained. The information contained in the impul-
sive DPP spectrum (Fig. 2) can be reconstructed if the
finite-pulse DPP spectrum is recorded for a sufficiently
dense set of probe carrier frequencies.

VI. CONCLUSIONS

FIG. 4. Dispersed PP spectra for the model of pyrazine, cal-
culated with pulses of finite duration. (a) pump- and probe-
pulse duration 6 fs; (b) pump- and probe-pulse duration 20 fs.
The signals for two probe carrier frequencies (co&=4.48 eV at
the left-hand side, co& =3.30 eV at the right-hand side) are com-
bined.

Starting from a general theoretical description of time-
and frequency-resolved stimulated-emission PP spectros-
copy, we have focused the attention on the question of
which time-dependent observables of the material system
are monitored by the integral and the dispersed PP sig-
nals, respectively, in the limit of ultrashort pulses. The
conditions for a simple and laser-pulse-independent inter-
pretation of molecular PP signals, specifying the so-called
impulsive limit, are (i) a pump pulse, which coherently
excites essentially all vibrational levels of the excited elec-
tronic state according to the Condon principle, and (ii) a
probe pulse, which is short enough to coherently stimu-
late emission into a11 Condon-allowed vibrational levels of
the electronic ground state.

For many systems the ideal impulsive limit may not be
attainable with experimentally realizable laser pulses.
The analysis of this limiting case is nevertheless of in-

terest, as it provides us with basic concepts which will

prove useful for the qualitative interpretation of fem-
tosecond real-time experiments in general.

It has been pointed out that the IPP signal has a par-
ticularly simple interpretation in the impulsive limit. The
signal becomes independent of the effects of electronic de-
phasing as we11 as vibrational motion in the excited state.
The delay-time dependence of the IPP signal directly
reflects the population dynamics of the excited electronic
state. The impulsive IPP signal thus represents a particu-
larly transparent probe of electronic relaxation processes.

It has been demonstrated that the time- and
frequency-resolved DPP signal obtained with sufficiently
short pulses carries information on coherent vibrational
motion (and thus also vibrational dephasing on the excit-
ed electronic surface) in addition to electronic population
dynamics. As is well known, the frequency resolution of
the impulsive DPP spectrum reflects directly the dephas-
ing time of the electronic transition [6,25].

Deviations from the ideal impulsive limit owing to
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finite duration of the probe pulse have been discussed.
For finite pulse duration, the IPP signal becomes depen-
dent on the center frequency of the probe pulse. It thus
carries additional information, which reflects the effect of
coherent vibrational motion in the excited state. In the
DPP spectrum, on the other hand, one loses information
when a Fourier-limited probe pulse of finite duration and
fixed carrier frequency is employed, owing to the finite
frequency window given by the spectrum of the probe
pulse. In practice, the simultaneous measurement of the
IPP and DPP signals should be most helpful for the
disentangling of the complex electronic and vibrational
dynamics in short-lived excited states of polyatomic mol-
ecules. It should once more be stressed that this real-
time information cannot be simply extracted, via Fourier
transformation, from the conventional cw absorption
spectrum [21,41].

When considering time- and frequency-resolved fem-
tosecond spectroscopy, the question naturally arises
whether the well-known time-frequency uncertainty prin-
ciple can be outwitted. In the case of the IPP signal we
have seen that the duration of the measurement is given

by the temporal width of the probe pulse. Time and fre-

quency resolution are thus Fourier limited. With

infinitely short pulses, in particular, any frequency resolu-

tion is lost. The DPP signal, on the other hand, exhibits

time and frequency resolution even for arbitrarily short

pulses. At first glance, it seems that the time-frequency
Fourier limitation has been overcome. However, the
duration of the measurement in the DPP case is given by
the polarization decay time, which is independent of the
pulse duration. When the polarization decay time is long
compared to the probe-pulse duration, the DPP signal
thus'does not represent a true real-time measurement in

the sense that an intramolecular observable (such as the
position of a wave packet) is detected at a specific time

(the delay time At).
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