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Pump-degenerate four wave mixing (pump-DFWM) is used to simultaneously study the early events in structural
and electronic population dynamics of the non-adiabatic passage between two excited electronic states. After
the precursor state S2 is populated by an initial pump beam, a DFWM sequence is set resonant with the S1

f Sn transition on the successor state S1. The information obtained by pump-DFWM is two-fold: by scanning
the delay between the initial pump and the DFWM sequence, the evolution of the individual excited-state
modes is observed with a temporal resolution of 20 fs and a spectral resolution of 10 cm-1. Additionally,
pump-DFWM yields information on electronic population dynamics, resulting in a comprehensive description
of the S2 f S1 internal conversion. As a system in which the interplay between structural and electronic
evolution is of great interest, all-trans-â-carotene in solution was chosen. The pump-DFWM signal is analyzed
for different detection wavelengths, yielding results on the ultrafast dynamics between 1Bu

+ (S2) and 2Ag
-

(S1). The process of vibrational cooling on S1 is discussed in detail. Furthermore, a low-lying vibrationally
hot state is excited and characterized in its spectroscopic properties. The combination of highly resolved
vibrational dynamics and simultaneously detected ultrafast electronic state spectroscopy gives a complete
picture of the dynamics near a conical intersection. Because pump-DFWM is a pure time domain technique,
it offers the prospect of coherent control of excited-state dynamics on an ultrafast time scale.

Introduction

Time resolving structural dynamics on short-lived molecular
excited states presents a challenging yet wide ranging field of
ultrafast spectroscopy. The relevance of the problem is clear
because such molecular modes may represent movement along
the reaction coordinate and hence determine the photochemistry
of the molecule. Transient absorption is a widespread technique
that has proven to yield information on excited-state dynamics
on a number of small systems1,2 and molecules in solution.3-6

A drawback of this approach is the non-trivial assignment of
the observed vibrations to either ground or excited state. This
can be clarified by prior theoretical knowledge of the system,
which poses a limitation to small molecules. An experimental
method to facilitate the assignment of vibrational modes in
complex molecules is given by scanning the second-order chirp
of the excitation pulse.7,8 If the vibrational amplitude is enhanced
by a negative chirp, it can be regarded as a ground-state mode.

Another aspect to be considered is theN|µ|2 dependency of
the transient absorption signal9 with µ as the rovibronic
transitions dipole moment andN as the number density of the
examined species. Nonlinear methods like degenerate four wave
mixing (DFWM)10-13 scale withN2|µ|8, consequently exhibiting
a radically different intensity pattern in comparison to conven-
tional spectroscopic probes. For low concentrations of target
species and weak spectral transitions, this scaling reduces the
overall sensitivity of the method. For the present study of
sufficiently concentratedâ-carotene in solution, however, this
dependence turns into an advantage given the strong transition

dipole moment on both ground and excited states of this
naturally occurring dye. Because of their inherent advantages,
FWM techniques have been applied to a wide range of time-
dependent studies of molecular vibrations since the advent of
ultrashort pulses.6,10,14-19 When applying a DFWM sequence
resonant to an electronic transition from the ground state,
excited-state vibrations can be observed. However, the same
ambiguities concerning the origin of the vibrational modes as
for transient absorption measurements apply. This can be
resolved by adding an additional pump pulse prior to the DFWM
sequence. Excited-state resonances can be exploited, when an
appropriately set DFWM sequence only gives rise to a reso-
nantly enhanced signal if it was preceded by an initial pump
pulse. This pump-DFWM scheme10,18depicted in Figure 1 is a
pure time domain method with a temporal resolution determined
by the cross correlation between the ultrashort initial pump and
DFWM pulses. The spectral resolution is only limited by the
natural line widths of the vibrational features under investigation
with no theoretical lower wavenumber limit. The upper limit is
determined by the spectral width of the DFWM pulses.

Oberléet al. used a similar approach to detect the excited-
state population dynamics intrans-stilbene20 and diphenyl-
polyene derivatives21 with subpicosecond time resolution. On
a femtosecond time scale, Siebert et al.17,22 focused on hot
ground-state dynamics as examined by pump-coherent anti-
Stokes Raman scattering (pump-CARS). The vibrational re-
population of the ground state in all-trans-â-carotene was
monitored. Underwood and Blank14 introduced resonant pump,
third-order Raman spectroscopy (RaPTORS), where a high
intensity non-resonant DFWM sequence was employed for
probing solvent dynamics. Also, in the time domain, Fujiyoshi
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et al.19 observed the low-frequency vibrations oftrans-stilbene
on its first excited state, employing a time-resolved impulsive
stimulated Raman scattering (TR-ISRS) setup.

Another set of methods for detecting excited-state modes
exploits vibrationally induced absorbance changes (Raman
gains) in a broadband probe signal.23-25 In principle, a photo-
generated species is vibrationally excited by either a spectrally
broad24 or a narrow band Raman pump pulse.23,25 The vibra-
tional modes are detected as absorption gains on a probe pulse
at the respective frequency shifts. Such time-resolved Raman
scattering techniques exhibit fast data acquisition rates in
combination with high spectral and temporal resolution, below
50 fs according to the review by Kukura et al.25 Pump-DFWM,
however, offers an additional spectral axis to the signal: because
the vibrations are recorded in the time domain, vibrational
spectra can be obtained at different detection wavelengths.
Hence, spectrally dispersing the DFWM signal offers valuable
new insight. Structural information recorded at different spectral
cuts through the signal (see the subsection on data collection)
can be compared. Frequency domain and related techniques
cannot offer this perspective because the detection wavelength
is not a degree of freedom. This advantage makes pump-DFWM
a method presenting the unique combination of multidimensional
information on structural (vibrational) and electronic population
dynamics. This linkage is of special interest at points of
electronic degeneracy like conical intersections.26,27 To dem-
onstrate the ability of pump-DFWM to dissect the dynamic
behavior near such a decisive point of a potential energy surface,
the conical intersection between the first two excited states in
all-trans-â-carotene in cyclohexane was chosen. The ultrafast
dynamics of carotenoids are an active field of research. For a
recent summary, see the review by Polivka and Sundstro¨m and
references therein.28

Materials and Methods

Instrumentation. The experimental setup is depicted in
Figure 2. Its functionality was demonstrated as a proof of
principle in a previous publication by our group.18 In the present
work, we improved the experimental parameters like spectral
resolution and signal-to-noise ratio. Furthermore, the present
setup allows for detection of electronic population dynamics
as mentioned above.

The regeneratively amplified Ti:Sapphire laser delivered 120
fs, 700µJ pulses at 1 kHz repetition rate, centered at 795 nm.
This fundamental beam was split into two parts of equal intensity
to pump two separate single staged non-collinear parametric
amplifiers (nc-OPA). The initial pump (see Figure 2) was
centered around 510 nm with a temporal pulse width of 17 fs
as determined by an autocorrelator. The initial pump precedes
the DFWM sequence byT (see Figure 1). The delay was set
with the aid of a computer-controlled Piezo stage. Before
reaching the sample, the beam went through a synchronized
chopper wheel, blocking every second pulse. This allowed for
discriminating between transients with (“initial pump on”) and
without (“initial pump off”) the initial pump beam in Figure 2
preceding the DFWM sequence. The latter was obtained by
splitting the output of another nc-OPA into three parts of equal
intensity. The spectrum of the DFWM sequence (see Figure
3b) was centered around 560 nm with a duration of 14 fs fwhm.
One of the three DFWM beams serving as the probe beam in
the DFWM process was delayed byτ. To guarantee photosta-
bility of the solution during the course of the experiment, the
intensities of all incident beams were kept as low as possible at
the sample, that is, 40 nJ for the initial pump, 15 nJ for DFWM-
pump and Stokes, and 3 nJ for the probe beam. All beams were
horizontally polarized. Before interacting with the sample, the
beams were focused by a concave mirror with 30 cm focal
length, resulting in a beam radius of 40µm in the focus. The
spatial geometry of the incident beams, the so-called folded
BOXCAR geometry, was chosen so that the resulting signal
was unperturbed by scattering light from the other beams.10 The
signal was spatially filtered by a series of irises before it reached

Figure 1. The pump-DFWM excitation scheme for all-trans-â-carotene
is depicted in (a). The resonant initial pump promotes the system to
the S2 state. After an ultrafast internal conversion through a seam of
conical intersections, the system relaxes toward S1. The DFWM
sequence is set resonant with the S1 f Sn transition. Part (b) shows
the time ordering of the incident pulses.

Figure 2. Experimental setup for pump-DFWM. The regenerative
amplifier (CPA) pumps two nc-OPAs. The initial pump triggers the
photochemistry and precedes the DFWM sequence byT. It is blocked
periodically by the chopper wheel. The initial pump interacts with the
DFWM beams at the sample in a folded BOXCAR arrangement. The
probe beam (Pr) is delayed byτ to give transients recorded either in a
CCD camera or in a photomultiplier tube (PMT). Transient absorption
data are collected simultaneously in a photodiode (TA).
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the detection part of the experiment to ensure a low noise level.
In the employed setup, three different detection methods were
used. The DFWM signal was either detected in a photomultiplier
after an interferometric filter or spectrally dispersed and recorded
in a CCD camera with 1024 pixels. Even though detection by
a CCD camera offers a greater wealth of information because
all of the wavelengths in the signal can be recorded simulta-
neously, the photomultiplier proved to be the more feasible tool
for long transients due to its faster data acquisition times. In
the third method of detection, not the DFWM signal but the
probe beam was recorded in a photodiode after the sample at a
chosen wavelength. Because the initial pump was blocked
periodically, this setup also allowed for a transient absorption
measurement (see Figure 4b). Recording this response is
important to exclude possible saturation or exceedingly big
depletion effects by the DFWM sequence.

Sample Preparation. All- trans-â-carotene was used as
received from Aldrich and dissolved in HPLC-grade cyclohex-
ane. The optical density of the sample was adjusted to OD 1 at
â-carotene’s first maximum of absorption near 485 nm. The
solution was placed in a 250µm thick cell with 0.5 mm thick
fused silica windows. To reduce stray light from the window’s
surface, the sample was kept static during all measurements.
The solution showed no sign of degradation over the course of
the experiment.

Data Collection. Figure 3a shows a typical CCD signal at
an initial pump delayT of 1 ps. The signal with the initial pump
blocked, that is, the non-resonant signal fromâ-carotene’s
ground state, is already subtracted. The strong coherence peak29

aroundτ ) 0 fs is omitted for clarity.

As expected for aT ) 1 ps, the signal is positive throughout
the window of detection, meaning that the DFWM signal is
much stronger when the initial pump is on. This is due to the
fact that the DFWM sequence can interact resonantly with the
S1 f Sn transition (see Figure 1) but is non-resonant with respect
to the first dipole allowed transition fromâ-carotene’s ground
state (S0 f S2). As demonstrated in theory and experiment,30-32

resonant DFWM signals can be up to 106 times stronger than
non-resonant ones. In Figure 3b, the signal at a probe delay of
210 fs (horizontal dashed line in Figure 3a) is compared to the
spectrum of the DFWM beams. The intensity distribution is not
equal between the two spectra due to the properties of the S1

state, showing an absorption centered around 560 nm.28 The
vertical dashed lines in both plots indicate the detection
wavelengths for the transients discussed in Figure 4.

By delaying the probe pulse byτ at a given initial pump delay
T, transients like those in Figure 4a were obtained.18 The role
of the initial pump becomes obvious when transients with and
without the pulse are compared. The data set in Figure 4a with
the initial pump off shows a measurement where the initial
pump was blocked by a chopper wheel (see Figure 2). The
signal is dominated by an instantaneous rise aroundτ ) 0 fs

Figure 3. A typical spectrum of the pump-DFWM signal after
subtraction of the signal with the initial pump blocked is shown in (a).
The initial pump delayT was set to 1 ps. The vertical dashed lines
mark two different detection wavelengths as discussed in the text. Part
(b) shows a spectrum of one of the DFWM pulses (black line) in
comparison to a DFWM signal (red line) taken at probe delay indicated
by the horizontal line in (a).

Figure 4. Transients with (black line) and without (red line) the initial
pump beam preceding the DFWM sequence are shown in (a). The
exponential decay of the signal in the former case indicates a resonant
process. The data were taken at an initial pump delayT ) 2 ps. The
dashed line marks the time window around the coherence peak, which
was not taken into account in further analysis. The inset shows a fit of
a sum of damped sine functions to the data after subtraction of the
slow kinetics. See Table 1 for the obtained parameters. In (b), the effects
of the DFWM pump and the Stokes pulse in the DFWM sequence are
demonstrated on the basis of a transient absorption measurement. The
sequence was kept low in intensity (15 nJ for DFWM pump and Stokes,
3 nJ for the probe pulse). This kept the population loss (final level of
the data with and without the DFWM pump and the Stokes pulse) below
10%.
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followed by a rapid decay. Superimposed on this decay, there
are fast oscillations with lifetimes and amplitudes summarized
in Table 1. The spectra of the pulses in the DFWM sequence
(see Figure 3b) show no overlap with the S0 f S2 absorption
band. This leads to the conclusion that in the absence of the
initial pump, only ground-state (S0) oscillations are addressed
via a non-resonant excitation mechanism.18,32Accordingly, the
fast decay of the red line in Figure 4a with the initial pump
blocked can be attributed to the rapid dephasing of a non-
resonant DFWM signal. The situation is fundamentally different
if the initial pump is allowed to interact with the sample prior

to the DFWM sequence (see black line in Figure 4a). After a
coherence peak aroundτ ) 0 fs, the signal decays much more
slowly (114 fs) as compared to the case where the initial pump
is off (40 fs). This is explained by lifetime-related terms in the
overall decay timeTd for resonant DFWM signals, missing for
non-resonant interactions.9,33The blue line in the inset represents
a fit to the data after subtraction of the slow kinetics and the
data with the initial pump blocked. The details of this analysis
procedure will be dealt with in Figure 5a. At the present stage
of the discussion, it is important to note that the molecular
vibrations appear as oscillations of the DFWM signal, super-
imposed on a slowly decaying background.

Multiphoton excitation leading to higher lying excited states
from the ground state during non-resonant interaction with the
DFWM sequence can be neglected due to the low excitation
energies used (15 nJ for the DFWM sequence’s pump and
Stokes and 3 nJ for the probe pulse). To further sustain the
exclusion of multiphoton processes, the effects of the DFWM
pump and the Stokes pulse were monitored simultaneously by
a transient absorption measurement. Figure 4b compares two
such transients, one with (black line) and one without the
DFWM pump and the Stokes pulse. Because the initial pump
precedes the other pulses byT ) 2 ps, no coherent artifact
aroundτ ) 0 fs is expected for the probe-only data set. The
signal is dominated by a 9 ps decay, which is typical for
â-carotene’s S1 state.28 When the DFWM pump and the Stokes
pulse are allowed to interact with the sample atτ ) 0 fs,
however, the S1 f Sn transition centered around 560 nm causes
the signal to decrease instantaneously. This process is followed
by a rapid increase with a 310 fs rise time, which is attributed
to an internal conversion from Sn back to S1. This process is
not loss free, which explains the difference between the signal
with and without the DFWM pump and Stokes pulse at later
probe delay times. In pump-repump-probe experiments34-36

on â-carotene, a similar net loss of population was reported.
This effect was accounted for by the formation of a radical.
This species does not absorb in the spectral window observed
in the current experiment, leading to an apparent loss in
population. Importantly, the decay time after the repopulation
process (9 ps) is equivalent to the probe-only decay. This
strongly suggests that the population returns to the S1 state. The
linearity of the transient absorption signal with respect to the
initial pump’s energy (40 nJ) was also ensured.

To examineâ-carotene’s excited-state structural evolution
while excluding non-resonant contributions from the ground
state, a straightforward procedure is applied (see Figure 5 for a
summary). With the purpose of acquiring transients unperturbed
by the coherent artifact aroundτ ) 0 fs, only data points forτ
g 100 fs were considered (see dashed line in Figure 4a). Next,
the non-resonant transient was subtracted to reveal information
on the excited state only. Because the non-resonant signal is
expected to oscillateπ/2 out of phase with the resonant
contribution after interaction with the initial pump pulse, no
constructive or destructive interference between the two com-
ponents will occur.37 Hence, a simple subtraction suffices to

Figure 5. Summary of the data analysis procedures in (a). After
subtracting the signal with the initial pump on from the signal with the
initial pump off and exclusion of the coherence peak (step 1), a slow
exponential decay is fitted to and subtracted from the data (step 2).
Fast Fourier transformation (FFT) after zero padding leads directly to
a vibrational spectrum (step 3). In (b), the variables used for describing
the non-oscillatory (upper panel) and oscillatory part (lower panel) are
summarized.

TABLE 1: Fitting Parameters According to an Evolutionary Fitting Routine Based on SignalDFWM(t) ) ∑iAiet/Ti sin(ωit + Oi)

λdetection) 610 nm λdetection) 570 nm

Ai ωi/cm-1 Ti/fs φi/rad Ai ωi/cm-1 Ti/fs φi/rad

CdC stretch S1 1 ( 0.3 1814( 5 150( 50 0( 0.1
CdC stretch 1( 0.1 1524( 2 260( 20 0( 0.07
C-C stretch 0.6( 0.1 1150( 5 270( 40 -0.7( 0.3 0.1( 0.02 1160( 3 260( 30 1.4( 0.4
cyclohexane (solvent) 0.7( 0.1 800( 1 440( 40 -1.44( 0.06 0.1( 0.01 802( 0 280( 10 3.03( 0.07
torsional mode 1( 0.1 100( 23 250( 40 1.9( 0.2
low-frequency mode 0.9( 0.2 42( 1 80( 20 4( 2
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remove the non-resonantly excited ground-state modes. The
oscillatory features are up to a factor of 500 stronger when the
initial pump is on, depending on the initial pump delayT. To
subtract the signal’s slowly varying background, a single-
exponential decay was fitted to the data as indicated by the
orange line in Figure 5a after step 1. A single decay rate sufficed
to describe the non-oscillatory part of the signal. This is in
agreement with the model given by Joo and Albrecht,33 which
will be discussed in the theoretical basis section. As a final step,
fast Fourier transformation (FFT) after zero padding leads to
vibrational spectra like those in Figure 6. Zero padding increases
the length of the data set to be Fourier-analyzed to the next
bigger power of two by adding a sequence of zero-valued data
points. This procedure is needed to efficiently perform an FFT
but does not alter the spectral resolution of the signal, which is
determined by the length of the transient against the probe delay
τ. Whenever spectral resolution is discussed in this Article, it
is referred to the data set before zero padding as determined
directly in the experiment. Figure 5b gives a summary of the
symbols used in the discussion. The slowly decaying, non-
oscillatory part of the signal depicted in the upper panel of
Figure 5b is best described by a monoexponential decay with
A(λ,T) exp[-τ/Td(λ,T)]. The wavelength and time dependences
of the pre-exponential amplitudeA(λ,T) and the overall decay
constantTd(λ,T) will be discussed below. The oscillating part
in the lower panel of Figure 5b is reproduced satisfactorily (see
inset in Figure 4a) by a sum of damped sine functions. The
results of this fitting procedure will be discussed in the Results
and Discussion.

Because pump-DFWM is a pure time-domain method, the
spectral resolution can be optimized until it is only limited by
the intrinsic physics of the sample, rather than by instrumental
boundaries.38 In Figure 6a, a spectral resolution as low as 10
cm-1 is realized, as determined by the length of the employed

Piezo stage. Hence, the factor determining the shape of the FFT
spectra is not the achievable spectral resolution but the natural
line width of the excited state’s spectral features. Figure 6b
shows a transient taken at 610 nm detection wavelength with a
resolution of 20 cm-1. The signal-to-noise ratio in this case is
6.0. When detected at 570 nm (Figure 6a) this ratio becomes
4.5. This difference is explained by the position of the respective
detection wavelengths relative to DFWM signal’s central
wavelength (see Figure 3a): because detection at 570 nm is
close to the maximum at 560 nm, stray light reduces the signal-
to-noise ratio. When the vibrational spectra are recorded at
different initial pump delaysT (see Figure 9), the temporal
resolution is only limited by the cross correlation of the initial
pump and the pulses of the DFWM sequence. The achieved
temporal resolution was 20 fs, as determined by a measurement
in a 0.5 mm fused silica window.

Theoretical Basis.To describe the possible contributions to
the signal in the directionks ) k1 - k2 + k3 (BOXCAR
geometry), the corresponding Feynman diagrams are shown in
Figure 7. The possible non-resonant contribution to the signal
stems from the ground-state S0 (Figure 7a) and, after the
excitation with the initial pump, from the excited state S2 (Figure
7b), both dominated by vibrational coherences. The non-resonant
signal from the ground state was already investigated in our
group.32 In the current setup, it is subtracted for every data point
as explained in the previous section. Non-resonant contributions

Figure 6. Comparison between two FFT spectra taken at different
detection wavelengths. When detected close to the DFWM signal’s
maximum like in (a), the dominant spectral features are to be found in
the low wavenumber region. Further detuned from the signal’s
maximum (compare to vertical dashed lines in Figure 3), vibrational
features at much higher frequencies become apparent as seen in (b).

Figure 7. Feynman diagrams for the DFWM signal at the directionks

) k1 - k2 + k3. Gx(τ) represents the evolution of the system after the
excitation with the DFWM pump and the Stokes pulses. Depending
on the diagram,Gx(τ) represents different evolutions: (a) vibrational
coherence in the ground state S0, (b) vibrational coherence in the second
excited state S2, (c) vibrational coherence in the first excited state S1,
(d) vibrational coherence in the Sn state, (e) vibrational, and (f)
electronic population in the Sn state.
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from the S2 state are only to be expected for initial pump delay
timesT below 160 fs, which corresponds to the state’s electronic
lifetime.

The resonant signal from the S1 state contains several
contributions: Figure 7c and d represents vibrational coherences
in the S1 state and in the Sn state, respectively. Figure 7e and f
depicts the contribution from vibrational and electronic popula-
tion of Sn.

The usual theoretical approach to model the DFWM signal
is to solve the Liouville equation perturbatively up to the third
order and then calculate the third-order polarization.13 Joo and
Albrecht33 already discussed the decay time of each of the
possible contributions shown in Figure 7. The DFWM signal
can be separated into oscillating and non-oscillating terms (see
Figure 5a). The oscillating part originates from the coherent
superposition of vibrational levels in each electronic state (S1

and Sn) depicted in Figure 7c and d, respectively, and decays
proportionally to the vibrational dephasing timeT2,V for each
state. The frequency of the observed oscillations corresponds
to the vibrational modes found in the electronic states. The non-
oscillating part of the signal shows contributions from different
terms: (i) the real populations (Figure 7e) and (ii) the vibrational
coherent superposition in the S1 state (Figure 7c) and in the Sn

state (Figure 7d). Therefore, the monoexponential decay of the
DFWM signal (see Figure 4a) is composed of the electronic
population lifetime from Sn (T1,Sn/2, see Figure 7f), the
vibrational population lifetime in Sn (Figure 7e) (T1,Sn,V′/2), and
the vibrational dephasing time (T2,V/2) at each state, S1 and Sn.
For early initial pump delay timesT, all four diagrams (Figure
7c-f) may contribute equally to the signal. For later delay times,
however, the contributions from the population as well as from
the vibrational part of the Sn related signal have decayed (see
Figure 4b), leaving Figure 7c as the only influential diagram.

Because of the different time scales determining the pump-
DFWM transients inâ-carotene, the relaxation of S2 toward
the S1 state and the following vibrational cooling in S1 deserve
a more detailed discussion. Inâ-carotene’s photochemistry, the
first step is excitation of S2 from the ground state by a single

photon from the initial pump pulse. Afterward, the excited
molecule undergoes an ultrafast relaxation to a highly excited
dark S1 state. In solution, this process occurs within 160 fs.
The cooling of vibrationally hot S1 state takes place on a slower
time scale (400 fs). Because the DFWM pulses are only resonant
with the S1 absorption, the DFWM signal has stronger or weaker
contributions from excited vibrational levels on S1 depending
on the delayT between the initial pump and the DFWM
sequence. This means that the DFWM signal at early initial
pump delays 180 fse T e 400 fs stems from excited vibrational
levels of the S1 state. For later delay timesT, the population
has already relaxed to lower vibrational levels. In the former
case (Figure 8a), the initial-pump populating S2 and the
subsequent internal conversion (IC, see Figure 8b) may play a
role. After the non-adiabatic passage toward S1, the decay time
of the non-oscillating DFWM signal will be determined by the
dephasing of coherently excited high-lying vibrational levels
on S1 (T2,S1,V/2). For later delays inT (Figure 8c and d), the
influential term is related to a coherence of vibrationally cooled
states on S1 (T2,S1,V)0/2).

For T ) 0 fs, the initial pump overlaps with the DFWM
pump, and Stokes pulses and higher order excitations may occur.
These contributions are not discussed because they are only
detectable in phase matching direction different from the one
employed in the experiment.

Results and Discussion

Pump-DFWM allows for multiplexed detection of vibrational
modes. It gives information on vibrational and electronic
dynamics as well as on the interplay between them. Accordingly,
the following section is divided into a vibrational dynamics and
an electronic population dynamics part. In the former, the
structural evolution at a certain detection wavelength will be
discussed in detail. In the latter, the non-oscillatory part of the
signal will be compared for several detection wavelengths. The
combination of these sets of data analyzed at the end of section
2 will provide a comprehensive picture of the non-adiabatical
passage between the S2 and the S1 state. Special emphasis will
be placed on the process of vibrational dephasing.

1. Vibrational Dynamics. In Figure 6, another intrinsic
advantage of pump-DFWM over frequency domain and related
Raman-gain methods becomes apparent. In the latter, vibrational
features appear as net gains or losses at spectral positions
characteristically shifted from the frequency of the scattered
light. Pump-DFWM being a time-domain technique, however,
bears an additional spectral axis. Molecular oscillations may
occur at every detection wavelength for a spectrally dispersed
pump-DFWM signal (see dashed vertical lines in Figure 3a).
Numerical simulations and experimental works39,40readily reveal
that the signal depends on the respective position along the
spectral axis.41 High-frequency modes are to be expected at large
detunings to either the red or the blue side of the DFWM signal’s
central frequency. This can be understood intuitively by
assuming that at low detunings frequency pairs with small
energy differences are present, leading to excitation of modes
lower in wavenumber. For the pulse lengths employed in the
experiment, this means that by choosing an appropriate detection
wavelength, vibrational modes up to almost 2000 cm-1 can be
observed without any lower wavenumber limit. Accordingly,
the spectrum obtained at 610 nm shown in Figure 6b mainly
consists of high-frequency modes. All spectral features are
unambiguously assigned to polyene vibrations.42 The mode
around 1800 cm-1 is characteristic ofâ-carotene’s S1 state.43

The mode near 800 cm-1 stems from the solvent cyclohexane.

Figure 8. The effect of population flow from a vibrationally hot S1

state to cold S1 on the induced polarization. For early delaysT between
the initial pump and the DFWM pump and Stokes pulses (a and b),
the non-oscillatory signal decays with a component proportional to the
coherence decay time for vibrationally hot S1 states (T2,S1,V/2). IC stands
for internal conversion. For later delaysT > 600 fs (c and d), the signal
will be determined by the loss of coherence of cooled vibrational levels
on S1 (T2,V)0/2).
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Interestingly, this feature is not present when the measurement
is carried out in the pure solvent. Hamaguchi et al. report a
similar effect in a hyper-Raman (HR) scattering experiment on
â-carotene solvated in cyclohexane.44 Like in the experiment
under discussion, a mode attributed to cyclohexane was
observed, which only occurred in the presence of the solute
â-carotene but was missing in the neat solvent. The authors
ascribed this effect to a solvent-induced molecular near field,
giving rise to an extra HR band. Even though different
symmetry-based selection rules apply for a DFWM process, a
similar interpretation of the Raman mode near 800 cm-1 can
be given, because electronic resonance plays a fundamental
role: as demonstrated in a DFWM study conducted in our group,
the solvent mode under discussion is only observed after
resonant excitation and is missing under non-resonant condi-
tions.32 Furthermore, the phase of the mode under discussion
also deviates from resonantly excited carotenoids vibrations, as
will be discussed below (see Table 1).

Shifting the detection wavelength from 610 nm closer toward
the signal’s maximum around 560 nm gives access to a
fundamentally different range of vibrational frequencies (see
Figure 6a). At 570 nm, a broad distribution of vibrations around
100 cm-1 dominates the spectrum, while the high-frequency
modes apparent at 610 nm detection are no longer present (see
inset in Figure 6a). Such low-frequency modes play a funda-
mental role in the energy relaxation pathway of polyenes in
protein matrices.45,46 In Table 1, a quantitative comparison of
the spectra at different detection wavelengths is given. The
values were fitted with an evolutionary algorithm, which was
discussed in detail elsewhere.47 A model based on SignalDFWM-
(t) ) ∑iAiet/Ti sin(ωit + φi) was used. This simple and intuitive
approach treats the molecular vibrations as a sum of damped
sine functions with individual amplitudesAi, amplitude decay
timesTi, frequenciesωi, and phase termsφi. The decay timeTi

can be expressed asTi ) T2,S1,V for the respective mode,
according to the formalism introduced in the theoretical basis
section. The error bars represent standard deviations and are

obtained by averaging 10 runs of the algorithm after reaching
convergence. The obtained frequency values are within reason-
able agreement with values known from literature.48 Interest-
ingly, for detection at 610 nm, the values for the phase terms
φi are similar for all carotenoid vibrations. The mode associated
with cyclohexane, however, is shifted by approximately-π/2,
indicating a non-resonant excitation mechanism.37 For detection
at 570 nm, the values forφi are less meaningful, because the S1

f Sn electronic resonance at 560 nm introduces a complex phase
behavior.

The spectra in Figure 6 were obtained at fixed initial pump
delaysT. Scanning this parameter at a fixed detection wave-
length allows for observing the temporal evolution of the
molecular modes on excited energy surfaces. In Figure 9, such
a scan illustratesâ-carotene’s structural dynamic around its
conical intersection near 160 fs.49-52

An important feature in Figure 9a is the absence of modes
with feasible intensity at early delay times below 200 fs.
Considering the model for the electronic states inâ-carotene
given in Figure 1, this is explained by the different resonance
conditions for the DFWM sequence for different initial pump
delaysT: if the initial pump precedes the DFWM sequence by
less than 160 fs, the population is still on S2. This initially
populated state absorbs in the near infrared.52,53 The DFWM
signal originating from this energy surface is therefore not
expected to experience any resonance enhancement, because
the employed DFWM sequence is centered around 560 nm (see
Figure 3b). On the contrary, once the system evolved through
the conical intersection and populates a vibrationally hot S1 state,
the resonance condition is fulfilled, leading to a resonantly
enhanced signal. The S1 modes depicted in Figure 9b-e all
exhibit individual growth times. The solvent mode shown in
Figure 9e has to be viewed independently, because it is not
directly affected by the S2 f S1 seam of conical intersection.
This line of degeneracy between the two states is displaced along
the CdC normal mode as predicted by theory.50,54 The modes
in Figure 9c and d exhibit growth times in good agreement with

Figure 9. FFT spectra, taken at different initial pump delaysT and detected at 610 nm, are shown in (a). Parts (b-e) represent cuts at indicated
wavenumbers. Red lines represent monoexponential growth fittings.
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the S2 lifetime as established in transient absorption studies.52

The fact that a monoexponential growth fully describes the
temporal behavior of the modes in Figure 9b-e illustrates that
a two-level model (S2 f S1) suffices to explainâ-carotene’s
early excited-state dynamics, as recently argued by Kosumi et
al.53 On the basis of the data presented here, any contribution
from possible intermediate states55,56 can be disregarded.

The S1-specific CdC mode around 1800 cm-1, however (see
Figure 9b), reveals a rise time much faster than those for the
other modes (53( 6 fs as compared to values above 100 fs).
The lack of a S2-typical time constant is explained by the fact
that this mode is exclusively found on S1.51 The delayed but
then rapid gain in intensity for the S1 CdC mode is attributed
to anharmonic coupling. This means that the orthogonality
between the highly excited modes breaks down, leading to a
gain in energy for the initially unpopulated mode near 1800
cm-1. It therefore gains intensity only after the other nuclear
degrees of freedom were populated in high quantum numbers
on S1. On a longer time scale (see Figure 10b), the mode near
1800 cm-1 is only to be observed at later initial pump delay
timesT as compared to the gradual increase in intensity for the
CdC stretch mode near 1530 cm-1 in Figure 10a. McCamant
et al. proposed a similar mechanism but observe two IVR time
constants, 200 and 450 fs.43 The discrepancies from the present
study are ascribed to (i) the shorter time window examined in
this work and (ii) to the different excitation conditions.
McCamant et al. used a picosecond Raman pump centered at
793 nm, resonant with S2 f Sm but off resonant to the S1 f Sn

transition, where the DFWM sequence employed in the present
study is on resonance. This fundamental difference leads to an
alternation in the active Franck-Condon region, which serves
as a possible explanation for the deviant IVR behavior.

Another aspect of structural dynamics on excited states is
vibrational cooling. This process can be quantified by observing
the rate at which mode’s central frequency shifts in time. To
explore this aspect, a Lorentzian line shape was fitted to the
FFT spectra at different initial pump delay timesT. The resulting
central frequency for the CdC stretch mode is plotted against
T in Figure 11a.

The CdC stretch mode shifts from 1497 to 1538 cm-1 at a
rate of 35 fs. This rapid time constant requires further interpreta-
tion. It is too fast to be ascribed to vibrational relaxation
processes on S1, which is in the range of 400 fs according to
literature.43 Another tempting explanation can be given by
assigning this remarkably fast rise to the internal conversion
from S2 to S1. The structural rearrangement associated with a
passage along such a non-adiabatic pathway in linear polyene
chains is expected to occur on such a time scale.49 However,
analysis of the origin of the involved vibrations reveals a more
diverse picture. As shown in Figure 11b, the amplitude decay
timesTi for the CdC stretch mode differ greatly depending on
the initial pump delayT. After the population has fully
transferred to S1 (transient atT ) 400 fs in the lower panel of
Figure 11b), strong vibrations with an amplitude decay time
below 300 fs (see Table 1) govern the oscillatory behavior.

Figure 10. Structural evolution onâ-carotene’s S1 state on a 2 ps
time scale. Part (a) shows the gradual increase of the mode near 1540
cm-1. The color code is set relative to the maximum in each plot. In
comparison, the CdC mode near 1800 cm-1 in (b) only gains intensity
at later times.

Figure 11. Part (a) shows a blue shift of the CdC stretch mode after
internal conversion from S2. Part (b) depicts the comparison between
the DFWM signal’s oscillatory part atT ) 60 fs andT ) 400 fs. The
dephasing behavior and FFT amplitude differ greatly as shown in (c).
The detection wavelength for all data presented is 610 nm.
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When considering the ultrashort lifetime (160 fs) and previous
FSRS studies,51 the vibrational dephasing time is anticipated to
be even shorter for oscillations on S2 at T < 160 fs. In strong
contrast to such expectations, the respective amplitude decay
time is above 1 ps (see transient taken atT ) 60 fs in upper
panel of Figure 11b) and cannot be fitted accurately in the
detection window of 700 fs. Furthermore, the FFT spectra for
initial pump delay times belowT ) 120 fs display the same
properties as ground-state vibrational spectra,17,22,32sharp bands
shifted to lower wavenumbers than the excited-state spectra and
the lack of the S1-specific CdC mode near 1800 cm-1 (see
Figure 11c). However, these long-lived oscillations are only
present when the initial pump is on, which means that the system
is excited to the first optically allowed excited-state S2. This
discrepancy can only be resolved when considering an excitation
mechanism alternative to the one depicted in Figure 1. In the
following section on electronic population dynamics, a mech-
anism explaining all of the above phenomena will be elaborated.
For this task, it is necessary to combine vibrational and
electronic state information. Pump-DFWM turns out to be the
ideal tool for this purpose because it delivers information on
structural evolution and electronic population dynamics simul-
taneously.

2. Electronic Population Dynamics.The above discussion
concentrated on pump-DFWM as a technique to monitor time-
resolved excited-state vibrational dynamics. However, in contrast
to absorption-based Raman techniques, the presented method
also gives an opportunity to observe the changes concerning
the electronic states involved. In addition to the ability to
produce highly resolved vibrational spectra, this combination
of examining structural and electronic population dynamics in
one technique makes pump-DFWM a versatile tool for inves-
tigating the dynamics near conical intersections.26 Considering
the transient in Figure 5a, the contribution of the electronic states
under investigation manifests itself in the non-oscillatory part
of the signal. For analyzing the vibrational dynamics, it was
necessary to subtract the slow kinetics described byS(τ) )
A(λ,T) exp[-τ/Td(λ,T)], with A(λ,T) as the detection wavelength-
and time-dependent pre-exponential amplitude andTd(λ,T) as
the decay time. Accordingly, the following section will be
structured as follows: after a general discussion of the slowly
decaying part of the pump-DFWM signal, the pre-exponential
amplitudeA(λ,T) and decay timeTd(λ,T) will be discussed. The
dependencies on detection wavelengthλ and initial pump delay
time T will be considered. The results will be compared to
transient absorption measurements and to the conclusions drawn
from the structural dynamics section with special emphasis on
the role of vibrational dephasing.

2.1. General Aspects on the Slow Kinetics of the Pump-
DFWM Signal: S(τ) ) A(λ,T) exp[-τ/Td(λ,T)]. To extract the
slow dynamicsS(τ) from the pump-DFWM signal, a monoex-
ponential fit to the data suffices for all values of initial pump
delayT and detection wavelengthλ. A plot of such monoex-
ponential fits for differentλ along the probe delayτ againstT
is shown in Figure 12.

Figure 12a-e shows monoexponential fits to the pump-
DFWM signal at different detection wavelengths. The axis of
the probe delayτ within the DFWM sequence is plotted against
the initial pump delayT. This perspective allows one to observe
the change in electronic structure of the investigated molecule.
A common feature of all plots in Figure 12 is the slow increase
of the signal along theT-axis afterT > 160 fs. This is due to
the population buildup on S1, the state resonantly excited by
the DFWM sequence. Because this condition is not fulfilled

for the S2 f Sm transition, the signal is weak forT < 160 fs,
which means on the S2 state, as seen in Figure 12a. In other
words, the increase of the signal along theT-axis is explained
by the electronic population sliding into the Franck-Condon
window defined by the spectral properties of the DFWM
sequence. Figure 12a already illustrates how the slowly decaying
part of the pump-DFWM signal contributes to the picture of
the dynamics near the conical intersection: the signal is
negligible beforeT < 160 fs due to non-resonant interaction
from S2. Hence, this offset is a measure for the lifetime of this
state. This value of 160 fs is in good agreement with transient
absorption measurements.52 In combination with the results
presented in the previous section, this proves that pump-DFWM
is a tool for the investigation of both electronic and vibrational
dynamics.

In analogy to transient absorption, the variation of the
detection wavelength offers a more complete view on the
system’s dynamics. When retaining the same excitation condi-

Figure 12. The slowly decaying part of the probe delayτ-transients
like in Figure 5 are plotted against initial pump delayT for different
detection wavelengths. The electronic population dynamics is visualized.
The long-lived component for initial pump delaysT < 100 fs is
attributed to a vibrationally hot ground state. The gradual increase of
the signal alongT-axis is due to the relaxation of the system toward
the resonantly excited S1 state. The color code is set relative to the
maximum in each plot.
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tion like in Figure 12a but shifting the detection wavelength to
the blue (Figure 12b), the situation remains qualitatively
unaltered forT > 160 fs. At earlier delay times, however, a
signal with a long lifetime along theτ-axis occurs. This
combination of short lifetime for late initial pump delays and
long lifetimes for small values ofT is reminiscent of the behavior
of the vibrational amplitude discussed in Figure 11. Based only
on vibrational dynamics data, no clear assignment of the long-
lived modes at early initial pump delays could be made. In
combination with the electronic dynamics, however, the mech-
anism depicted in Figure 13a can be proposed.

Given the long lifetime of the DFWM signal for early initial
pump delay timesT, a contribution of the short S2 lifetime seems
improbable. To explain this behavior, the population must be
repumped to another long-lived state resonant with S2 at the
central wavelength of the DFWM sequence (560 nm). Because
S2 shows no such absorption as predicted by a semiempirical
quantum chemistry calculation,57 the population must be dumped
to a vibrationally hot ground state. Such a mechanism accounts
for both the long electronic and the vibrational lifetime observed.
The considerable intensity of the DFWM signal is again due to
resonance enhancement (see Figure 13a). The relevant Feynman
diagrams are depicted in Figure 13b and d for population and
coherence buildup on S0, respectively. A similar mechanism
has been exploited in the frequency domain for stimulated
emission pumping DFWM (SEP DFWM),12 aiming at the
investigation of molecules in the regime of extreme rovibrational
excitation. In the case of carotenoids in solution or in a protein
matrix, a low lying long-lived state named S* has been
previously reported and extensively discussed.35,36,57,58Because
this Article is focused on demonstrating the capabilities of a
technique, a full discussion of the nature of S* is beyond the
scope of this work but will be given in a future publication.
The assignment of the long-lived component at early initial

pump delay timesT to a hot ground state is also supported by
examining the behavior of this state at different detection
wavelengths. Whenλ is shifted further to the blue, the
contribution of the hot ground state gains in intensity as
compared to the S1-related signal atT ) 600 fs. This effect is
summarized in Figure 13c. The contribution of the long-lived
state is strongest when detection is shifted toward the first
ground-state absorption maximum centered at 485 nm. It plays
a minor role when the analyzed wavelength is further to the
red. This interpretation of repumping to a vibrationally hot S0

also explains ground-state-like properties of the FFT spectrum
for initial pump delay timesT < 160 fs as depicted in Figure
11c.

2.2. The Pre-Exponential Amplitude A(λ,T). A phenomeno-
logical analysis of the slowly decaying part of the pump-DFWM
signal S(τ) ) A(λ,T) exp[-τ/Td(λ,T)] showed a long-lived
component for early delay timesT, which was attributed to a
hot ground state. This interpretation is consistent with data from
the vibrational dynamics analysis. In a next step, we will analyze
the pre-exponential amplitudeA(λ,T). An analogy between the
discussed results and transient absorption measurements will
be drawn.

Figure 14 shows show the pre-exponential amplitudeA(λ,T)
against the initial pump delayT at three different detection
wavelengths. The common rise constant found in all three plots
corresponds well with the S2 lifetime28,52 and is sufficient to
describe the behavior at 589 nm (Figure 14b). The longer time

Figure 13. Excitation scheme proposed for the population of the long-
lived state at short delay timesT in Figures 12 and 11. Via a mechanism
similar to SEP-DFWM,12 a vibrationally hot ground state is populated
with S2 as an intermediate state. Parts (b) and (d) show the Feynman
diagrams for coherence and population build in S0, respectively. Part
(c) depicts the relative contribution of the hot S0 signal taken atT )
80 fs as compared to the vibrationally relaxed S1 signal atT ) 600 fs.
The hot S0 contribution gets stronger when the signal is detected closer
to the S2 f S0 transition around 485 nm. This provides additional
support for the assignment of the long-lived feature to a hot ground
state.

Figure 14. Fits to the pre-exponential amplitude of the pump-DFWM
signal A(λ,T) are shown for different detection wavelengths. The
obtained rise and decay times correspond well with lifetimes known
from transient absorption studies.
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constant around 400 fs is attributed to vibrational cooling of
hot S1.36,58,59For detection at 610 nm, that is, in the red edge
of the hot S1 absorption,59 this component manifests itself as a
decay time. At 570 nm, a component of similar magnitude is
found as one of the rise times with 66% contribution. This time
constant is in good agreement with values known from pump-
probe experiments.60 Hence, the behavior of the pre-exponential
amplitude in delay timeT can be described consistently by the
spectral properties of the early excited states inâ-carotene, as
is well known from transient absorption studies.5 It has to be
stressed that this is a qualitative agreement, because the time
constants obtained in such experiments are exclusively deter-
mined by electronic lifetime effects. The pre-exponential factors
of DFWM signals are under the additional influence of loss of
vibrational coherence.9,33The remarkable qualitative agreement,
however, between the temporal behavior of the pre-exponential
amplitude and the time constants obtained in transient absorption
measurements suggests that, for early delay times, the DFWM
signal’s amplitude is largely determined by electronic population
effects rather than by pure dephasing.

2.3. The Decay Time Td(λ,T). The discussion of the slowly
decaying part of the pump-DFWM signalS(τ) ) A(λ,T) exp[-
τ/Td(λ,T)] will now be completed by examining the decay time
Td(λ,T). Such decay constants were already subject to many
ultrafast time-dependent four wave mixing experiments in
solution.19,33,61

The measured decay timesTd(λ,T) depend strongly on the
detection wavelength and are summarized in Table 2. On a first
impression, the wavelength dependence seems to map the
electronic lifetimes of the contributing states: for red-shifted
detection at 610 nm, one expects strong influence of the short-
lived vibrationally hot S1 state, resulting in a shortTd(λ,T).
Accordingly, the decay times increase when detection takes
place closer to the bottom of the S1 potential well. Such a
relationship between the electronic lifetime and the decay time
of the DFWM signal was already reported fortrans-stilbene,19

where even on variation of the solvent, the DFWM decay time
matched the population lifetime as measured in a transient
absorption experiment. In the case ofâ-carotene, however, this
quantitative correlation breaks down: The measured DFWM
decay times as shown in Table 2 are all below 200 fs. The
electronic lifetimes of the contributing states, such as 400 fs
for vibrationally hot S1 and 9 ps for S1 after relaxation, are all
considerably above these values.

As discussed in the theoretical basis section and expressed
in detail in a work by Joo and Albrecht,33 the terms contributing
to Td(λ,T) can be identified as the decay time related to the
upper state electronic lifetimeT1,Sn/2, the decay time of the
population in the excited vibronic levelT1,Sn,V/2, and the
dephasing times for vibrational coherences on upper and lower
electronic stateT2,Sn,V/2 andT2,S1,V/2. The latter can be obtained
from the time-domain evolutionary fitting analysis presented
in Table 1. The aim of the following paragraph is to estimate
the importance of the contributing terms mentioned above for
the overall decay timeTd(λ,T).

The shortest time constant in Table 2 is 100 fs for detection
at 610 nm. This fast decay suggests that the DFWM transients
are governed by the most rapid process listed above, which is
vibrational dephasing on S1. Contributions from Sn can be
neglected for the chosen initial pump delay timeT ) 600 fs,

because the electronic lifetime of the respective state is
significantly shorter: a fit to the recovery dynamics in Figure
4b revealed a time constant of 310 fs for the internal conversion
between Sn and S1. For earlier initial delay timesT, contributions
from both Sn and hot S1 dephasing rates may contribute to the
overall decay timeTd(λ,T). When considering the effects of
vibrational dephasing on the electronic dynamics discussed here,
the question arises whether any connection between the values
for Td(λ,T) in Table 2 and the amplitude decay times summarized
in Table 1 in the vibrational dynamics section can be made.
This is plausible because those parameters describe the same
physical process, vibrational dephasing. All modes in Table 1
exhibit specific amplitude decay constants, which raises the
following problem: which mode dominates the vibrational
dephasing behavior at a specific detection wavelength, influenc-
ing the DFWM signal’s non-oscillatory decay? This can be
resolved by regarding the energy spacing between the detection
wavelength in question and the bottom of the S1 potential energy
surface at 550 nm as sketched in Figure 15: for example, 589
nm (16 978 cm-1) is 1203 cm-1 detuned from the lowest lying
absorption on S1 (550 nm or 18 182 cm-1), which corresponds
well to the value for the C-C stretch mode (1150 cm-1), as
can be seen in Figure 15a. Hence, theV ) 1 state of this mode
is preferably detected at 589 nm and determines the slow kinetics

TABLE 2: Decay Times Td(λ,T) for T ) 600 fs at Different
Detection Wavelengths

λdetection 610 nm 589 nm 570 nm 550 nm 540 nm
Td(λ,T) 100( 3 fs 120( 5 fs 180( 10 fs 180( 6 fs 140( 7 fs

Figure 15. Sketches of the potential energy curves ofâ-carotene,
illustrating the relation between detection wavelength and the vibrational
mode dominating the dephasing behavior. The energy spacings for
detection at 589 nm (a) and 610 nm (b) detection wavelength are shown.
The respective difference from the minimum of the S1 potential energy
well at 550 nm (18 200 cm-1) indicates which mode contributes to the
overall decay timeTd(λ,T).

Pump-Degenerate Four Wave Mixing J. Phys. Chem. A, Vol. 111, No. 42, 200710527



decay timeTd(λ,T). Indeed, the measuredTd(589 nm, 600 fs)
) 120( 5 fs is in good agreement with the expectation based
on the vibrational dephasing time from Table 1,T2,S1,V/2 ) 135
fs. Following the same argument,Td(610 nm, 600 fs)) 100 fs
cannot be attributed to dephasing of the mode dominating the
behavior at 589 nm detection wavelength. The energy difference
between 610 nm (16 393 cm-1) and the potential’s minimum
is 1788 cm-1 (see Figure 15b), which coincides with the value
for the S1-specific mode near 1800 cm-1. According to Table
1, one-half of the amplitude decay time isT2,S1,V/2 ) 77 fs,
which is in reasonable agreement with the observed value for
Td(λ,T) ) 100 fs.

The values forTd(λ,T) shift to larger values when going closer
to the S1-absorption maximum near 560 nm and decrease again
for blue-shifted detection at 540 nm. The values around 180 fs
seem too high to be dominated only by vibrational dephasing.
Slower processes like lifetime-induced decay of S1 (T1,S1 ) 9
ps) may start to give minor contributions at blue-shifted
detection.

In summary, the time scale of the slowly decaying component
of Td(λ,T) for â-carotene in cyclohexane cannot be explained
only by electronic population dynamics, like it was possible
for other solvated molecules with longer Sn lifetimes.19 Only
by employing a versatile tool like pump-DFWM, which allows
for simultaneous wavelength dispersed detection of vibrational
and electronic dynamics, one can dissect the monoexponential
decay into contributions from diagonal (population rates) and
off-diagonal (vibronic dephasing rates) elements of the respec-
tive density matrix. Upon examination of the energy spacings
at certain detection wavelengths, the conclusion can be drawn
that vibrational dephasing determines the slow decaying be-
havior of the DFWM signal.

Conclusions

The combination of high spectral (10 cm-1) and temporal
resolution (20 fs) makes pump-DFWM an ideal tool for studying
vibrational dynamics on molecular excited states, matching the
benchmarks set by time-resolved stimulated Raman tech-
niques.23,25In addition to the latter methods, the results obtained
from pump-DFWM are more comprehensive due to the pos-
sibility to spectrally disperse the signal and hence to simulta-
neously obtain information from different Franck-Condon
regions of the excited-state surface. Especially when exploring
the dynamics near decisive points like conical intersections,
pump-DFWM is expected to give rise to valuable new experi-
mental insights because this technique allows for observing the
interplay between structural and electronic dynamics. Further-
more, the pure time domain character of the method makes it a
perfectly suited candidate for the coherent control of excited-
state processes.
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