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Frequency—Time-Resolved Four-Wave Mixing of a Dye Molecule in Liquid
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Time-resolved ground-state bleach and excited-state stimulated emission spectra are measured for a cyanine
dye, 3,3-diethylthiatricarbocyanine iodide, dissolved in methanol by spectrally resolving a background-free
three pulse four-wave mixing signal. It has been shown from model theoretical calculations and experiments
that dynamics of the nuclear wave packets created in both ground and excited electronic states can be observed
through the oscillations of the spectral line width as well as the center frequency in time. For a system with
small Stokes shift, where the ground-state bleach and the stimulated emission spectra cannot be resolved into
two separate bands, unambiguous assignment of an oscillation in the whole spectra to either the ground or
the excited electronic state could be made by comparison between the phase of the oscillation in center
frequency and that in line width.

1. Introduction state stimulated emission and the ground-state bleach signals

. appear at different frequencies. That is, frequertape-resolved
_Femtosecond spectroscopy is one of the most powerful _anddata may allow wave packet dynamics in the ground and the
widely used tools for the study of ultrafast chemical and physical ., .ited electronic states to be observed separately

processes in condensed phases. One exciting feature of the . .
Femtosecond time-resolved spontaneous emission measure-

femtosecond spectroscopy is its capability to observe and to .
control nuclear motions in real time by the formation of nuclear ment bY sum frequency generation (SFG) between_the spontane-
wave packets (coherent superposition of the vibrational wave ous emission anda ga}?_pulse ISa pc_)werful technlque_ to obtain
functions)? In fact, oscillations of a signal trace in time due to time-resolved spectr@; n Wh.'ch ex0|ted-§tate dy”am'cs are

d recorded exclusively. The majority of the time domain data on

nuclear wave packet motions are ubiquitous in femtosecon Wvation d ics h b ired by thi hri
spectroscopies such as transient absorption (TA),time-resoIvecxSo vation dynamics have been acquired by this tec émé
Obtaining a full spectrum by SFG, however, is both time-

fluorescencé;® and photon echoés® When time-dependent : SE=L R .
consuming and limited in time resolution t0100 fs due to

transition frequencies between two electronic states are mea . | difficult 4 inh ¢ :

sured, direct mapping between energy difference of the elec- experlmeﬂta Ificulties an Im derent requenﬂ;lmebunczr-. g

tronic states and a nuclear coordinate may be obtained from at@inty in the SFG. Time-resolved spectra can also be obtaine
by spectrally resolving probe pulses in a pump/probe!Tfhe

wave packet motion along the potential surfa8én an ideal X s : ;
case, detailed molecular dynamics of an elementary chemicallime resolution is solely determined by the duration of the pulses.

reaction can be studied by observing the nuclear wave packetR€cent advances in pump super-continuum probe TA enable
motion along the reaction coordinate. the recording of full transient spectra with sub 100 fs time

In a typical femtosecond spectroscopic measurement, signalres.OIUtlorﬂe P_hot0|somer|zat|on c_)f a d_ye molegiﬂeand SO".
is time-integrated at a single wavelength and time resolution is vation dynam_|c§’ have been studied with 40 fs ime resolution
achieved by varying time delays between input pulses. However, by this technique. ) ) o
conclusions drawn from a time integrated signal at a single !N pump/probe TA, the third-order signal polarization is
frequency are often misleading due to the complicated spectralgenerated into a probe pulse wave vector direction. The signal
dynamics caused by solvation dynamics, excited-state absorpiS naturally heterodyned with the probe pulse, and phase
tion, and other physical and chemical processes. A full set of sensitive detection greatly increases the measurement sensitivity.
frequency- and time-resolved data is usually necessary to extracin @ typical TA spectra measurement, however, an array detector
a clear picture for the dynamics of a system. For example, in is usually employed to measure the intensity spectra of the probe
typical resonant third-order nonlinear spectroscopies such asPulses with and without pump pulses. An alternative to TA is
pump/probe TA, an oscillation observed in time trace is due to to use two separate pump pulses to generate a third-order signal
a nuclear wave packet motion created in either the ground or into a background free direction and spectrally resolve the signal
the excited electronic states. Assignment of the vibration to subsequently, i.e., spectrally resolved transient grating (TG)
either electronic state cannot be made, unless a special detectioeasurements. The time resolution is solely determined by
scheme is employed such as probing to a higher electronic statethe duration of the input pulses. The background free detection
or using tailored femtosecond pulseBhe assignment can also  May be advantageous over the differential measurement as in
be made unambiguously, in favorable cases, by performing TA TA in terms of the signal-to-noise ratio, because probe pulses
measurements at several different wavelengths, since the excitedusually have much higher intensity than the signal. In addition,

the three-pulse scheme provides the possibility of controlling
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In this paper, we report sub 20 fs time-resolved transient R=R,+ Ry (4a)
spectra measurements by spectrally resolved four-wave mixing

(SRFWM) of a cyanine dye, 3:8liethylthiatricarbocyanine R=R+tR

io_dide (D'_I'TCI), dissolve_d in methanol. Feasibi_lity of obtai_ning — Tr[Geg(t') G.{T) G e(T)Pg] +

high-quality frequencytime-resolved data with good time g , b
resolution by SRFWM is demonstrated. In the analysis, we focus THGeft') GedT) Geg@pgl (4b)

on the observation of the nuclear wave packet dynamics in both R,=R,+R,
the ground and the excited electronic states through the time
evolution of the full spectra. = Tr[Ggy(t') GyoT) Gyel?)pgl +

Tr[Gedt') Gyy(T) Ge7)pgl (4c)
2. Theoretical Background

. . . . Here pg is the thermal density matrix an@ is the Liouville
The experimental arrangement employed in this study is space propagator defined as

shown in Figure 1. Double-sided Feynman diagrams to generate
the third-order polarization are also shown. Two pump pulses — a ;

ki and kp, separated by a time delay excite the sample to Caf)A = exp(iHDA exp(iHyh
create a transient grating. A third probe puksedelayed byl
from ky, is diffracted off the transient grating into a background-
free —k; + kx + ks phase matching direction. The diffracted
signal is spectrally dispersed and recorded by an array detecto
to give a frequencytime-resolved spectrogrart{w;z,T). The

time delaysz and T correspond to electronic coherence and . - vo-level system, SREWM consists of two contribu-

population pgnods, .respectlvely, in the time evolution ,Of @ tions: excited-state stimulated emission and ground-state bleach.
system density matrix. Althougk, andk; are overlapped in A yair of pump pulses excites molecules creating a particle in
time in the present experiment, consideration of the effect of ihe electronic excited state, while leaving a hole in the ground
finite pulse duration requires the inclusion of state. Duringl, molecules in the excited-state undergo solvation,
The SRFWM signal can be written as a modulus squared of which is manifested in the dynamic Stokes shift. The hole in

whereA is an arbitrary operator anld; is the Hamiltonian in
statei. As shown in egs 4, the system propagates under the
Iground R&y) or the excited-stateRe) Hamiltonian during time

T. The R’s can be calculated by a cumulant expansion as
described in detail in the literatu?eé.

a Fourier transform of the third-order polarization, the ground state is filled up during by the fluctuation of the
transition frequencies of molecules in the ground state. The hole

l(w;T,T) = |E(3)(w;r,T)|2 and the particle dynamics are describedRgyand Re, respec-
tively. Assuming linear response (harmonic potential curves),

0P w;z,T)|? (1) the fluctuation-dissipation theorem implies thad(t) for the

© N @) 2 molecules in the ground state (equilibrium fluctuation) is
DlRej(; dt’ exp(iwt’) P(T;T,t)| equivalent toM(t) for the molecules in the excited states
(dissipation). When nonlinear response effect becomes signifi-
whereP®(7,T,t') is the third-order polarization at tim with cant, the response functiorl, must be calculated separately
the electric fields of the input pulses subsumed in it. In an Using differentM(t)'s for the ground and the excited-state
experiment employing a delta function (or spectrally uniform) Pathways. For a system with two electronic levels but with
probe pulse, eq 1 directly represents the spectrum of a transien¥iPronic structures, excitation by pump pulses with their

grating at timeT. Otherwise, the SRFWM signal needs to be durations shorter than vibrational periods creates vibrational
normalized by the probe spectrum to give a transient spectrumwave packets in both the ground and the excited electronic states.

at time T:2L The nuclear wave packets decay by the vibrational dephasing
time in the corresponding states. The vibrational wave packets

'(w:7.T) in different electronic states are of course different gnd must
I'(w;r,T) = ———= ) be treated separately. The nuclear wave packet motion can be

|probe(w) incorporated into the above formalism by addition of under-

damped harmonic oscillators M(t).622
Response function theory on third-order nonlinear spectroscopies Experimentally, the stimulated emission spectruRg) de-
in frequency and time domains has been described in detail invelops on the red side of the-@ transition frequency, while
a monograph by Mukamé? The response functiong,, leading the ground-state bleach spectruRg)(appears on the blue side.
to the third-order polarizatio®®(z,T,t), can be calculated from  For a molecule with large Stokes shift, they may appear as two

anM(t), the transition frequency correlation function: separated bands. In this case, the ground-state hole and the
excited-state particle dynamics can be observed separately. Quite
Aw(t) Ao(0)] often, however, a Stokes shift is not large enough for SRFWM
M(t) = > 3) to be divided into two separated bands.
Aw™1 To illustrate SRFWM for a realistic system, especially for a

system with small Stokes shift, we have calculated the signal
whereAw(t) = - o(t), o(t) is the transition frequency at  according to eq 1 including finite pulse duration. It needs to be
time t and the brackets denote an ensemble averageM(le  emphasized that the ground-state bleach spectrum is not sensitive
may include intramolecular as well as intermolecular processes.to the dynamics irM(t) for a delta function pump pulse, since
There are four time evolution pathways (Figure 1a) to create no hole in the absorption spectrum is created for white light
PE)X(z,T,t'). Formally, the response functions may be divided (delta function pulse) excitatioi. Also, vibrational wave
into the ground statdRy, and the excited stat®,, contributions packets can only be created using pulses of finite durafitm.
according to a molecular state during the population pé€Fi&eé? the calculation we have used af(t) of DTTCI in methanol
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Figure 1. (a) Two-level system (groundgl] and excited|elstates) double-sided Feynman diagrams for the third-order polarization into the phase
matching direction-ki + ko + ks. pj are the system density matrix elements,3ldenote input pulses, and S denotes the signal. After the second
field-matter interaction, populations in the excited state are creatd®] bpd R, time evolution pathways while the system resides in the ground
state forR; and Ry. (b) Experimental layout for the SRFWM measurements. Spectra of the sighan@ the probe pulsek{) are measured
simultaneously by a two-leg fiber. Pulse sequences and notations for time intervals are also indicated.

reported previously> The modelM(t) excluding vibrational absorption center frequency by the ground-state vibrational
contribution is period 66.7 fs (500 cmt). Were the pump frequencies tuned
to the G-0, the bleach would start from the-@ frequency
M(t) = 0.7 exp{-t/260 fs)+ (—217 cnt?) and shift to the blue a¥ increases.
0.25 exp(-t/3.3 ps)+ 0.05 exp(-t/9.5 ps) (5) Although the center frequencies of the bleach and the

stimulated emission spectra are separated-890 cnt! at T

= 2 ps, the sum (SRFWM) appears as a single peak, as shown
in Figure 2a. In an experiment with similar circumstances, it
would be unreasonable to resolve the spectra into a ground-
state bleach and a stimulated emission to observe the ground-
and excited-state dynamics separately. Even in this situation,
however, an oscillation in the center frequency of the whole
the 0-0 transition frequency, i.e., the center of stationary spectra can still be assigned to either the grqund or the excited
absorption spectrum. Figure 2a shows SRFWM at several €/€Ctronic state unambiguously by comparison between the
different T values calculated for 18 fs pump pulses and a delta Phase of the oscillation in center frequency and that in line
function probe pulse. The ground-state bleach and the stimulatedVidth- To illustrate this point, we have fitted each SRFWM
emission spectra & = 0 are all identical, as they should be. SPectrum to a single log-normal function to obtain a center
In a realistic polyatomic molecule where many vibrational frequency and aline width. The center frequencies and the line
modes are present, stimulated emission shifts initially by an Widths vsT are shown in Figure 3. It can be seen that the phases
ultrafast <10 fs time scale due to ultrafast rupture of the Of the vibration in the ground state (500 chn are in-phase
vibrational wave packefs.Stimulated emission is usually ~With each other, as indicated by the vertical bar B, while they
regarded to be centered at0 transition frequency even at are out-of-phase for the vibration (150 cthin the excited state

= 0,13 because of the limited time resolution in most experi- (vertical bar A). This can be understood easily as follows:
ments. In Figure 2a the stimulated emission clearly shifts to Consider a two-level system in which the excited-state potential
the red adT increases, although it is not easy to see the changesurface is a replica of the ground-state potential surface but
in the bleach spectra. To show the changes in the spectra mordlisplaced horizontally bgl from that of the ground and vertically
clearly, each of the bleach and the stimulated emission spectrumdisplaced by the €0 transition frequency. Assuming harmonic

at a givenT is fitted to a single log-normal function to find the  potential surfaces, the classical Franck principle says that the
center frequency, which is shown in Figure 2b. Rimcreases, electronic transition frequency is proportional to the nuclear
the stimulated emission shifts to the red due to solvation given coordinate with negative proportionality constant. As the ground-
by eq 5. At the same time, the emission center frequency state wave packet moves toward the inner turning point, the
oscillates by the excited-state vibrational period 222 fs (150 bleach spectrum moves to a higher frequency to make the center
cm1). The ground-state bleach spectrum oscillates around thefrequency of SRFWM increase. Meanwhile, the separation of

In addition, two underdamped cosinusoids are included to
account for the vibrational wave packets: a 500 ¢mode is
added to eq 5 to form aM(t) in the ground state, which is
used to calculate®, in eq 4c; similarly, a 150 cmt mode is
included for the excited-state pathways. The solvent reorganiza-
tion energy,As, of 217 cnt! is used in the calculatio¥.
Frequencies of the pump pulses are tuned-#17 cn1! from
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Figure 3. Center frequency (solid line) and the line width (dotted line)
of the calculated SRFWM shown in Figure 2a. Nonlinear least-squares
fits to a single log-normal function are used.

-100
Kerr lens mode-locked Ti:sapphire laser generating 18 fs pulses
centered at 795 nm. The repetition rate and energy of the pulses
were adjusted to 150 kHz and 3 nJ, respectively, to avoid any
power-induced artifacts including photoisomerization.
The laser output was split into three roughly equal energy
pulses and focused in “Box” geometry to a 20® thick flow
cell containing the sample solution. The third-order nonlinear
! ! 1 signal into—k; + kz + ks phase matching direction was spatially
0 500 1000 1500 2000 filtered and directed to a spectrograph equipped with a CCD
T (fs) array detector. Spectra of the third-order nonlinear signal and
Figure 2. (a) Calculated SRFWM signals using 18 fs pump pulses the probe pulsekg) were measured simultaneously by using a
and a delta function probe pulseis set to zero. Stimulated emission  two-leg fiber, as shown in Figure 1. We have employed a
(R andR,, solid line), ground-state bleacR{and R, dotted line), polarization scheme to reduce noises from scattering of the input

and the sum of the twd{—Rs, dashed line) are shown separately. All . . . .
three overlap al = 0 fs. (b) Center frequency of the ground-state beams:k; andks; are polarized parallel to an optical table, while

bleach (dotted line) and stimulated emission (solid line) spectra. Ki iS perpendicular to the table. The signal, having perpendicular
Nonlinear least-squares fits to a single log-normal function are used. Polarization, was filtered by a polarizer in front of the detector.
Frequency of the absorption maximum excluding vibronic structure is The background noise was much smaller than the signal even
defined as 0 cmt. at largeT.

A cyanine dye DTTCI was used as received from Exciton
the bleach and the stimulated emission increases, which cause€o. The concentration of DTTCI in methanol solution was
the SRFWM line width to increase. On the contrary, as the wave adjusted to give an absorbane®.3 at absorption maximum
packet in the excited-state moves toward the inner turning point, (758 nm). All the measurements were performed for a freshly
the stimulated emission spectrum approaches toward the bleactprepared solution, since the UV/vis absorption spectra of the
spectrum. That is, the center frequency of SRFWM increases, dye solution develop a sign of degradation in a few days. A
while the line width decreases to make the phases between thespontaneous fluorescence spectrum of the solution was recorded
two 180 out of phase. in a backscattering geometry using the same detection apparatus

When the ground-state bleach and the stimulated emissionused above and a Hé\e laser (632.8 nm) as an excitation
cannot be resolved, the sensitivity of the SRFWM center source. All of the measurements were performed at ambient
frequency on nuclear wave packet dynamics depends on thetemperature (22 1°C).
frequency and duration of pump pulses as well as the molecular
parameters. In particular, when the pump is tuned to th@ 0 4. Results and Discussion
transition frequency, and the nuclear wave packets in the ground
and in the excited states are equal in frequencies and amplitude
but moving in opposite direction, the center frequency becomes
insensitive to the wave packet dynamics. Although this condition

can rarely be met in real systems, the sensitivity of the SRFWM over the wavelength region 7360 nm. Representative

center freql_Jency decreases |n{:_1(DeXC|tat|on condition. For SRFWM signals for severdl values as well as the stationary
a system with a large Stokes shift, the ground-state bleach and

. L9 absorption and spontaneous emission spectra are shown in
the stimulated emission can be resolved as two separate bandqzigure 4. The SRFWM signals can be well represented by a
Solvation dynamics, ground-state hole filling, and the wave '

ket d oo h stat be ob d el sum of the stationary emission and the absorption, although the
packet dynamics in each state can be observed separately. q|ative contribution of the absorption is about 35% of the

stimulated emission. Oscillation of the peak position is readily

apparent for small’s, while the spectra seem to shift to the
The experimental apparatus has been described in detailred monotonically fofl values from 518 fs to 20 ps. The origins

elsewheré? The light source is a home-built cavity-dumped of a small bump at 13 500 crmh and modulation in the spectra

-200

Frequency (cm™)

-300

-400

Spectrum of the femtosecond pulse used is broad enough to
Tover most of the wavelength region that stationary absorption
and emission of DTTCI in methanol appear. Normalization by

the probe spectrum according to eq 2 can be applied reliably

3. Experimental Section
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Figure 4. Representative SRFWM signals for sevérailues as well good agreement W,'th the mode! calculations in section 2.
as the stationary absorption and spontaneous emission spectra of DTTCI Sqlvatlon dyna'mlcs of DTTCl in methanol has been reported
in methanol. previously by using three pulse-stimulated photon echo peak

shifts (3PEPSY:2°> The M(t) reported excluding intramolecular

for T = 108, 208 fs are unclear and will not be pursued in this Vibrations was shown in eq 5. In this work, the center frequency
work. Cyanine dyes such as HITCI and DTTCI are known to (in units of cn1?) is well described by 2 exponentials in a
undergo isomerization in the ;Sstate2’:22 Moreover, the  nonlinear least-squares fit:
photoisomers of DTTCI and HITCI may absorb near 800 nm.
Photoisomerization products, however, are usually observedw (t) =
when the molecules are excited on the blue side of the absorption 49 exp(t/235 fs)+ 70 exp-t/4.2 ps)+ 12722 (6)
band with a much higher pulse energy than used Hefelf
photoisomerization occurs significantly, one would observe a The time constants are in good agreement with previous results,
feature that may be attributable to photoisomerization intermedi- although the 4.2 ps component cannot be resolved into two
ates and/or photoisomerization products. No such band has beefpicosecond components as in a previous refiorhe relative
found. However, the fact that the relative contribution of the amplitude of the 235 fs component is smaller than the values
ground-state absorption to SRFWM is smaller than the stimu- reported previously. We believe the small ultrafast component
lated emission still leaves the possibility of photoisomerization s caused by the detuning of the pump laser frequencies from
products absorbing near the stationary absorption wavelength.absorption maximum. When the excitation frequency is tuned

The SRFWM signals shown in Figure 4 appear as a single on the red side of the absorption maximum, the ground-state
band, and the separation into the ground-state bleach and thévleach spectrum shifts toward the stationary absorption spec-
stimulated emission spectra cannot be realized. Instead, we havérum, a blue shift, a3 increases. The red shift of the stimulated
fitted each spectrum to a single log-normal function. The results emission due to solvation is partially canceled by the blue shift
are shown in Figure 5, which demonstrates that center frequencyof the bleach band, the degree of cancellation determined by
and line width can be measured with a precision better than 10the exact position of the excitation frequency. The solvation
cm~! by SRFWM technique. The shape of the center frequency dynamics of a dye molecule in methanol has been much
vs T is in general quite similar to the solvation function of discussed in the literature and will not be discussed any further.
methanol reported previously by using various mettses:16-25 We simply point out the sluggishness of the initial solvation
The center frequency decreasesTasicreases because of the for DTTCI in methanol compared to a typical value of 100 fs
dynamics Stokes shift of the stimulated emission band. On the using other dyes as probe molecuég29.30
other hand, the line width increases &sincreases mainly Also prominent in Figure 5 are the oscillations of the center
because the ground-state bleach and the excited-state stimulateftequency and the line width. A small amplitude X0 cnt?)
emission band bands are separated more as solvation proceedsscillation atT around 2 ps is readily visible demonstrating the
This observation is in contrast to a report by Bingemann and precision of the measurements. As shown in section 2, nuclear
Ernsting® where an initial rapid decrease of the line width on wave packet motions in both the ground and the excited states
a 100 fs time scale followed by a subsequent increase onare manifested in the oscillation of the center frequency and
picosecond time scales has been observed. The behavior of théhe line width. To verify that the oscillations are due to
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12950 T - . — 1.0 5. Concluding Comments
2.l We have shown that frequeneyime-resolved spectrogram

12900 ;_’ doo can be obtained easily by spectrally resolving a background-
o~ <1 T e free three pulse four-wave mixing signal in a transient grating
§, 12850 % " ! (TG) geometry. Although the information that can be obtained
P k| dos £ from SRFWM is the same as that from dispersed pump/probe
2 ) ) 6 < . . -
5 S g =50 o0 1500 st TA in the current experimental condition, the background-free
g 12800 : Frequency (em™) 2 geometry allows sensitive spectra measurements employing
53

array detectors.
In general, TG and TA signals are not equivalent. Transient
grating consists of the intensity grating and the refractive index
. | 0.6 grating. When the time delay of the two pump pulse#(eq
1000 1500 2000 1) is not zero, a transient grating in frequency space is also
T (fs) present. Consequently, TG signal intensity is sensitive on spatial
Figure 6. Comparison of the center frequency of SRFWM shown in @nd spectral diffusion processes. Once their signals are spectrally
Figure 5 (dotted line) and the TA (solid line). The inset shows real dispersed, the TG and TA spectra are much more alike (except
Fourier transform of the TA. the frequency grating in TG), since the spatial diffusion
] . ) processes unique to TG becomes irrelevant. However, SRFWM
-ll\-lgﬁlli_nEe;f L%Zgglgta%ggoggo(;etﬂtes gg}:w&déreonTeEhe and dispersed TA are different in one important aspect. In the
Frequency and Line Width presence of excited-state absorption, dispersed TA can have
negative values, but SRFWM is always positive due to the
detection of the modulus squared of the polarization.

12750

12700 :
0 500

phase (rad)

frequency (cm?)  timeconst(fs)  center  width  TA By utilizing SRFWM and theoretical calculations, we have
154 350 -0.085 -22 —0.54 studied the solvation dynamics and the nuclear wave packet
379 590 —0.13  -0.82 0.35 motions in the ground and the excited states for a dye molecule
492 1200 -10  -081 -02 in methanol solution with sub 20 fs time resolution. The spectra

aObtained by linear prediction singular value decomposition method. are well described as a sum of the time-dependent ground-state
bleach and the excited-state stimulated emission spectra.
intramolecular vibrations as in TA, we have measured a TA of Although the spectra cannot be divided into bleach and
DTTCI in methanol and compared with the center frequency, stimulated emission contributions due to a small Stoke shift,
which is shown in Figure 6. The Fourier transform of the the center frequency and the line width carry detailed informa-
oscillation components in TA is also shown in Figure 6 as an tion on the solvation dynamics and nuclear wave packet motions.
inset, which shows three prominent vibrations at 154, 379, and In addition to the frequency shifts due to solvation process, the
492 cntl. The Fourier transform of the center frequency and center frequency and the line width show oscillations due to
the line width vsT is also similar to the Figure 6 inset. the nuclear wave packet motions in both the ground and the
One important issue in TA spectroscopy is that there exists excited_ electro_nic states. The ambiguity _in assignme_nt of an
an ambiguity in the origin of an oscillation (vibration) to either oscillation to either the groulnd or the excited electror)lc statgs
one of the two electronic states involvéd: This may have an ~ ¢a@n be resolved by comparison between the phase in the line
important consequence in the interpretation TA signal related Width and that in the center frequency for the oscillation.
with chemical reaction dynamié3On the basis of the following . . )
observations, we argue that the 154 and 492cmodes in Acknowledgment. Financial support was provided by the
the center frequency of the SRFWM are due to the vibrational Korea Science and Engineering Foundation (96-0501-02-01-3)
wave packet motions in the excited and the ground electronic @nd in part by CRM-KOSEF (1999).
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