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Resonant impulsive-stimulated Raman scattering on malachite green
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We have studied in the femtosecond regime the transient dynamics of dichroism (anisotropic ab-

sorption), birefringence, and frequency shift induced by an intense femtosecond pump beam in the

dye malachite green in solution. Vibrational quantum beats were observed superimposed on the
saturated absorption and dispersion signals and quantitatively explained in terms of impulsive-

stimulated Raman scattering close to an electronic resonance. The selectivity for observation of the
vibrations in the two electronic states is described for the different experimental schemes. We dis-

cuss the access to vibrational and electronic dynamics in both ground and excited electronic states
and compare the possibilities to those of previous techniques.

INTRODUCTION

Various techniques exist that give access to the vibra-
tional dynamics of molecules in the dense phase. '

Among the available methods based on nonlinear optics,
time-resolved coherent anti-Stokes Raman scattering
(CARS) is a well-established technique to observe the vi-
brational phase decay. The availability of femtosecond
lasers has permitted several extensions of time-resolved
vibrational spectroscopy. Impulsive-stimulated Raman
scattering (ISRS) has been demonstrated. Excitation
and probing of low-frequency vibrational modes
displayed real-time molecular oscillations. These oscilla-
tions appear as quantum beats of the diffraction efficiency
of a transient-induced grating due to refractive-index
modulations.

Recently, multiterahertz oscillations of saturated ab-
sorption were also observed in several dye molecules in
solution. ' These transmission quantum beats, of vibra-
tional origin as well, were interpreted in the frame of a
three-level system with two closely spaced levels in the
upper electronic state.

We reported in a preceding Letter different pump-
probe measurements in the dye malachite green (MG)
with femtosecond resolution. Here we give a full account
of this study with additional results. Induced dichroism,
in its definition of anisotropic absorption, reproduces the
beats obtained by Rosker and co-workers, ' while in-
duced birefringence displayed vibrational oscillations as
well, but with a different origin. We show that the ob-
served quantum beats can be explained in the framework
of ISRS close to an electronic resonance so that absorp-
tion as well as dispersion beats are observable after a sin-
gle beam excitation. ' We show that vibrational excita-
tion occurs in both ground and excited electronic states.
In addition to the observation of vibrationally modulated
induced absorption and dispersion, we performed a mea-
surement of the frequency shift of the probe beam as well
as its amplitude modulation, both of which display vibra-
tional beats induced by the pump beam. We obtain
theoretical expressions for the observed signal using sta-

tistical mechanics on the basis of a unidimensional vib-
ronic system and discuss the molecular properties
relevant to the observations.

I. EXPERIMENT AND RESULTS

A. Experiment

The experiment consists of a pump-probe measurement
of light-induced dichroism, birefringence or frequency
modulation of a probe beam after illumination of the
sample by an intense pump light pulse (Fig. 1). The two
pulses are obtained by the splitting of the output of a
femtosecond dye laser [50—60 fs duration full width at
half maximum (FWHM) at 50 MHz repetition rate]
pumped by a frequency doubled continuously mode-
locked Nd: yttrium aluminum garnet (YAG) laser. " The
pump beam (15 mW average) is focused to a diameter
around 15 pm in the I =160-pm-thick sample jet contain-
ing malachite green in a 2X10 M solution. The 625-
nm wavelength of the laser is close to the absorption
maximum for MG in the three solvents that were investi-
gated, water, ethylene glycol, and dimethylsulfoxide. The
weak probe beam from the same laser is focused on the
excited spot with a small angle. Its horizontal polariza-
tion is at 45' from the pump polarization in order to per-
form a polarization-sensitive detection.

As shown in Fig. 1, we first measured the transient di-
chroism and birefringence induced by the pump beam
[cases (a) and (b) of Fig. 1]. The electric field of the putnp
beam can be written

A'( t ) =Eo ( t) exp(i coot ) +c.c. ,

where Eo(t) is the envelope. The probe pulse delayed by
~ relative to the excitation has two equal components
6', (t —r) parallel b,

~~

and perpendicular A', i to the pump
beam. After the sample, the probe field has experienced
amplitude and phase variations, different for the parallel
and perpendicular components. Its envelope is given by
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FIG. 1. The initial laser pulse is divided into two beams to perform the measurements in the pump-probe configuration. Nearly
collinear pump and probe beams are focused in the sample, polarized 45 to each other. Four polarization-sensitive schemes are used,
labeled (a)-(d). Beam energies given by detectors D& and D2 are equalized and synchronous detection of D

&

—D2 following modula-
tion of the pump gives the experimental signals. In (a) the probe polarization rotation is measured, while tuning of the compensator
to A, /4 gives access in (b) to the induced ellipticity. If a prism is used to disperse the probe beam, the frequency shift is measured by
D, —D2 in (c) (in fact, the difference in frequency shifts for two orthogonal polarizations). Tuning the compensator to k/4 gives ac-
cess in (d) to amplitude variations that can be visualized as delay time shifts. The moving mirror is oscillating to obtain the second
derivative of the experimental signals (Ref. 16).

E,(t lr)=E—,~~(t r)e ' —" +E,~(t r)e '— Sb(r)= R„(t)eC(t) .
2+i

(3)

S,(~)= Wta
—Wq

Wt(
IR r(t)tg C(t—), (2)

where means a convolution with the intensity auto-
correlation function

C(r) =f I(t)I(t r)dt—fI(t)dt

measured independently by harmonic generation. Rr(t)
is the response function of AI

tt

—EI ~ to an instantaneous
excitation. In our second detection scheme [case (b) in

Fig. 1], a quarter wave plate is inserted after the sample
at 45 to the probe polarization in order to give access to
the time-resolved optical Kerr effect. ' The measurement
of the energy difference between the two directions paral-
lel and perpendicular to the initial probe polarization
gives the ellipticity induced in the probe pulse. Compared
to the measurement of induced dichroism, this last mea-
surement exchanges formally the roles of a (t) and P(t) in
Eq. (1), and thus the response function R„(t ) of the index
of refraction ( hn

~~

—hn ~ ) is measured:

The amplitude factors a (t) originate from variations of
the absorption coefficient EI ~~(t) and bI ~(t) and the
phase factors g(t) originate from variations of the refrac-
tive index b, n~~(t) and b, n~(t). In our first detection
scheme [case (a) in Fig. 1], we measure the diff'erence in
energy Wtt

—W~ between parallel and perpendicular
probe field components, versus the delay time ~, which is
the standard method to measure the dichroism induced
by the pump excitation

COp

S,(~)=b,co(r) cc E,*(n), l )E, (cu, l)des

—f E,*(a),l)E, (co, 1 )dao .
COp

(4)

These techniques, already exploited in previous stud-
ies, ' ' possess high sensitivity due to the linear detection
of the absorption or refractive-index variations and to the
differential detection that limits the influence of probe in-
tensity fluctuations. Detectivity of induced intensity
variations within 10 is obtained with our system. In
addition, with these techniques, absorption and disper-
sion perturbations are experimentally separated in con-
trast to the case of induced gratings measurements.
In our experimental configuration a Babinet-Soleil com-
pensator is used after the sample tuned at 1,/2 in order to
get the induced dichroism signal S,(r) and at A, /4 to get
the induced birefringence signal Sb(r) They can. be suc-
cessively obtained without any other adjustment.

Two additional detection schemes were implemented
to analyze spectral and amplitude perturbations of the
probe beam as displayed in Fig. 1, cases (c) and (d). After
the excitation, the probe pulse is sent into the sample
with geometrical conditions identical to the above mea-
surement. Then the probe pulse is spectrally dispersed by
a prism on a dual photocell equilibrated to zero. In addi-
tion, the spectra of B,

~~

and 6', j are expanded in opposite
directions on the dual photoce11. The difference in the
energy received by the two detectors in thus proportional
to the difference hco~t —bee~ between the frequency shifts
experienced by the two probe polarizations. hm is the
shift of the spectrum center of gravity cop.
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To evaluate the origin of the measured signal, one can
assume that a (t)+if(t) in Eq. (1) is small compared to 1

and varies slowly enough with time to be approximated
by a second-order expansion in t. Then

E (co —co r)= E (t —r)e ' " 'e""+'+"dt
CO —

COO, V

4
I

4

C4

E,*(co coo—, r)E, (co coo—,~)
(5) Case

(c

EQUENCY IIJIOOULATION ATION

=E, (a) —a)0)E, (co —F00)[1+2a(r)]

d dg+E (co —coo) E (ct) coo) 2
dco d7-

3'

I

3
4

I
I i & & & I i i i i I & i i i & i & t I

I

4
I I I I I I I I I I I i I I

I

where we have considered for simplicity that E,(t) and
thus E,(co) are real and symmetric. The above calcula-
tion gives the result of the instantaneous frequency ap-
proximation' [b,co(r) = dP/—dr]. Thus

S,(r) = I [R„—(t)]eC(t) .
dt

(6)

Breakdown of this approximation can be expected if
terms higher than second order in time are not negligible
in a (t) and g(t) or if the variation of a (r) with the opti-
cal frequency ~ is important.

In a last set of experiments a quarter wave plate is also
inserted in the probe beam after the sample and before
the frequency shift analysis [case (d) of Fig. 1]. The phys-
ical origin of the signal can be understood with the ap-
proximation leading to the above Eq. (6). Since the quar-
ter wave plate exchanges the role of the phase P(t) and
amplitude a (t), Sd(r) = da(r)/d'T:—

S„(r)=1 [R„(t)]e—C(t) .

da(r) E(t =0)
dr d'E(t =0)/dt'

(8)

Thus Sd(r) ~ br, if we neglect the delay given by the
change of the index of refraction.

B. Results

Figure 2 represents four sets of experimental data ob-
tained using the different detection schemes described
above, in MG dissolved in water. In (a), we observe the
decay of anisotropic saturated absorption (dichroism) in-
duced by the pump beam, while in (b) we observe the in-
duced birefringence (Kerr effect) due to induced saturat-
ed dispersion of the dye. Superimposed on the slowly
varying decay, damped oscillations are displayed with a
period close to 150 fs corresponding to a vibrational
mode ( -220 cm ') of MG. The decay S,(r ) is the po-
larization analog of the beatings observed by Rosker et
al. in satured absorption, while Sb(~) is the report of a
vibrationally modulated time-resolved Kerr effect.

In Fig. 2(c), we observe that the probe beam frequency
is shifted by the excitation and that vibrational oscilla-
tions are clearly displayed on this frequency shift. We

within these approximations, Sd(r) measures the
difference of the time shifts h~ experienced by the two
polarization components of the probe pulse:

TINIE DELAY (ps}

FIG. 2. For malachite green in water, the four experimental
signals corresponding to the setup of Fig. 1 are displayed and
indexed accordingly, cases (a)—(d). Induced dichroism (a) and
birefringence (b) are obtained in successive runs, going from
each other by tuning the compensator. Frequency modulation
(c) and amplitude modulation (d) are likewise obtained succes-
sively by the frequency shift measurements. Small magnitude
beatings are observed in each condition, superimposed on large
backgrounds originating from saturated absorption and disper-
sion. At bottom, the experimental intensity autocorrelation
function gives the time resolution and the zero time delay.

underline the sensitivity necessary to obtain this result
since the magnitude of the frequency modulation is only
several 10 cm ' (compared to the 200 cm ' laser
bandwidth}. Finally, the amplitude modulation Sd(r) in
Fig. 2(d} displays again vibrational oscillations superim-
posed on a slowly varying background. The sensitivity
achieved gives access to a time delay shift of several tens
of attoseconds as given by Eq. (8) (1 as =10 ' s).

In all these experiments, a sharp structure close to the
zero time delay reveals the presence of the so-called
coherent artefact due to the use of pulses from the same
laser to pump and probe the sample. ' The experimental
curves will be exploited outside this perturbed range that
is complicated by an additional thermal contribution.

The oscillatory experimental behavior is superimposed
on a large slowly relaxing background, especially in the
cases (a) and (b) of induced dichroism and birefringence.
In order to perform a selective observation of the high-
frequency variations of the experimental signals, we have
developed a new technique described in detail else-
where we modulate the time delay r by using an oscil-
lating mirror and detect the modulation of the probe
beam by a phase-sensitive detection tuned to the harmon-
ic frequency of the oscillation. For time delay oscillations
short compared to the laser pulse duration, the signal
S (~) obtained by this technique is equal to the second
derivative d S(v.)/dH of the direct signal S(r). The
same experimental procedure can be applied to obtain the
intensity autocorrelation function C (r) One can see.
that the measurements of induced dichroism (a) and
birefringence (b) by this technique lead to
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FIG. 3. Vibration of the time delay (using the moving mirror
of Fig. 1) and synchronous detection of the signal at the har-
monic of this vibration frequency permits us to measure the
second derivative of the experimental signals (Ref. 16). This
operation is displayed in (a) for induced dichroism and in (b) for
induced birefringence, for the same conditions as in Figs. 2(a)
and 2(b). The same procedure is applied to the intensity auto-
correlation function (on top of the figure). At the bottom of the
figure, the damped oscillations are now clearly extracted with

improved signal to noise.

S, (r)= —IRr(~)cgjC (r),

Sb (r)= R„(r)C (r),2' E
(9)

II. INTERPRETATION

Our experimental results clearly exhibit oscillations
with a period close to 1SO fs, which corresponds to the
breathing mode of triphenylmethane' dyes observed at
225 cm ' in MG. ' To interpret our observations, we
will refer to the impulse Raman excitation and probing.

in close analogy with Eqs. (2) and (3). The apparatus
function C(r) is simply replaced by the function C (w).
Figure 3 displays the results obtained for induced absorp-
tion and dichroism in MG dissolved in water. The beat-
ing is extracted with a better signal to noise than in Figs.
2(a) and 2(b) as shown by the magnified scale at the bot-
tom of Fig. 3.

The oscillatory decays were observed in three solvents,
water, dimethylsulfoxide, and ethylene glycol with
different viscosities and dielectric constants in order to
test the influence of the solvent properties. In Fig. 4, the
oscillating components of the induced dichroism (a) and
birefringence (b) are displayed for the three solvents test-
ed. In the case of frequency and amplitude modulations
[cases (c) and (d)], the oscillations are detected with an
acceptable signal-to-noise ratio on the direct signal. Thus
a high-pass numerical filtering is sufficient to obtain the
oscillating decay of Figs. 4(c) and 4(d) in water and
ethylene glycol (the signal to noise was not acceptable in
dimethylsulfoxide).

FIG. 4. The damped molecular oscillations are observed for
malachite green in different solvents. The signals obtained for
the different experimental configurations are indexed as cases
(a)-(d) according to the notations of Figs. 1 and 2. The modu-

lated part of the signal is obtained in (a) and (b) (induced di-

chroism and birefringence) by the technique illustrated in Fig. 3,
and in cases (c) and (d) (frequency and amplitude modulation)
the beating is selected by a high-pass numerical filter. In each
experimental configuration the vibrational beatings are very

similar in the different solvents (water, ethyleneglycol, dimethyl-

sulfoxide). Quantitative comparison is made using a fit by a

damped sinusoid superimposed as a dotted line on the data,
with parameters given in Table I.

In contrast to a previous description of this effect, ' we
are in the resonant regime. This explains why we observe
absorption as well as dispersion modulations in the medi-
um; in addition, vibrations in both the ground and excit-
ed electronic states will be involved. We will develop a
simple model to describe the origin of our observations.
Finally, we will analyze what information can be extract-
ed from our measurements concerning the dynamics in-
side the two electronic states.

A. Model

The pump laser pulse, with electric field B(t)
l copf + kpz=Eo(t)e +c.c., excites the molecular system as

schematized in Fig. 5. The energy is plotted versus the
vibrational coordinate Q of the breathing mode. The vi-
brational states in the ground electronic state
So(y and y', etc.) and in the excited state S,(P,P', etc.)

have different equilibrium positions since the mode is op-
tically active. We will restrict our calculation to this uni-
dimensional model but will have then to consider the
eventual additional effects of the relaxation of the other
active vibrational modes in SI (going to SI in Fig. 4).
The vibronic Harniltonian Ho is perturbed by the dipolar
Harniltonian of interaction with the pump light pulse
Ht(t) = PE(t). —

The time evolution of the system is described by the
density matrix which satisfies the equation
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dp 1 d

dt ih ' dt[H, +H, (t),p(t) )+ —p„h„. (10)

To obtain the vibrational quantum beats, we solve this
equation by a perturbative approach. ' At first order,
coherences between states y in Sp and P in S, are excited,

p,'p(t) = — P—,pp'„ f R,p(t')E(t t')d—t',
Laser
Ca) 0

—(ice + ] /T )t
R P(t)=e rp rp for t)0.yp (12)

At second order, populations and coherences are excited
inside each electronic state:

where I'yp is the dipolar matrix element, prr the equilib-
rium population in state y, and R p(t) the response func-
tion of the p'p elements equal in the Block approximation
to

Vibrational amplitude Q

FIG. 5. Schematization of the vibronic system describing the

dye molecule excited by the laser at frequency coo close to the

electronic resonance. The unidimensional model with a single
vibrational coordinate Q is accommodated to take into account
the presence of several modes excited during the electronic tran-
sition. Their relaxation is accounted qualitatively by a shift of
the unidimensional surface from S& to S&.

p' (t)=—,f dt" f dt'E(t t")E(t ——t' —t")R .(t")g P pPp .[p R p(t')+p .Rp, (t')], (13)

petr(t)=, f dt" f dt'E(t —t")E(t t' —t")—R ptr(t") g PprPrtrprr[Rrp (t')+Rpr(t')],
y

(14)

with R rr. and R p& defined by the same Eq. (11).
The dephasing times Trp between the two electronic states being short compared to the light pulse duration, the

above expressions can be approximated by integration over t . If we assume that the electronic dephasing times Trp are
the same for the different vibrational states ( Trp T, ), ——

prr (t) =
2

dt Ep(t t ) g PrpPpr'
2 1 "

2

$2
p

Typ
~rr rr'

1
1(Cdp+ Cdrp) +

e

Py. r.Rrr. t
2

1—t (Cdp+Cdr p)+
e

(15)

ppp(t) = — f dt'Ep(t t') Q Pp —Prp prr—e)

Typ
R ppi t

2
+

t ( Cdp + Cd rtr ) +
e

Typ
Rpp t'—

2

1
t (Cdp+Cdr—p)+

e

(16)

where T p
——1/[1/T, +i(c—dp+cd p)].

Thus, second-order perturbation introduces vibronic population changes (for y=y' and P=P') and vibrational
coherences in the ground electronic state Qr as well as in the excited state Qp,

Qr(t) = g prrqr r, Qp, (t). = g pppqpp,
r r' p, p'

where q (qptr) are the vibrational matrix elements. For a harmonic oscillator with a mass m (m or m ) and a fre-
quency cd (cdr or cdp), only the response functions for y'=y+1 and p'=p+1 appear. Then

I

Qr(t) =2 Ref, g &y+1P PPP +,Ep(t t')—
(2mrcdrl )

t rr r r+i rP I r+i, r+i r, r+i r+i, p

I (Cdp+Cd p)+ —t ( Cdp+ Cd + i p ) +
e e
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Prr PP+~( r P+~ } Prr PP+~(t TrP)
QP(

—— f P, „,g 13+
(2mP fi2)'r r.P t(tpp+tpr P+, )+ i(t—op+~ P)+

conkpNnr p

e e
(20)

Vibrations are excited as a consequence of the presence of
Fourier components at the oscillator frequency in the in-

tensity profile Ep(t). This impulsive Raman excitation
occurs because the light spectrum contains at the same
time the laser and Stokes frequencies. In the resonant re-

gime, that we analyze here, impulsive Raman excitation
occurs both in the ground and excited electronic states
and the initial vibrational phases depend on the reso-
nance mismatch.

With the single beam Raman excitation described here,
the wave vectors of the vibrational excitations are simply

where n is the refractive index of the sample at the laser
wavelength.

We consider now the probing of the excited volume by
a pulse

—icoo(f —~)+k, r
E,(t r)e —' ' +c.c. ,

issued from the same beam as the pump pulse and fo-
cused with a relative delay ~ after the pump. The polar-
ization radiated by the probe pulse can be calculated by
expansion of the density matrix up to the third order in
the fields

P (t)= g P PPtr P .PPP
3 l

$3
r', p"

&& f" «"'f" «"f" dt'E, (t t"' r}Ep—(t t—' t—'")Ep(—t —t' t" t"')

XR P(t'")[R (t")[P R &(t')+PP, ,R&,(t')]

+RPtr(t")pr, [R,.P(t')+RP, , (t )]) . (21)

In this expression, we neglect the so-called coherent artefact that occurs from permutations of the electric fields. In
Eq. (21), we recognize contributions to the polarization from vibrational levels in the ground electronic state and in the
excited electronic state by Rr (t') and R&&(t'), respectively.

Assuming an electronic dephasing time T, faster than the pulse duration,

P'(t)=, g E,(t r T+ )e- —;„(, ,) P P .P ~ P

l(QPP+tPrP)+
1

e

X f dt'E,'(t t')—
TyP

~rr rr'

1
t (cpp+ filrtr )+

e

Tytg
rr'

1—I ( cd() + ter P ) +
e

T+
0 tpf

py Rpp t'—
2

0 I
P ~ Rpp t—

17 Ip

2

1
t (cop+car tr )+

e

1—t (cop+ co p) +
e

(22)

BE (t)
, P'(t) ' "',

Br 2n2
(23)

The perturbation of the probe beam is given by the
propagation equations. In a frame moving with the
pulse,

ky or kp being the wave vector of the vibrational excita-
tion given by Eq. (20), the wave-vector mismatch is
Ak =kr(1 cos8) [or —kP(1 —cos8)] where 8 is the angle
between pump and probe beams. For the oscillator fre-
quency ( -220 cm '} and experimental angle 8 and sam-
ple length (1=160pm), bkr remains much smaller than
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1. At the sample output,

E,(t, l) =E,(t)+ P'(t) .
2nc

(24)

B. Discussion

The last equation shows that the radiated polarization
perturbing the probe pulse is modulated by the response
functions R„r (t) and R&&(t) of the vibrations in both
ground and excited electronic states, in addition to the di-
agonal response functions R rr(t) and R&&(t) of the popu-
lations. The vibrational quantum beats observable are
similar in principle to the previously reported quantum
beats in transmission and have different selection
rules than in fluorescence detection. ' The observation of
the vibrational response functions Rrr (t) and Rtttr(t) ob-
tained by the density-matrix expansion at third order in
the fields confirms that Eqs. (22)—(24) describe an ISRS
quantum beat experiment. Far from resonance P (t) is
purely imaginary and only refractive-index modulations
take place, related to the previously observed impulsive-
stimulated Raman scattering where only the ground elec-
tronic state is involved. Closer to resonance, vibrations
in both electronic states are involved, leading to joint ab-
sorption and dispersion modulation of the probe beam, as
exhibited by our observations.

1. Vibrational oscillation and decay

A least-squares fit of the observed damped oscillation
by a function

7
A exp — cos(m, r+g)

T2

is plotted in Fig. 4. Table I gives the values obtained for
co„and P. Small phase shifts due to the finite pulse dura-
tion are subtracted by deconvolution. Trials to fit the
damped oscillations with a biexponential decay do not
improve significantly the quality of the fit.

The acceptable fit by a monoexponential oscillating de-
cay with —150-fs period shows that only the breathing
mode of MG at 220 cm ' is involved. In fact, this mode
is strongly Raman active and enhanced by the reso-
nance. ' It is isolated in frequency between weakly active
higher modes' and overdamped torsional modes at lower
frequencies.

The observation of two different damping times T2
shows that we observe vibrational dephasing in the
ground electronic state So as well as in the excited state
S&. The perturbation of the amplitude of the probe pulse
(absorption effects) comes mainly from the high electron-
ic state, while phase perturbations of the probe pulse
(dispersion effects) originate from the ground electronic

Thus the probe pulse is perturbed by a phase and ampli-
tude factor as assumed in Eq. (I),

ical P (t) ical P (t)
a t=Re t =Im

2nc E (t) '
2nc E~(t)

(25)
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state alone. As a matter of fact, the decay times for the
induced birefringence [case (b)] and frequency modula-
tion [case (d)] are comparable to the dephasing time de-
rived from Raman spectroscopy [350 fs compared to
-400 fs (Ref. 18)], while the decay time for induced di-
chroism [case (a)] and amplitude modulation [case (d)] is
much faster (around 140 fs). As indicated by Tang and
co-workers ' the modulation in saturated absorption
gives access to the vibrational dephasing in the excited
electronic state.

The nearly exponential oscillating decay indicates that
the dephasing time T2 and frequency co„are similar for
the vibrational levels involved in a given electronic state.
We must remark that a limited nonexponential deviation
appears in all the experimental results, manifested by a
small amplitude oscillation persisting after the complete
damping of the fit. It remains difficult to demonstrate
whether the vibrational dephasing is nonexponential or
simply that the separation of vibrational dephasing in the
ground and excited electronic state is not complete.

In all our experimental results, the fitted value of the
vibrational period in the excited state ( —154-155 fs) is
very similar to its value in the ground electronic state
(152—153 fs). The systematic shift of 2 fs lies within the
experimental accuracy and would be compatible with a
slightly less bonding excited electronic state.

An interesting point is the observation that the vibra-
tional dynamics is very similar in the different solvents
tested (having different molecular masses, viscosities, and

I

dielectric constants, etc.) in contrast to the behavior of
population relaxation very sensitive to solvent parame-
ters. This indicates that we observe vibrational de-
phasing of the isolated dye molecule or at least that the
solvent does not intervene by its detailed structure. In
addition, the solvent shifts of the absorption peak accom-
panying the different solvents have a negligible effect on
the observed modulations, in agreement with their small
amount ( —10 nm) compared to the electronic resonance
width ( —50 nm).

2. Physical picture of resonant ISRS

A more quantitative feeling can be gained by additional

approximations. For a harmonic oscillator damped by a
quadratic perturbation potential, the response functions
R r r+&(t), or R p p+, (t), are identical in all the vibration-
al states of a given electronic state:

Rr r+, (t) =exp(itort t /T)t)—,

and a corresponding equation holds for the P states. This
approximation looks reasonable in our case since nearly
exponential oscillating decays are observed. A simple ex-
pression for Q (t) and Qp(t) [Eqs. (18) and (19)] can be
obtained if in addition we consider that the co&~ frequency
can be replaced by an electronic frequency co, in the sum-
mation, that is justified by the Franck-Condon limitation
of accessible vibrational states. Following an impulse ex-
citation [Eo(t)=5(t)],

—(i r, )trf —— )'+ rp pr+~ oe ' g ', tp cos[cor(t —T, ) —f]+p +, +, cos[cor(t —T, )+f]I,
[(~ ~ )2+ 1/T2]1/2 rr

(26)

with tang/ = (coo —to, )T„and
' 1/2

Q (t)= 2 2

ma's'
—(t —T, ))/T2

y, g p cos[co (t —T, )],&P+1PprPrp+)

r p (top —co, )'+1/T,'

(27)

where we have also assumed that we are close enough to
resonance so that T—+

&
——T, .

The physical picture of the resonant impulsive Rarnan
excitation appears clearly: far from resonance Qr(t) is
excited with an amplitude proportional to 1/(coo —co, )

and begins to oscillate following

sin(sort ) exp( t /T$)—
as in the case of a classical oscillator excited by a shock.
Qp(t) in the high electronic state has a comparatively
negligible amplitude [scaling as 1/(too —co, ) ]. When the
resonance is approached, Qr(t) and Qp(t) experience an
enhancement of their excitation until Qp(t) in the high
electronic state becomes excited with an amplitude com-
parable to Q (t) in the ground state. Excitation of Qp(t)

in the high electronic state varies as the absorption profile
and is important only in case of a strong vibronic cou-
pling implying that Qp and Qr have different equilibrium
positions (otherwise PrpPpr+, ——0). When the resonance
is approached, Q (t) evolves from sin(tort ) to cos(tort ) at
exact resonance. Qp(t) in the S, electronic state is phase
locked to cos(topt ) (within the electronic dephasing time
T, ). The result of Eqs. (19) and (27) corresponds to the
qualitative picture given in Refs. 18 and 26 (but not
recognized there as Raman effect): excitation of vibra-
tional populations in S& is accompanied by excitation of
vibrational coherence and the oscillator undergoes oscil-
lations from the side of the S, potential. Impulsive Ra-
man excitation in the resonant case is characterized by
communicating not only an initial velocity to the vibra-
tion but also an initial amplitude.

For the ground-state excitation, electronic population
changes are not necessary and the amplitude Qr(t) per-
sists far from resonance following the dispersion profile of
the electronic transition. At resonance, impulsive Raman
excitation lead also to a nonzero initial amplitude of os-
cillation in So. We remark also that the finite value of
the electronic dephasing time T, imposes a time delay for
the vibrational excitation close to resonance, while far
from resonance no effect of electronic dephasing can be
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detected any more since T—+& -0.
In this classical picture, the probe beam experiences a

change of absorption coefficient EI (t) and refractive in-
dex hn(t),

doy dOp&1(t)= „'Q,(t)+ „Qp(t) (28)

dar dap
An(t)= (n +2)' Qr(t)+ Qp(t)

9n dq r dq
(29)

3. Information on the vibronic dynamics

We indicate above that an upper limit can be evaluated
for the electronic dephasing time around 20 fs. In case of
inhomogeneity of the electronic transition, not con-
sidered until here, we would expect to observe a superpo-
sition of experiments performed for different resonance
conditions. Limited blurring of the observed oscillations
would occur associated with a dispersion of the resonance
conditions. Thus observation of ISRS quantum beats is
weakly dependent on electronic inhomogeneity. In con-
trast, vibrational inhomogeneity (difference in vibrational
frequency from molecule to molecule) would influence
the observed vibrational decay.

Direct information is obtained about the dephasing dy-
namics of' the breathing mode at 220 cm ' in the ground
electronic state Sp as well as in the excited state S, . The
origin of the shortening of Tz by more than a factor of 2
from Sp to S& must be explained. Vibrational dephasing
has two origins, energy relaxation T, and fluctuations of
the oscillator frequency b, to(t) (pure dephasing). In the
fast modulation limit

where the real part of the polarizability ar (ap) and ab-
sorption cross section o r (o.p) in each electronic state are
derived versus the individual vibrational coordinate q.
The observation of Qr(t) in birefringence and frequency
modulation [cases (b) and (c)] implies that d apldq
&&dar/dq, while observation of gp(t) in dichroism and
amplitude modulation [cases (a) and (d)] implies that
do rldq &&dapldq.

The initial phases of the experimental damped oscilla-
tions can be compared to the above expressions, Eqs. (26)
and (27). A phase 1(t close to zero is observed for the in-
duced absorption [case (a)] and compatible with its
derivative [Eq. (8)] in amplitude modulation [case (d)] as
shown in Table I. This means that the electronic dephas-
ing time T, is very short since it gives no detectable phase
shift. Within the experimental phase precision of
-+20', an upper limit for the electronic dephasing time
T, should be around 20 fs. Thus the electronic absorp-
tion band must have an important homogeneous charac-
ter since a lower limit of 7 fs is given by the linewidth. A
phase shift of 40' observed in induced birefringence [case
(b)] and compatible with its derivative [Eq. (7)] in fre-
quency modulation [case (c)] comes from the excitation of
Qr(t) close to the resonance but on the low-frequency
side.

( )
f B—V( 1 BiV

2m ~toi Bg 2m coo Qg z (31)

The bath is constituted by the other vibrational modes
of the molecules and thus the derivatives of V(t) versus Q
in Eq. (31) are proportional to the crossed anharinonici-
ties (8 V/Bg Bg;, 3 V/BQBQ;, etc.). As a general rule,
these crossed anharmonicities as well as the diagonal
anharmonicity f are larger in the excited electronic state
due to the smaller dissociation energy. Thus pure de-
phasing is expected to be faster in S& than in Sp as we ob-
serve.

We observe selectively the oscillation of the breathing
mode of MG as reported in previous experiments. '

Other resonance enhanced Raman active modes are not
observable since neither excitation nor probing is efficient
outside the laser bandwidth. Triphenyl methane dyes
look thus especially adapted to the unidimensional model
developed above. Nevertheless, all the optically active
modes of the MG molecule are excited. In our unidimen-
sional model, the role of the other modes can be qualita-
tively taken into account by the shift of S, with time go-
ing to S& in Fig. 5 following the vibrational redistribu-
tion. Our experiment indicates that the transient oscilla-
tions are installed within a 100-fs delay.

4. Selective observations of vibrations in Sv and Si

We observe selectively the dynamics of Q (in So) by
dispersion experiments and the dynamics of Q p (in S, ) by
absorption experiments. The approximate expressions
given by Eqs. (28) and (29) will allow us to interpret sim-

ply this feature.
Considering first the modulation of absorption and

dispersion by the vibration of gr in So, o and a are
determined by the linear susceptibility P, (co) of the dye
molecule. Figure 6 gives the absorption curve of MG
[o,(A, )] measured versus the wave number I/A. , and the
associated dispersion curve a, (A, ) qualitatively plotted.
A simple picture such as the free-electron gas model in-
dicates that the peak position A,, is linearly dependent on
the vibrational elongation Q . If we consider that the
perturbation of the spectrum by a change of Q is limited
to this shift, then

T, is due to the dissipation of energy towards other de-

grees of freedom. Energy must be given to lower quan-
tum states, which are in the present case solvent states or
torsional modes strongly coupled to the solvent. As the
vibrational dynamics that we observe is not solvent
dependent, Tz must be due to pure dephasing.

An anharmonic oscillator with Hamiltonian Hp
=P /2m+ —,'mtoog +(f/6)g immersed in a bath
suffers a time-dependent interaction Hamiltonian

BV(t) 1 8 V(t)
Bg 2 (jg~

at second order in Q. Then

+ Ac@ tkco0 dt
Tp 2Ti p

(30)
do y d~a d~a day dna dA'a

dq dA, p dq
'

dq dip dq
(32)
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CROSS SECTION( EÃ)

13 5 16 17 18 (10 cm i)
4)o ENERGY

Laser

FIG. 6. Absorption and emission (fluorescence) spectrum of
malachite green in water solution. The laser frequency coo is
close to the maximum of the absorption cross section o, and on
the fast slope of the associated dispersion a„while the situation
is opposite for the emission spectrum. The dispersion curve is
calculated from the absorption measurement. The emission
spectra are taken as the image by mirror symmetry of the ab-
sorption curve, with a fluorescence Stokes shift experimentally
obtained by fluorescence up-conversion.

do& do, dA, , da& da, dA, ,
dq dko dq

'
dq dA, O dq

(33)

The laser wavelength is now on the wing of the emis-
sion curve, so that da&/dq is now close to zero while
Bo.&/dq is large. We are in the opposite configuration
than for Q~. This picture explains simply why Q~ in So
is observed in induced birefringence [case (b)] and fre-
quency modulation [case (c)], while Q& in S& is observed
in induced absorption [case (a)] and amplitude modula-
tion [case (d)].

If our interpretation is correct, scanning the laser
wavelength off the electronic resonance would cause a
loss of selectivity of absorption and dispersion experi-
ments on the vibrational dynamics in the lower and upper
electronic states.

5. Comparison with other experimental techniques

Previous ISRS experiments were performed with a
grating configuration, ' i.e., excitation with two beams

The derivative of the absorption cross section o., and
dispersion a, at the laser wavelength ko indicate that, as
we are close to the absorption peak (see Fig. 6), do, /d A,o
is very small and da, /dA, O is maximum, so that we ex-
pect that absorption measurements will be insensitive on
vibration in So, while dispersion experiments will have an
enhanced sensitivity.

The same arguments can be developed for Q& in St but
considering now the emission susceptibility X,(co) from
S', . X, (co} is displaced by the emission Stokes shift as
shown in Fig. 6. We can write

and probing by scattering on the dynamic grating.
Though this configuration offers more polarization
choices, detection of

~

P (t)
~

(quadratic detection) is a
handicap: intense amplified pulses are necessary and also
data on absorption and dispersion changes cannot be ex-
perimentally separated. Recent work has permitted ob-
servation of stimulated Raman scattering induced by a
single beam, by the induced Kerr effect, ' ' or spectrum
modulation. The single beam excitation that we per-
form permits a very sensitive linear detection of the radi-
ated polarization P (t) with separation of absorption and
dispersion dynamics, that is of prime importance close to
an electronic resonance.

We also underline that, while the present observation
of frequency and amplitude modulations is considered
here simply as a verification of induced absorption and
dispersion measurements, it offers in fact different possi-
bilities. We have some indications that the derivative
equations (7} and (8) are not strictly followed, which im-
plies the presence of a contribution of frequency-
dependent saturated absorption in the probe frequency
shift (and of a similar contribution of frequency-
dependent saturated dispersion in amplitude modulation).
These contributions to phase modulation are usually
neglected, though they may be of great importance in
practice, for example, in order to understand short pulse
formation in subpicosecond dye lasers.

The time-resolved ISRS experiments were based on the
same physical processes as time-resolved CARS. ' Simply
in the latter scheme, the vibrational frequency is excited
by a beating between separate laser and Stokes pulses and
can thus give access to selected high-frequency modes.
Probing is obtained by analyzing a new spectral com-
ponent at the Stokes or anti-Stokes frequency. We notice
that our frequency modulation technique is the natural
extension of this detection of new frequencies. Both
ISRS and CARS techniques can be used to study vibra-
tional dephasing. CARS has a clear advantage of selec-
tivity and high-frequency coverage but gives only access
to the envelope of the vibrational oscillation. The addi-
tional information of phase and period are given by ISRS.
Also, by time-resolved CARS, a linear detection is deli-
cate and usually a quadratic detection is performed that
gives no way to separate absorption and dispersion
effects. The polarization-sensitive ISRS schemes demon-
strated in this paper supply an ef5cient way to study the
response function of vibrational oscillations excited reso-
nantly.

CONCLUSION

We have described different experimental manifesta-
tions of impulsive-stimulated Raman scattering in the
resonant regime. We report the clear identification of
Raman beats induced by a single beam ISRS excitation.
The polarization-sensitive linear coherent detection that
we use gives access separately to phase, amplitude as well
as frequency modulations of a laser beam by ISRS. Our
observations show the main trends of resonant ISRS such
as the appearance of an absorptive effect in addition to
pure dispersive manifestations. By an expansion of the
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density matrix up to third order in the fields, we have de-

scribed the observation of real-time vibrational oscilla-
tions in both ground and excited electronic states close to
an electronic resonance, for a time-resolved saturated ab-

sorption or dispersion experiment. In particular, we

show explicitly that the absorption quantum beats report-
ed in Refs. 6 and 7 can be interpreted in terms of
impulsive-stimulated Raman scattering (mainly in the S,
electronic state) in a theoretical framework common with
the description of the induced Kerr quantum beats re-
ported here (originating mainly from the So electronic
state). A simple model used for a vibronic system allows

discussion of the physical parameters responsible for the
observed experimental data. Vibrational dephasing is dis-
cussed as well as the electronic dynamics.

Tunable femtosecond pulses would lead to extremely
promising spectroscopic applications of this effect such as
the observation of the deformation of the electronic spec-
trum ' accompanying a vibrational oscillation. In ad-
dition, the scheme that we demonstrate to analyze fre-

quency modulations of a probe pulse opens a new experi-
mental access to the variation with frequency of time-
dependent nonlinear phenomena, a field that remains to
be prospected theoretically.
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