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A rigorous theoretical connection between the polarizability spectral density obtained from optical
Kerr effect (OKE) measurement with the correlation function describing solvent-induced optical
dephasing detected in photon echo measurements is given. The experimentally obtained spectral
density has a more reasonable physical basis than model correlation function descriptions of solvent
fluctuations. The experimental OKE spectrum is demonstrated to provide a natural description of
solvent motions that modulate the chromophore electronic states in the case of weak induced-dipolar
interactions. The chromophore optically active vibrational modes are obtained from pump-probe
spectra and are employed in the calculation of echo signals. It is found that the fast decays of the
two-pulse echo signals result from both solvent and solute intramolecular motions while the echo
peak shifts are dominated by the solvent intermolecular mode49@5 American Institute of
Physics.

I. INTRODUCTION pulses. The three-pulse photon echo is used to map out other
slower motions by varying the time delay between two grat-
One of the interesting and fundamental challenges in uning forming beams and the probe beam. Recently, two inde-
derstanding chemical reaction phenomena in condensgsendent experiments that time-gate the photon echo $ighal
phases is obtaining the correct description of the bath and if§emonstrated that the echo shape itself is more sensitive to
interaction with the reactant or chromophore. The answer ifhe solvent fluctuations than conventional time-integrated
sohds'cel\nters around the idea of the phonon spectrum of thechoes. Fleming and co-workers reported fifth-order three-
material. The situation in liquids is significantly compli- pyise photon echoes in contrast to time-gated echoes for elu-
cated by the lack of stable structures. The lack of a “simply” cigation of more accurate descriptions of bath correlation
replicating structure makes the environment inhomogeneoug,,ctionsl® 1
from one position to another. The inherent fluctuations of the |, most ultrafast photon echo studies, a single or a few
_posmon_s a”‘?' orientations of the bath molecules and theiy pes of model correlation functions are used to describe the
interaction with the reactant or product serve as a source olvent fluctuation&12-15 Recently, Vawringer et all®
EXCI.tatIOI‘l or d|§5|pat|on. An unders_tandlng O,f these_ ra,p'dshowed that an experimentally measured solvent vibrational
m°“°f‘s anq t_helr coupling to a regctlon or_opt|cal exc'tat_'onspectrum provides a natural description of solvent-induced
coordinate is important for theoretical prediction of ChemlcaleIectronic fluctuations. The solute-solvent interactions in

processes in liquids. their system, the cyanine dye HITCI in polar solvents, are

Photon echo spectroscopy is a powerful technique t%ominated by the ion-induced dipole and/or instantaneous

study dynamics in condensed media, where the time scal%s : . : .
. ) ipole-induced dipol€or dispersion forces. In the case of
of a variety of motions occur over a very broad range

(fs-n9.2-5The operational principle of the photon echo tech_the chromophore studied, the solvent vibrational motions

. . . hat modulate the solvent polarizability may affect the
nigue is that three sequential short laser pulses resonantgl . . L
. . S olvent-solute interactions and will, in turn, cause a modula-
excite molecules whose absorptions lie within the laser spec- . o
tion of the chromophore electronic energy gap. A polarizabil-

tral width creating a nonlinear polarization in the medium.. ¢ h is obtained f R tteri
The portion of the ensemble electronic dephasing associatdfy SPectrum such as 1S obtained from Raman scattering or

with site inhomogeneity that occurs in the first period of timet e Fourier _trans_form of (_)ptlcal Kerr eﬁe(ﬂ)!(E) measure-
(i.e., between the first and second pujsg#l be “reversed” ments provides information about these vibrational modes.
by the polarization rephasing during the third period of time 1h® OKE measurement is especially sensitive to low fre-
generating a coherent emission, i.e., an echo. The decay BHeNCY intermolecular collective modes and is more useful
the echo intensity with respect to the time delay between th#! this f;elguency range than a conventional Raman
first and second pulses reflects an irreversible dephasing prgpectruml. - _ .

cess on the time scale of the measurement. The two-pulse N addition to solvent-induced dephasing, chromophore
femtosecond photon echo, where the third pulse temporalljitramolecular vibrations may also play a role in shaping
overlaps the second, can extract the fagt@gitem-bath and  €cho signals:**~??In femtosecond photon echo experiments,

vibronic) dynamics distinguishable using finite duration laserthe pulse spectral widtttypically several hundred cnt) is
broader than low frequency molecular vibrational spacings.

9 _ The optically active vibrational modes will be coherently
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data analysié’”®* making interpretation of electronic K
dephasing somewhat ambiguous. o> e { ./ﬁ;&e' ]
The purpose of this paper is two-fold. First, a detailed ¢ ‘ A% n

theoretical connection between the spectral density for opti-
cal dephasing induced by solvent fluctuations and the OKE

measurement is made. The four Feynman paths contributing .5 o
. L - . : h,
to the third-order polarization and finite pulse durations are | ; °
included in photon echo signal calculations. Second, pump- & —— VWY [ \%‘}: ]
probe transient waveforms and their Fourier spectra are used (a) ! n

to obtain molecular vibrational information that is employed
in the calculation of the photon echo signals. A pump-probe

experiment directly measures the optically active vibrational /
modes involved in photon echo experiments. The broad SATAAY { / }
spectral width of the same ultrashort pulse used in electronic — VWY ﬁé‘. n
dephasing measurements also generates vibrational coher-
ences. The associated pump-probe response may show quan-

tum beats reflecting vibrational modulation of the transition \ J ©

dipole moment. These oscillations provide information about \
vibrational frequencies in ground and/or excited electronic ~ANN [ K%i‘ }
n

states, the relative potential displacements along the vibra- (b) 5

tional coordinates, and the vibrational dephasing time. Un-
derdampec_i modes are used herein to model the OSCIIIEj’ltlorly?G. 1. (a) Model of a two-level system coupled to the bath consisting of a
observed in the pump-probe spectra, therefore, the chrqg of oscillators(b) Model of a multilevel system coupled to the bath.
mophore’s vibrational motions.
The theory and numerical calculations are applied to
two-pulse time-integrated and time-gated photon echoes of Figure ib) depicts a multi-level chromophore where
HICTI and HDITC in DMSO. It is found that solvent in- each vibronic transition in the absorption spectrum has the
tramolecular vibrations play an important role in the solvent-same couplingsi.e., hy andh,) to the bath. Here the width
induced electronic dephasing determined in two-pulse phoof the simulated absorption spectrum is broadened by these
ton echo measurements. Furthermore, by including thgibronic transitions while the photon echo response will be
chromophore’s vibrational contributions, the solvent-soluteaffected by the high Bohr frequency contributions to the
coupling extracted from the echo signals is about one third ophase evolution of the ensemble. Other complications that
that obtained by considering solvent effects only. The simugrise in the multi-level case include the displacem@nof
lation of the spectral diffusion behavior and three-pulse phothe chromophore equilibrium position between ground and
ton echo dynamics of these cyanine dyes in various solvenigxcited electronic states. Furthermore, several intra-
will be reported elsewher®. chromophore vibrational modes may have vibronic activity
and have to be taken into account in the simulation of the
nonlinear optical response. These issues will be addressed in

Il. THEORY the remainder of this section.

The idea for a two-level chromophore interacting with
la. Here, the vertical arrows depict interactions with the apresponse function
plied electric fields that occur at different timéise., with .
t, separation The bath fluctuations couple differently to . In the case _Of two-pulse _photon echoes, the time-
each of the two levels through interactiolmg’) and hfeo) for integrated echo signal detected In the, 2k, phase match-

the ground and excited states, respectively. The bath fluctud 9 direction is expressed as a function of time defalye-
tions perturb the energies of each of the two levels dif“fer-tWeen the two pulses as
ently and hence cause fluctuations in the transition energies. (" 3 )

If such a fluctuation occurs during the time interval between H(7)= fﬁwdt|P2k27kl(t’7)| ' @

the first two matter-radiation interactions, that particular two-

level system(TLS) will evolve with an altered transition BY contrast, the time-gated photon echo is generated by fo-
energy with respect to the value at the time of the first inter£using the photon echo signal and the up-converting pulse
action with the pulse. Differences in the local solvent struc-into a doubling crystal to generate the second harmonic. The
tures will also result in differences in the electronic transitionintensity of the second harmonic signal is written as
energies of the TLSs in the ensemble. If the solvent structure o

about a TLS is maintained for the timescale of the measure- |(t',’r)=f dt| P& i (t, )|*X[E(t—t")[%, 2
ment, i.e., a static energy shift, then the phase evolution of o

the TLS can be reversed by the photon echo pulse sequencehere t’ reflects the independent time delay of the gate
This results in the rephasing of ensemble coherence. pulse.
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X P < K P HT:|9>[H;(Q&QB,QB)]<9|
+|e>[Hg(Qs:QB:QB)+ﬁw0]<G|
=[g)[Hg(Qs) +N(Qg) +Hy(Qs,Qs) + WS (g

+|e)[He(Qs) +h(Qp) +HA(Qs,Qp) + AWE'

Here the nuclear and electronic degrees of freedom of the
solvent are denoted bg and gg, respectively, while the
FIG. 2. Feynman diagrams for two-pulse photon echoes. See the text fafyclear degrees of freedom of the solute are denoted by
details. Qs. The 0-0 transition frequency of the isolated solute is
given by wy. The ground and excited Hamiltonians of the
solute-solvent systenH; and Hl, are further partitioned
into four parts - the isolated systethl ,(Qs),m=e,g), the
The third-order polarization in a system with two elec- isolated bath(h(Qg)), the coupling between the solute in the
tronic states and under the rotating wave approximation™) electronic state and the nuclear degrees of freedom of
takes the forr# the bath(H(Qs,Qg)), and the coupling between system
electronic degrees of freedom and bath electronic degrees of
freedom @V\/ﬁ:). The separation of the coupling energy into
H/(Qs,Qg) and hWﬁq' results from the assumption that the

P(zi)szl(t,’f) response time of the bath electrons to a change in the solute
electronic state is short compared to any nuclear motions
_ f“dt fwdt fxdt o i0(t-27) (Bohn—Oppenheimer  approximation The electronic-
o 2Jo 2ot electronic coupling energy can be further averaged over bath
o electronic coordinateg)z, resulting in the expectation value
X{(R1+ R4)e I(oueg Q)(tg+tq) W_eml
XEp(t—ta— 1) EX (t—ty—tp) Ep(t—tg—t,—t;— 7) The averaged electronic energy is defined as
. — wWel_ el
+ (Rz‘f‘ RS)e_I(weg_Q)(t3_t1) weg= (UO+W: _Wg , (5)

n implify the notation\W¢' i he energy origin
X Eq(t—tz— r)Eq(t—ts—ty— MEX (t—ts—to—ty)}, g d to_sI plify the ota_ton\_/\lg .s set as t_ e e. ergy orig
(i.e., \Ng =0). The Hamiltonian is then written in the form

3 R R
¥ HT:|9>[Hg(Qs,QB)]<g|+|e>[He(Q31QB)+ﬁweg]<e|a
(6)
where () is the laser center frequency,, is the energy with
difference betwegr? e.xcitedie(}). .and ground [@)) ele.ctronic ,qg(QS,QB) =H,y(Qs) +h(Qg) +H{(Qs, Qp), 7)
states at the equilibrium positiong; denotes the field am- R
plitude, andR; represents the material response function. He(Qs,Qg) =He(Qs) +h(Qg) +He(Qs,Qp)- 8)

The non-intuitive form for the response functions can be  The energy gap between the two electronic states along
visualized using double-sided Feynman diagrams, as showfe nuclear coordinates is defined using f&).as-
in Fig. 2. The applied fields and interactions with the system N N
(both two-level and multi-levelare depicted by k-vectors U=H¢(Qs,Qs) —Hy(Qs,Qe)

k, andk,. The signal field is denoted bl satisfying ap- =[He(Qo) — Hg(Qe) 1+ [Hi(Qs, Qs) — Hy(Qs,Qs) ]
propriate momentum matching conditiorise., 2k,—k;). ,
The time ordering of the interactions occurs with the first =AH(Qg)+AH'(Qs,Qp). €)

interaction at the bottom of the diagram and the signal fieldHereAH is defined as the difference between the excited and

at the top. Response functio, and R; allow for echo  ground state Hamiltonians of the isolated system &Rd as

formation through polarization rephasing for positive delaythe difference of the coupling Hamiltonians.

times(i.e., k, beforek,) while R; andR, cannot form a true The linebroadening functiog(t), which is a building

echo since rephasing is not possible. block for all linear and nonlinear material response func-
The central issue in the calculation of H8) for a chro-  tions, can be written in terms of the averagelbfand its

mophore in solution focuses on modeling the material recorrelation functiof**

sponses. Here we adopt the Yan and Mukamel model

. t L
Hamiltonian® The Hamiltonian of a solute-solvent system,  g(t)=iXt+ deTlfo dro9(72), (10
HT, expressed in terms of the solute electronic state repre-
sentation, is given by A=(U), (11)

Downloaded-09-Sep-2001-t0-128.135.233.499- REERriBMYSn -LoljL0B: oA 2. L2 Nevemher 1 89ht —see-http:/ojps.aip.org/icpoljcper.jsp



Yang et al.: Vibrational multimode approach to optical dephasing 8349

g(t)=(U(tU)—(U)?, (12 scl=cy—cy. (19

U(t)Eexp(iI:Igt)Uexp(—iﬁgt). (13) The first term on the right hand side of E{.6) is the
contribution from the system modes which have Franck-

| iorfie. H dth i b Condon progressions along the optical transitiae., He
system nuclear motiorise., Hy,(Qg)] and the couplings be- # Hyg). If the excitation involves preparation of one or more

tween the system and solvent nuclear coordindles, i ational coherences, quantum bétd® may be observed

Hm(Qs,Qg)]. In the case that both electronic states are, yhe echo signdt provided that electronic dephasing is

bound and the nuclear degrees of freedom of the system onlyj, yer than the recurrence of the quantum beats. In this case
undergo refatively small amplitude motionbl,(Qs,Qs)  the quantum beat decay envelope would reflect the electronic

may be expanded around the equilibrium configuration of theye s asing time. On the other hand, if the electronic dephas-
system, resulting in ing time is shorter than the recurrence of quantum beats, the

The correlation function(U(t)U) is governed by the

* decay of the observed echo may be influenced by phase in-
H/(Qs,Qe) =hP(Qs, QY+ > h'"(Qe)(Qs— QYY" terference between oscillations instead of phase interruption
n=1 by the interactions with the environment. The second term on

=h®(Qg) + V! (Qs,Qp). (14)  the rh.s. of Eq(16) is due to the coupling to bath nuclear

©) o __motions. As mentioned in the Introduction, the OKE re-
Herehy,’(Qg), evaluated at the solute equilibrium position, sponse can provide information about solvent nuclear mo-
reflects the direct coupling of the bath nuclear motions to thejons that affect the optical dynamié$3* The solvent OKE
solute electronic degrees of freedom and plays an importar§ignal and the chromophore pump-probe spectrum and their

role in the electronic dephasing;,(Qs,Qg), the sum of the  ¢onnection and contribution to the photon echo response are
higher-order terms of the Taylor expansion, represents thgxamined in the next two sections.

interaction between the bath nuclear motion and the system  Fing]ly, the linebroadening functions are used in evalu-
nuclear motion. This interaction induces vibrational and rO'ating the response function for the echo calculation. The

tational dephasing and relaxation. In general, vibrational an@cho response functions, evaluated using cumulant expan-
rotational dephasing occurs much slower than electronigjons to second order, have the fotfs

dephasing. Hence, in the treatment of photon echo signals,

we neglect thé//(Qs,Qg) and only focus orh{®(Qg). Ry=exp[—g" (t5) —g(ty) — f(ts,t2, 1)}, (20

We consider an mtwﬂyely S|mple case wherg the bath Ro=exp{— g* (t5) — g* (t) + f* (ts,tn, 1)}, (21)
consists of a set of harmonic oscillators representing the sol-
vent instantaneo@$ 2% or optimaf’ normal modes and the Ry=exp{—g(t3) —g* (t;) + ¥ (t3,t5,t7)}, (22)
solute electronic states couple linearly to the bath
Coordlnateg?_sothat |S, R4:exq_g(t3)_g(tl)_f—(t31t21t1)}5 (23)

where
(0) _ i A

hm (Qs) 2. CmQ: (19 fi(tata,t) =g (t) —g* (ta+t3)

where the summation spans the bath normal modes. This is a —g(ty+ta) +g(ty +ta+ts), (24)

good approximation for the induced dipole interactions f(tatoit) =0(ty) — g(totty)
where the interaction energy is linearly proportional to the — — 3+ 211/ =9t2) =02 1s

solvent polarizability. The first nontrivial term in the Taylor —g(ty+t)+g(ty+tr+ts). (25
expansion of solvent polarizability relative to the solvent

. . . The linear absorption cross section can be calculated accord-
nuclear coordinate is the linear term.

. L oa N . ing to®®
The electronic HamiltoniarH ,,, defined in Eq(8) in the
present case contains only orthogonal terms with respect to B * _ VRS
Qs andQg . Therefore, the correlation functigit) (t)U) be- on(w)=2wxRe . exp{—g(t)texp{ —i(w— wegtidt.
comes (26)
(U(HU)=(AH(Qs,t)AH(Qs,0))
+(Ah©(Qg,1)Ah?(Qg,0)) B. The relation between OKE and solvent-induced

—(AH(Qs,t)AH(Q5,0)) electronic dephasing
A principle objective of this paper is the rigorous evalu-
+E (5Ci)2<QiB(t)Q;3(O)>, (16) ation of the linebroadening, hence response, functions using
[ independently measured experimental information about sol-
vent fluctuations. The OKE is a measure of the optically
induced anisotropic polarizability response of a sanipé,
AH(Qs,t)=exp(iH4t) AH(Qg)exp( —iH gt), (170 off-resonant birefringengeThe tensor element of the OKE
P o 0)i i C A 0)i response function of a pure solvent, written in terms of rota-
Qg(t)=exii(h +h‘(91 "tQeex —i(h'+ h; i, (19 tional motions and intramolecular and intermolecular vibra-
and tional coordinates@;), is given by®

where
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&aab (3acd

Xg?gcd(t)EYg(t)"'; 79, © 90, CPE(w)Effwdt<Ah(0)(QB'I)Ah(O)(QB’O»eiM
; f
><<;L—(Qj(t)Qj(O)—Qj(O)Qj(t))>, (27) =N() “CO“(%”'”‘[X%‘"”' &0

Here we simply assume thhl in Eq. (30) depends only on
frequency but not on the particular type of mode. Using the
Qj(t)=exp{ihit]Qjex;:[—ihjt]. (28)  spectral density of the solute solvent coupling, the solvent-
induced linebroadening functiogg(t),*? is given by
The OKE signal reflects the difference of two tensor 1 (= 1
elements? - 1~cogwt)
! ge()=5_| do—>—C(w)

XORe() =X522A0) — Xy z4A1). (29)
The first term on the r.h.s. of Eq27) is the correlation

f_unct|on O.f molecuilar orlgntgtlons. The mol_ecular or|er_1ta This, along with Eq(31), describes the bath contribution to
tional motions for simple liquids occur on a picosecond time . ; X . .

) ! : tqe optical dephasing spectral density and linebroadening
scale. These motions usually cause a static environment

S flinction.
distribution on the femtosecond two-pulse photon echou ctio

timescale and are partially responsible for spectral diffusion
on timescales accessible to three-pulse photon ech%'
measurements. The frequencies of oscillatory components observed in a

A comparison of Eq(29), Eqg. (27), and Eqg.(16) sug- pump-probe experiment and the Fourier spectrum give the
gests that the OKE response may describe the solventinderdamped vibrational frequencies involved in the optical
induced electronic energy fluctuations under the followingexcitation. The relative amplitudes and absolute phase angles
conditions: (1) The solvent-induced electronic energy fluc- of the oscillatory components in reguléice., wavelength
tuations result from the coupling to the solvent nuclearintegrated and wavelength-resolved pump-probe spectra are
modes that modulate the solvent polarizabiliy.e., used to assign the contributions of vibrational modes in the
daldQ; #0); (2) only the anisotropic part of the solvent excited and ground electronic states of the chromophore. The
polarizability modulates the chromophore electronic energytheoretical background for this assignment can be visualized
(x,,—xP),,# 0); (3) the ground and excited state cou- using the wavepacket pictufé® A brief discussion of the
pling constants are differefite., sc' # 0); (4) the coupling  wavepacket picture of pump-probe spectroscopy is given in
constantsc'g andc, are linearly proportional to the first de- the following. The detailed results of calculations of phase
rivative of the solvent polarizability with respect to the angles and amplitudes will be shown elsewhgre.

where

i (= sin(wt) — wt .
+—f do———C(w)+iAt. (32
27 ) —w w

Wavepacket picture of pump-probe spectroscopy

nuclear coordinates, such that The Feynman diagrams for the pump-probe processes in
the two potential surfaces are similar to those given in Fig. 2,
(5¢)2=N! ¢9azz® dazz 1904YY® dazz (30 but are obtained by replacing firs} (from the bottom of the
Qg  dQg Qg dQg)’ figure) with k; and ks with k,. The evolution of a pump-

_ probe process can be described by the independent propaga-
whereN' is a proportionality constant5) the solute-solvent tions of bra and ket vectors on either the ground or excited
interat_:tion,hgo), is small compared to the pure solvent en-potential surfaces in three time intervals, t,, andt;. The
ergy h' - the evolution ofQg(t) is then mainly governed by pump and probe pulse durations determine the rangg of
h'. In other words, the change of the solvent dynamics due tand tz, respectively. The range df is bound by the time
the presence of the solute can be neglected on the time scalelay (defined asr’) between pump and probe plus/minus
of electronic dephasing. the pulse durations. The intensity of the signal is interpreted

For a molecule with a small dipole moment and for aas the time-dependent overlap of the final bra and ket vec-
small or no change in the magnitude of this dipole upontors. Duringt,, both bra and ket vectors for the processes
optical excitation, as in the cyanine dyes HDITC and HITCI, resulting in stimulated emissioii.e., R; andR,) propagate
the coupling between solute and solvent occurs mainlyn the excited electronic state. These two processes reflect
through weak induced-dipole interactiolfsThe aforemen- the excited state vibrational dynamics in the pump-probe
tioned conditions for the solvent-solute interactions may bespectrum. By contrast, the bra and ket vectors in the resonant
satisfied for this class of chromophores. Thus the OKE reimpulsive RamanR3) and the hole burningR,) processes
sponse of the pure solvent will closely reflect the spectramove on the ground state potential surface duting The
density of solvent-induced electronic energy fluctuation,ground state dynamics are, therefore, projected out by these
Cpe(w), which is defined as the Fourier transform of the latter two processes.
correlation function{Ah(®(Qg,t)Ah(®(Qg,0)). This spec- When using pulses of 20 fs duration, the wavepacket
tral density can be derived using the fluctuation-dissipatiorpropagation picturé® suggests that the amplitudes of the
theorent? and the assumptions of the two previous para-oscillations observed in stimulated emission are stronger
graphs as than the respective ground state contribution for those under-
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damped modes with vibrational frequencies less than about how, |2
500 cmt. This is because the ground state vibrational —A,=(AH(Qg))= 5 - (39
wavepacket prepared by two interactions with the pump

pulse does not develop much momentum in the excited elecdthe energy correlation function is given by

tronic sta_te before it is dumpeq back to the ground stgte. Th AH(Qs,t) AH(Qg,0))

propagation of a wavepacket in the ground state during tim

delay 7' is then confined to a small region of the coordinate. (hwD;)?
The change of the final nonstationary ket and bra vector ~~ 2
overlap with time delay is therefore small. By contrast, the — . — _
excited state wavepacket probed by stimulated emissioWherem is the Bose factom={exp@m./k'|)—1} . )
propagates comparatively large distances duringrThe am- Using Eq.(35 and E_q.(36), the Im_ebrqademng func-
plitude of the oscillation observed in stimulated emission istion, 9,(1), for each optically active vibrational mode be-
relatively large. If the frequency of a vibrational mode comes
changes from the ground state to the excited state, one giv(t)=Diz{rﬁ(l—cos(wit))—o.S(exq—iwit)—1)}.
should observe stronger oscillations associated with the ex- (37

C'ted. state frequencn_as than W't.h gr.ound state f.requ.enc'%scillatory terms in the linebroadening function arise from
provided that the excited state vibrational dephasing time iSibrational coherencéi.e., impulsive excitation. The mag-

IongT(r:]om%areIdtto trr:e wbrstllonalfptinod. illatory compon nnitude of this oscillation is dictated by the displacement
€ absolute phase angies of the oscillatory compone i . For a solute with multiple vibrational modes, the final

are determined by the assumptlon that the signal can be .reﬁﬁebroadening function is taken to be the superposition
resented by a sum of exponentially damped cosinusoida
functions,

[eiwitﬁ+e_iwit(rﬁ+ 1)], (36)

9,(0=2 g (). (39
Sep(7 ):Ei Aicog w7’ + di)expl— ¥ 7). B3 The resulting superposition of oscillatory responses of in-

] o o commensurate frequency modes can contribute to the decay
The wavepacket picture indicates that the initial phase angly the measured optical coherence. The total linebroadening

¢i, of an oscillatory component in a wavelength-resolveds,ction ysed in simulation of photon echo signals and ab-
pump-probe spectrum is determined by the average d'Sta”C’éErption spectra is the sum of Eq82) and (38).
that bra and ket wavepackets propagate along the respective

potential surfaces during; andt;. The average distances
are, in turn, determined in a complicated way by the pulsé”- EXPERIMENT

duration, electronic dephasing, potential displacement, and The experimental apparatus has been described in
laser detuning®*! The bra and ket wavepackets in the four greater detail elsewhefd®33The laser system used for the
pump-probe pathways propagate with different time orderecho measurements and the k-vector diagram of the experi-
ings on different potential surfaces duribgandt;, result-  ment are the same as in Ref. 9. The short pulse source is a
ing in different phase angles. Therefore a measured phasfyme-built Kerr lens modelocked Ti Sapphire 1486t that
angle can be an indicator about the processes which contrily of 5 unique cavity-dumped design and capable of produc-
ute to the oscillations ing 12—15 fs duration transform limited Gaussian pulses
with 80—100 nm spectral bandwidtfh.Non-cavity dumped
and cavity-dumped pulses are used for the data reported here.
D. The effect of chromophore intramolecular The 84 MHz or 100 kHz train of pulses is split into two
vibrational modes beams with k-vectork; andk, and an intensity ratio of 1:2,
) ) ) ) _and are focused into a flowing dye jet of the chromophores
The linebroadening functions corresponding to solute Vi'4ITCI or HDITC in DMSO. The optical density of the jet at

brational motions are evaluated using the analyzed pumMppe apsorption center wavelength of the dyes is maintained at
probe response. It was argued above that the chromophoges o ess pulse energies at the sample are 1-2 nJ. The
vibrational motions can be treated as isolated oscillators OBiffracted photon echo signals in th&2 k, and %, —k,

the time scale of electronic dephasing. The simplest cas
also the case for HITCI and HDIT(ee the result belowis

an isolated harmonic vibrational mode with frequemgyfor processed with a digital lock-in amplifiSRS-850, and
both the ground and excited electronic states with potentiq]ecorded for each 2 fs increment of a stepper delay line. The
displacemenD_i . The electro_nic energy difference along the OKE data are obtained using non-cavity dumped pulses from
nuclear coordinateAH(Qg), is given by a Ti-Sapphire laser that are 20 fs in duration and have 60 nm
spectral bandwidth.

Rirections are detected with photomultipliefsdlamamatsu
R928 or with a photodiode/preamp detect@Centronig,

AH(Q9 =100 Qs+ 5. (34

. . . IV. EXPERIMENTAL AND NUMERICAL RESULTS
The average of this energy difference, which equals half the

measured steady-state Stokes-shift due to vibrational relax- The numerical calculations involve evaluating E8)
ation along this coordinate, s and require several types of input. The paradigm being de-
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: . ; . . : lecular vibrational modes are in good agreement with the
Raman spectrudf? while the relative intensities of the OKE
to the Raman spectra reflect the anisotropy of each mode.
The step size in the experimental OKE susceptibility is about
8 cm 1. The polarizability spectral densit@(w), of DMSO
//\ i is shown in Fig. 8) and is calculated from the data of Fig.
3(a) using Eq.(31). The intensities of negative frequencies
relative to those of positive frequencies in FigbBsatisfy
detailed balancésee Eq.(31)]. Since the experimental data
do not provide enough resolution to accurately describe the
asymptotic behavior o€ (w) asw—0, the determination of
800 600 -200 —200 0 200 200 800 300 C(w=0) is somewhat arbitrary. However, as shown below,
(@ Wavenumber the simulated two-pulse echo signals are insensitive to the
intensity of C(w=< 8 cm 1).%® The intensity ofC(w) near
' ' ' ' - ' =0 in Fig. 3b) is calculated by the interpolation routine,
polint,*” with 5 data points around=0 (3 points atw>0
and two points aw<0).

(=

Intensity (a.u.)

)

B. Two-level system coupled to solvent bath

Numerical results that assume only solvent-induced elec-

tronic fluctuations are considered before including chro-

mophore vibrations. Echo signals are calculated using the

JJ\A //J\ polarizability spectral density of the pure solvent to examine
200 400 600 8

Intensity (a.u.

0

how well the spectral density alone can be used to fit the
experimental data. Chet al® and Vdhringer et al!® had
employed the spectral density of solvent intermolecular
L - modes to model solvation and solvent-induced dephasing via
FIG. 3. (a) The OKE susceptibility of DMSO(b) Polarizability spectral . . .
density of DMSO. energy fluctuations, respectively. The present numerical re-
sults are more accurate than those presented in Ref. 16 due to
the more rigorous treatment of the finite pulse durations and
scribed in this paper is the use of the OKE spectrum as ththe inclusion of all four response functio®y — R, rather
spectrum of solvent fluctuations that result in optical dephasthan justR, andR3
ing. A second consideration involves estimating how much  The calculation of the echo signals was performed using
of the spectral evolution between absorption and emissiotwo different integration routine®. The three-fold integrals
steady-state spectra involves solvation or vibrational relaxef Eq. (3) were calculated using a Monte Carlo integration
ation processes. Finally, the intra-chromophore modes thaputine (i.e., vegas*’ The real and imaginary parts &%)
are coupled to the optical excitation coordinate must be takewere integrated separately. The precision was set at 2% of
into account. the iterative calculated values. The integration over tinre
The Stokes-shift of HITCI and HDITC in a range of Ed.(1) was performed by the Romberg integration metfod.
solutions exhibit almost no solvent dependetfc®.It is,  The precision is set at 1%.
therefore, assumed that most of the Stokes-shift is due to Figure 4 shows the overlay of the experimental echo
vibrational relaxation; the solvent-induced Stokes-shift is sesignal from HITCI in DMSO and the signals calculated using
equal to zero. As long as the ground and excited state couhe intermolecular part of the DMSO spectral dengitye
pling constants are differerfe.g., a condition(3) of Eq. intensity betweent 163 cm ! in Fig. 3(b)] with different
(30)] the electronic energy difference is modulated. By con-values for the solvent-solute coupling parameterHere we
trast, the solution coordinate in a conventional Brownian ossimply assume thal is frequency-independent. A¥ in-
cillator is assumed to be a displaced oscillator; both groungreases the peak shift and the width of the calculated echo
and excited states have the same oscillator frequency. In thifecrease. Physically, increasiNgncreases the amplitude of
case a displacement is necessary for modulation of the eithe electronic energy fluctuations, and therefore accelerates
ergy difference(i.e., D; # 0; thereforex # 0). Our model electronic dephasing. For a value3.4, the width of the
with A\=0 can be thought of as a Brownian oscillator with calculated echo signal is smaller than the experimental signal
different frequencies in the two states but without a displacebut the shift is still larger than the experimental da8 fs vs
ment. 15 f9). IncreasingN will eventually cause the shift to de-
crease to 15 fs but the width of the calculated echo will
become even narrower. This indicates that solvent intermo-
Figure 3a) shows the imaginary part of the OKE sus- lecular(i.e., collective vibrational motions are not sufficient
ceptibility, Im[ x(®(w)], of DMSO that is measurable with a to fully account for the observed electronic energy fluctua-
60 nm laser spectral bandwidth. The frequencies of intramotions. Simulations using a frequency dependent coupling,

~800 -600 -400 -200 0
(b) Wavenumber

00

A. OKE spectral density
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FIG. 4. Experimental and calculated two-pulse photon echo signals ofG, 6. Experimental and calculated absorption spectra of HITCI in DMSO.
HITCI in DMSO. The calculated signals are obtained using a two-levelggig jine: experimental data; dashed line: calculated data using a two-level

system coupled to the intermolecular part of the polarizability spectral de”'system coupled to the full range of experimental polarizability spectral den-
sity of DMSO. Diamond: experimental data; long dashed IMe:1.4; short sity of DMSO andN=1.4.

dashed lineN=2.4; solid line:N=3.4. The sechpulse duration of 17 fs

was chosen to reproduce the experimental response function.

dumped pulse train interrogating the sampfeThe intensity

iof this lump deceases when the sample flow rate increases or

ﬁﬁe pulse repetition rate decreases. The result shown here
upports the conclusion drawn by the comparison in Fig. 4
hat the solvent intramolecular modes play an essential role

N(w), have not been performed to test the uniqueness of th
conclusion.

Figure 5 displays calculated echoes using differen
ranges of solvent spectral density with the same couplin . i
parameteN=1.4. The calculated time shift and width of the 9” shaping the two-pulse photon echo.

; C The linear absorption spectrum is calculated and com-
echo signal decrease significantly when the frequency range . - .
) ) ared to the experimental one in Fig. 6 using the full range of
of the spectral density used increases frar63 to =391 . .
Y : . . the measured spectral density of DMSO shown in Fig) 3
cm™ -; the latter range includes the first set of solvent in-

tramolecular modes. By contrast, the width and shift onl and using a value for the coupling parameteNof1.4. Al-

V. : .
change slightly when the range increases to include the oth(yr.]Oth the same set of paramgters give a gqod fit to the echo
three intramolecular modes around 700 Cnisee Fig. 3 Signal, the calculated absorption spectrum is much broader

' than the experimental main peak. This result indicates that

The echo signal that is calculated using the full 1‘requency4,ir[ing the experimental two-pulse echo signal by solvent-

range of the measured spectral density fits the experimenta . .
. o . : induced broadening alone overestimates the solvent-solute
signal very well at positive time delay but deviates from. . S )

. . P " . interactions. The contributions from chromophore intramo-
experiment at negative delays. The “lump” in the experi-

mental signal at the negative time is actually due to a therma{facmar modes should be taken into account.

effect caused by the high repetition r&8% MHz not cavity-
C. Intra-chromophore vibrational modes

Figure 7 shows the pump-probe spectrum of HITCI in

1L | decanol and its Fourier transforfine., square-root of the
power spectrum The major components in the Fourier spec-
0.8 1
ol
o 0.6 : 1.00 T T T
2 [
5 098 - 10 4
2 0.4} i [
H 096 2 :
@
0.2 1 094 [ 505 1
> £
. § 092 | 1
i . . . . . é 090 [ 0o .

-60 -40 -20 0 20 40 60 80 100 0 200 400 60O 800 1000 ]
Frequency (cm™)

088 -
Delay time (fs) r

FIG. 5. Experimental and calculated two-pulse photon echo signals of

HITCI in DMSO. The calculated signals are obtained using a two-level 082
system coupled to different ranges of the polarizability spectral density of

DMSO with the same coupling parameterMf1.4. Diamond: experimen-

tal data; long dashed lineC(Jo|< 163 cm'l); short dashed line:

C(Jw|< 391 cm'1); solid line: C(|w|< 716 cm ). Same pulse duration as  FIG. 7. Wavelength-integrated pump-probe spectrum of HICTI in n-decanol
Fig. 4. and its Fourier transform.

0 1 2 3 4
Time Delay (ps)
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trum occur at 550, 500, 130, and 160 f:i-n these are as- TABLE |. Experimental and calculated phase angles of the oscillations in
sumed to be fundamental mode frequencies. The postresgequency—resolved pump-probe measurements of HITCI in n-decanol.

nant Raman spectrum shows three strong ground state modl%lémbers |n_parenthe5|s are calculated phase _angl_es. The parame?ers used 'for
the calculation of phase angles are the potential displacement 0.3; electronic

— 49 . .
at ?f’Q 4961 and 502_ cm.* The Intensity. of the 50(_) 0-0 transition energy 13300 cik; the laser center frequency 12900 ¢in
cm™ - mode in the Fourier spectrum in Fig. 7 is almost twicethe laser pulse duration of 20 {fWHM of a Gaussian pul$ehomoge-
as large as that of 550 ¢hh mode. This is probably due to neous electronic dephasing time 100 fs; Gaussian inhomogeneous distribu-

the overlap of unresolved 502 and 496 chrmodes. It is tion 800 cm* (FWHM). The homogeneous and inhomogeneous widths are
’ c?osen by fitting the absorption spectrum.

assumed that each of these two modes contributes to half @

the intensity of the observed feature. A/nm 500 cnit 550 cnt
The assignment of the pscnlatory components in thg 720 113D 32(1)
pump-probe spectrum to excited and/or ground state contri- 730 87(53) 86 (45)
butions is accomplished by addressing the following ques- 740 118(97) 105 (104)
tions: (1) Do the vibrational frequencies of three strong Ra- 750 161(143 169 (140

man modedi.e., 550, 502, 496 cm') change in the excited
electronic state®?) If the frequencies change, will the oscil-
Iat|r(:]n? \eréh excm:rd ni'f)at_?hfregue; cr|esn3e diapparienrtl mn t,t"?hermal population of higher vibrational states in each vibra-
pump-probe Spectrum: € backgrod scussion o '}(ieonal manifold resulting in hot-band transitions. The two

wavepacket picture of pump-probe spectroscopy presented [Bw frequency modes are assumed to be displaced harmonic
the theoretical section provides a perspective for answerin

h i Hscillators with displacements of 0.5 for each. The displace-
€se guestions. . . ments are chosen to fit both the vibrational modulation in the
The singular value decomposition analysisf the data

shown in Fig. 7 indicates that the amplitudes of the lowpump—probe spectra and the width of the absorption spec-

frequency components are smaller than those of the three
high frequency modes. There is no reason to believe from _ _ _
our studie¥®*3and to our knowledge no suggestion made inP: Consideration of intra-chromophore modes
the literature that the excited state vibrational dephasing When the intra-chromophore vibrational modes are in-
times of HITCI are short compared to the ground state vibraeluded in the simulation as described in the previous section,
tions. These two conditions imply that the low frequencythe magnitude of the solvent-solute coupling parameter is
modes are not the excited state analogs of any high frechosen by fitting the absorption spectrum. Figuf@ 8hows
guency ground state modes. Rather, it appears that the vibrthe overlay of the experimental absorption spectrum of
tional frequency change of all of the observed vibrationalHITCI/DMSO and the spectra calculated using five intramo-
modes is small. For all subsequent calculations, it is assumddcular modes, i.e., 550, 500, 500, 130, and 160 tmvith
that all vibrational modes have the same frequencies in botthe displacements given in the figure caption. The four
ground and excited states. curves represent four different ranges of spectral densities
The experimental Stokes-shift sets a limit on the sum ofwith different values of the coupling parameter The cal-
the potential displacements along each vibrational coordieulated spectrum only fits the main peak because intra-
nate. The high frequency shoulder in the HITCI absorptionchromophore modes with frequency much higher than 550
spectrum was assigned to the vibronic transition associatesin™ ! (i.e., 1200 cm?) are not impulsively excited and
with the 1300 cm* C-C backbone mod¥.The intensity of  therefore are not explicitly considered. The higher energy
this shoulder indicates that the dimensionless displacemeshoulder observed at 670 nm results from a C-C chain mode
along this mode is at least 0.3. Including this mode, the totabf 1300 cmi * frequency discussed in the previous section.
Stokes-shift of~400 cmi ! sets a limit on the possible dis- Figure 8b) depicts the calculated echo signals corre-
placements for the 492, 502, and 550 ¢nmodes of about sponding to each simulated absorption spectrum shown in
0.3. The theoretical initial phase angles of the oscillations ifFig. 8@). The echo response that results in the absence of
the wavelength-resolved pump-probe spectrum are obtainezblvent contributions is completely different than the other
using singular value decomposition Bf*)(w) calculated by curves that include the solvent contribution; it shows a
the wavepacket propagation formalm' and the afore- smaller shift and longer decay. By contrast, the large shifts
mentioned frequency and displacement parameters. The calisplayed in the other curves that include the solvent contri-
culated and experimental results are given in Table I. Théution indicate that the solvent molecules provide a wide
good agreement between two sets of data provides self comange of slow modulationginhomogeneous environmental
sistency to the assumptions that optically active vibrationatlistributiong while the fast decays partially reflect the
modes can be described by displaced harmonic oscillatorsolvent-induced fast modulations. The calculated echo ob-
and the steady-state Stokes-shift mainly stems from intratained using only solvent intermolecular modes displays a
chromophore vibrational relaxation as opposed to solvationsignificantly broader echo width and larger peak shift than
Also, the relative amplitudes of the 550 to 500 chfeatures  seen in experiment. This suggests that the polarizability
are similar to those in the pump-probe spectrum, providedpectral density associated with low frequency solvent inter-
that the intensity at 500 cnt has equal contributions from molecular modes cannot describe the fast modulation re-
502 and 492 cm! modes. The calculation of the phase flected in the measured two-pulse photon echo response. The
angles of the two low frequency modes is complicated by thether two curves fit the experimental data reasonably well.
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FIG. 8. (a) Experimental and calculated absorption spectra of HITCI in FIG. 9. (8 Experimental and calculated absorption spectra of HITCI in
DMSO. (b) Experimental and calculated two-pulse photon echo signals DMSO. (b) Experimental and calculated two-pulse photon echo signals.
Five chromophore vibrational modes are used in the calculations. The freFive chromophore vibrational modes are used in the calculations. The fre-
quencies and displacements of five vibrational modes are 55¢,08;  quencies and discplacements of five vibrational modes are 730, @n8;

500 cni’?, 0.3; 500 cri?, 0.3; 160 cmi, 0.5; 130 cmi%, 0.5.(a) Solid line: 580 e, 0.3; 435 cmi*, 0.3; 300 cm?, 0.3; 140 cm*, 0.5.(a) Solid line:
experimental data; solid structured line: isolated molecule spectrum; a finitexperimental data; long-dashed line{&}<716 cni'?), N=0.5; solid struc-
linewidth is added for illustration purpose&) Diamonds: experimental tured line in the absorption spectrum: isolated molecule spectrum; a finite
data; solid line: isolated molecule photon echo sig(®ith panels Dotted  linewidth is added for illustration purposef) Diamonds: experimental
line: --- (as beforg data; long-dashed line:({|<716 cm'), N=0.5. A pulse--- (as beforg

For these two cases, the solvent-solute coupling parameter iseasured for HITCI/DMSO while the echo signal of the
reduced to 0.5. The results of Figs. 5 and 8 and the finitdormer is narrower than the latter. The differences in spectral
breadth of the measured solvent spectral density cannot beidths are due to the different chromophore intramolecular
used to uniquely determine the range of solvent intramolecumodes but not to the solvent-solute couplings.
lar modes that should be included in the simulation to fully
describe the solvent-induced fluctuations. Nevertheless, t
combination of simulated absorption spectra and echoe
compared with the measured signals indicate that both sol- Experimental measurements of the time evolving polar-
vent and chromophore intramolecular modes have to be corization response as opposed to the time-integrated polariza-
sidered. tion (i.e., conventional photon echaesponse described
Following the same calculation procedure, Fig®)@nd  above have recently been reported by this gPan Wiers-
9(b) show the experimental and calculated absorption spectrma’s group’ The experiments create two controlled periods
and echo signals of HDITC/DMSO, respectively. The experi-of evolution in an optical coherence; the system undergoes
mental echo was obtained using cavity-dumped laser pulsgshase evolution or dephasing in the first period and rephas-
of 10—15 nJ energies and 100 kHz repetition rate. The reing in the second. Similar controllable periods of evolution
duced repetition rate, hence reduced average power, elimare also obtained by fifth-order three-pulse scattetirig.
nates any possibility of thermal grating formation in the Here, we calculate the time shift of the polarization response
flowing sample. The best agreement between the experimensing the spectral density approach described above.
tal and simulated signals is obtained using five displaced Figure 1@a) shows the time shifts of the time-gated echo
harmonic oscillators for the HDITC intra-chromophore vi- peaks as a function of time delay, between the first two
brations and a solvent-solute coupling parameter of 0.5. Thpulses. The simulation is for a TLS coupled to the solvent
absorption spectrum of HDITC/DMSO is broader than thatbath for two different ranges of the bath spectral density;

. Time-gated echo simulations
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65 , . , , on a rigorous theoretical foundation and the approximations
involved in its application have been clearly delineated. Sec-
ond, it was found that the solvent intramolecular modes need
to be included in the integrated and time-gated echo calcula-
tions to accurately obtain these responses simultaneously
with the linear absorption spectrum. Third, the importance of
including multiple chromophore vibronic transitions as part
of the system was important in simultaneously simulating the
same three measured signals. Fourth, the time-gated polar-
ization responsdi.e., echg technique was shown to be a
powerful method for distinguishing the form of the interme-
B 2'0 4'0 o a0 100 diate and high frequency solvent responses. These four
@) Delay time (£s) points will be discussed at greater length in the remainder of
this section

60 |
55 ’
50 |

(£s)

45
40 |
35 F

Peak Shift

30
25

20 |

A. Echo simulation with a measured spectral density

The clear advantage of the spectral density approach for
the simulation of third-order nonlinear responses of chro-
mophores in liquids over the analysis using a single or a
finite number of Brownian oscillator@0)®>"4lies in the
access to an independent experimental measure of the liquid.
A BO analysis does not have aaypriori constraint into the
number or physical nature of the oscillators. The BO ap-
proach, however, is flexible and versatile and can give in-
sight into the form of the spectral density.

o 20 20 o 50 100 In the Brownian oscillator model used by Yan and

(b) pelay time (£s) Mukamel? a displaced harmonic oscillator is used to de-

scribe the effective solvent motions that cause electronic
FIG. 10. Calculated peak shift vs time-delayin time-gated two-pulse ~dephasing. Each Brownian oscillator has an associated
photon echoeda) Two-level system(b) Multi-level system with five chro- - Stokes-shift, hence a parameter related to the magnitude of
et e e e At v (e Tluctuationsie. proportional 0 coupling sirengil
is 10 fs. our case, the system-bath coupling is linearly proportional to
the solvent nuclear coordinates. As long as the coupling co-
efficients for the ground state and excited state are different,
|w|<163 et (dashedl and |w|<716 cn ! (solid). Both ~ the electronic energy is modulated. The model for optical
curves asymptote to a non-zero valueratO fs and remain d_ephasing presente_d_ ir_1 this paper also allows for the situa-
flat for 10~12 fs due to convolution effects with finite dura- ion where the equilibrium position of the solvent nuclear
tion pulses. The solid curve then rises more slowly indicating"0tions might not change; that is,can be zero. In this case,
a more homogeneous batie., fast frequency modulation fluctuations about a mean ex!st but no sqlvat(na., dis-
Except for convolution effects, a purely inhomogeneousPlacement from the mean positiowould be involved.

broadened system would have maximal rephasing when A criticism of the OKE spectral density approach de-
t=7 scribed in detail in this paper is that it assumes that the

Figure 1@b) is the multimode simulation of the time- System-bath coupling can be described by a dispersion
gated echo peak shift versusassociated with the HDITC/ interaction**>? Symmetric dyes are well known for their
DMSO integrated echo of Fig.(8). The curves representing large polarizability change on optical excitation without a
the same two spectral density ranges as in Figa)l@ow change in the molecular permanent dipole moment due to
yield different initial time shifts even at=0 and are clearly €quivalent resonance structufésThe approach described
disparate up to a 65-70 fs delay. It is important that thehere could be extended to allow treating dipole-dipole
contributions of high and low frequency fluctuations to thesystem-bath interactions through the far infrated., dipo-
polarization response are distinguishable for these shorter d&ar) spectrum of the pure liquitf. We are currently examin-

lay times since the magnitude of the signal rapidly decreasé§d chromophores that involve some change in permanent
into the noise level beyond 60 fs or 3o. dipole moment on optical excitation to test the generality of

this idea.
Another point that should be addressed is the appropri-
ateness of using the depolarized portion of the liquid polar-
There are several important points to draw from theizability spectral density rather than the polarized Raman
comparison of simulation and experimental results presentespectrum. Shuker and Gammon showefthat the VH Ra-
above. First, the idea of using the OKE spectrum to construamnan spectrum, which is the frequency domain analog of the
the bath spectral density for optical dephasing has been p@KE spectrum, better reflects the calculated density of states

(fs)

Peak Shift

V. DISCUSSION
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of amorphous glasses. We assume that the depolarized sp¢ions are quite slow in the two-pulse photon echo experimen-
trum better reflects the solvent correlation function relevantal timescale, and their presence mainly causes the echo peak
to optical dephasindespecially the intermolecular solvent shift.

spectrum than the polarized spectrum due to the inherently

low symmetry of the system-bath interaction. Clearly, com-

puter simulations of the appropriate spectral density for op®- Solute intra-molecular modes

tical dephasint/~® would be useful for comparison with Both the Shank and Wiersma groups have pointed out
experiments. The “optimal normal mode” method recently the importance of including intra-chromophore modes in
developed by \oth's group, which facilitates the CalCUlationproper|y simu|ating the nonlinear 0ptica| Sigﬁéﬁ'zl Our
of time correlation functions in liquids, may be very useful approach of using the pump-probe experimental result as op-
for experimental comparison. posed to low temperature hole burning spéctrar cw-
Although a frequency-independent coupling has beeesonance Raman spectfato determine vibrational fre-
used in this paper, three-pulse echo measurements and Si”b;hencies and displacements is unique. Although the cw-
lations of the HDITC/DMSO solute-solvent SyStem indicatEresonance Raman data can y|e|d more precise results for
that the spectral density shown in Fig. 3 is inadequate tgrequencies and displacements, the pump-probe signal gives
simulate slow(i.e., picosecond timescalspectral diffusion  more self-consistent information about vibrational frequency
processe$’ Joo and Fleming have recently shown that changes on optical excitation. In the case that chromophores
slow, that is low frequency, contributions to the system-bathexhibit strong fluorescence, the pump-probe signal will have
interaction cannot be accounted for by a simple BO analysigdvantages over the resonance Raman. The analysis method
but a low frequency component must be added to the spectraimployed here will be discussed in detail elsewhére.
density. We have recently shofifrwith a rapid-scan OKE Another interesting aspect of the comparison between
measurement over long timé® 25 ps delaythat even the  simulation and experiment is that consideration of only intra-
OKE SpeCtrUm itself can Significantly underestimate the |OWChrom0phore modes is not adequate for ana]ysis of the two-
frequency region. The amplitude associated with very lowpylse echo signals and absorption spectra. Similarly, bath
frequencies, including liquid self-diffusion, are improperly flyctuations are necessary but not sufficient for accurate
determined from waveforms of insufficient duration. For simulation. The effect of intra_chromophore modes is to
mesetylene this difference was an order of magnitude in thgause an initial decrease in the magnitude of the system po-

range from 2—10 cm'.® larization through evolution of the vibrational superposition
state; in the absence of the bath subsequent oscillations
would be observed. The solvent bath acts as a dissipation on
B. Solvent intramolecular modes and optical the vibronic coherence such that these subsequent quantum
dephasing beats are not observed.

The systematic analysis of solvent contributions to opti-
cal dephasing presented above clearly indicates that rapig
fluctuations of the bath contribute significantly to the two- ~
pulse photon echo response. The measured spectral density Frequency independent coupling was assumed in the
for DMSO contains distinct spectral regions that are associanalysis of time-integrated two-pulse photon echoes pre-
ated with solvent inter-molecular and intra-molecular mo-sented in this paper. The general validity of this assumption
tions. The effect of including these different spectral regionamay be further investigated by comparison with the results of
in photon echo simulations clearly indicates that the fretime-gated and three-pulse photon echo measurements and
guency region of the DMSO intramolecular motions are im-simulations.
portant for accurate comparison with experiment. These mo- The time-gated photon echo signals described in(Eq.
tions can be thought of as fast bath fluctuations. This findingghow that the time-gated signal is a convolution integral be-
is similar to the conclusion reached by Bardeen and Shank itween the modulus-square of the third-order polarization and
the echo study of LD690 in n-alcohdisThey attributed the the gate pulse intensity. The temporal shape of the third-
fast response of LD690 in n-alcohol to the -OH group libra-order polarization can then be directly extracted by deconvo-
tional motion, which is inertial in character because it is thelution with the gate pulse. Direct access R®)(t, 7)|2 more
motion of individual molecules, but not to any collective clearly enables the separation of slow and fast modulations
solvent modes. (i.e., inhomogeneous and homogeneous broadgmihghe

The magnitude of the solvent intramolecular mode in-electronic energy gap. The time-gating method will therefore
duced fluctuations that a solute senses will depend on thiee superior to integrated echoes for the elucidation of the
number density of solvent molecules around the solute andptical dephasing spectral density. For instance, the simula-
the solvent-solute coupling strength. The intensity of thetion of the time-gated echo signal for different complexity in
macroscopic measurement of the solvent polarizability rethe systemtwo-level versus multi-leveéland bath(low fre-
sponse reflects solvent number density. This is why the onlguency spectral density versus large frequency nasgen in
parameter left in “fitting” the experimental photon echo sig- Figs. 1da) and 1@b) demonstrates the sensitivity of the echo
nal with simulated echo signals, which employ the spectrakhape to the form of the bath. Significantly different peak
density obtained by OKE measurement, is the coupling patime-shifts of the time-gated polarization response versus
rameterN. By contrast, the intermolecular collective mo- pulse separation are obtained for different spectral ranges.

N(w) and time-gated echoes
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