Photon echoes of polyatomic molecules in condensed phases
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A theory of optical echo spectroscopies of large polyatomic molecules in condensed phases is
developed. Using phase space correlation functions, we examine the interrelationships among
the following optical measurements: ordinary photon echo, stimulated photon echo,
accumulated photon echo, incoherent accumulated photon echo, and pump—probe absorption.
Conditions for the elimination of inhomogeneous broadening in these experiments are
specified. A multimode Brownian oscillator model is used to account for high frequency
molecular vibrations, as well as solvent modes, and electronic dephasing processes. The effects
of quantum beats, spectral diffusion, and homogeneous dephasing on the echo signals are
studied and compared in detail with pump—probe and hole burning spectroscopy.

I. INTRODUCTION

Ordinary optical line shapes of molecular systems in
condensed phases are usually dominated by electronic inho-
mogeneous broadening resulting from the variation of local
environments of different molecules.'? As a result, the use-
ful structural and dynamical information is hidden under-
neath a broad inhomogenéous envelope, which makes it im-
possible to extract this information using linear optical
measurements. This state of affairs is typical for spectra in
solution, liquids, glasses, polymers, proteins, and molecular
crystals. However, nonlinear optical techniques provide the
possibility of eliminating inhomogeneous broadening and
extracting valuable dynamical information, even when lin-
ear optical measurements fail.

The most common spectroscopic techniques used to
probe molecular dynamics and optical dephasing processes
by selectively eliminating inhomogeneous broadening are
fluorescence line narrowing,”® hole burning’® pump-~
probe absorption,'®'® and photon echoes [two-pulse pho-
ton echo (PE),'*'® three-pulse stimulated photon echo
(SPE),'*"?! and accumulated photon echo (APE)?'"*].In
fluorescence line narrowing experiments, the molecular dy-
namics in the excited electronic state are resolved, whereas
in pump-probe absorption, the molecular dynamics in the
ground electronic state are resolved as well. Photon echoes
are the optical analogs of the corresponding magnetic reso-
nance spin echoes.**?> In the accumulated photon echo ex-
periment, two trains of laser pulses with equal spacings are

successively applied. This technique is usually applied to sys- -

tems with a long absorption recovery time. The optical echo
signal in this case is then accumulated and detected through
an interference with the second pulse train (homodyne de-
tection). The accumulated photon echo signal is identical to
the stimulated photon echo signal, provided a homodyne

™ Camille and Henry Dreyfus Teacher/Scholar.

detection scheme is used.?!"** The echo experiments are time
resolved, while the fluorescence and pump—probe absorp-
tion can be both frequency and time resolved.

The cw hole-burning spectral line shape of solvated
chromophores shows Franck—Condon progressions related
to the chromophore vibronic structures, broadened by the
width 27/7,, with T, being the homogeneous dephasing
time. In this case, only a small fraction of the solute mole-
cules within the broad inhomogeneous distribution are selec-
tively investigated,'? resulting in the elimination of inhomo-
geneous broadening. The elimination of inhomogeneous
broadening in photon echo spectroscopy is of very different
origin. In this case the pulsed excitation process is nonselec-
tive and the entire inhomogeneous distribution could be ex-
cited. However, the signal results from two propagation per-
iods in which inhomogeneous broadening has an opposite
effect which exactly cancels. The dephasing in the first peri-
od is followed by rephasing in the second.'®*® The simplest
theory for photon echo spectroscopy assumes a line shape
with two broadening mechanisms: homogeneous broaden-
ing which originates from very fast motions of the surround-
ing medium and results in a Lorentzian line shape and inho-
mogeneous broadening. A more general theory is based on
the stochastic model, in which the electronic transition fre-
quency of the solvated chromophore is taken to be a Gaus-
sian-Markovian stochastic variable, characterized by two
parameters: the modulation strength A and the solvent cor-
relation time A ~'.2?7 This model accounts properly for the
finite time scale of solvent fluctuations and interpolates con-
tinuously from the homogeneous limit (A/A> 1) to the in-
homogeneous limit (A/A<1).%® However, solvent relaxa-
tion processes associated with solvent fluctuations are
completely neglected. Therefore, this simple stochastic
model does not account for the dynamical Stokes shift,>%2%
which results from the solvent reorganization processes oc-
curring after the chromophore excitation. Various micro-
scopic solvation theories have been successfully proposed to
interpret the spectral diffusion processes in Stokes shift mea-
surements,>*?*>* such as time-dependent hole burning and
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fluorescence spectra. In these theories, however, the solva-
tion dynamics during the optical excitation are neglected by
assuming an instantaneous optical transition of the chromo-
phore. This approximation should be relaxed in photon echo
measurements, in which the solvation dynamics coupled to
the optical excitation is monitored directly when the chro-
mophore is in an electronic coherence.

Nanosecond and picosecond echo experiments have
been widely used to probe homogeneous line broadening.
The development of light sources with impulsively short

(femtosecond) time scales has made it possible to probe co-~

herent chromophore motions in real time.'®!53*3¢ “The re-

sulting quantum beats are the sighatures of the nuclear mo-

tions of the chromophore either in the ground electronic
state (e.g., impulsive or pulse-shaped stimulated Raman
scattering)'® or in the electronically excited state (e.g.; the
impulsive fluorescence),*® or in both states.''™'> Most re-
cently, femtosecond echo experiments®® have shown quan-
tum beats which reflect nuclear motions coupled to the elec-
tronic coherence between two electronic states.

We have recently developed a Liouville-space theory for
molecular nonlinear optical spectroscopy and calculated the
pump-probe®” and stimulated Raman signals®® of solvated
chromophores with arbitrary temporal envelopes of the laser
fields. In this paper, we apply this theory to photon echo
spectroscopy and incorporate molecular nuclear motions of
the chromophore and the solvent. We assume that only two
electronic states, |g) and |e), participate in the Optical exci-
tation via the dipole interaction. The Hamiltonian is

HT ~H—VE(rt), = (12)
= 18)H, (gl + le) (H. + wy) <el,” (1b)
V=p(le)g] +|g)e]). (lc)

Here, H, and H, are the adlabatlc Hamlltomans character-
izing the nuclear degrees of freedom of the entire molecular
system (solute and the solvent) in electronic states [g) and
|e), respectively. w,, is the 0-0 electronic transition frequen-
cy, V'is the electronic transition dipole operator, and E(x,t)
is the classical external electric field consisting of a sequence
of the applied laser pulses, which will be further specified for
the various echo measurements. The ‘electronic transition
dipole matrix element u in general depends. weakly on the
solute nuclear coordinates. For simplicity we hereafter ne-
glect that dependence (the Condon approximation) and set
u=1
The rest of the paper is orgamzed as follows In Sec. II,

we present a unified theory.for various photon echo tech-
niques, which include ordinary, stimulated, accumulated,
and incoherent photon echoes. These echo signals can be
expressed as a convolution of a same molecular correlation
function with the proper.sequence of excitation fields. In Sec.
I1I, we consider ideal impulsive echo experiments which use
ultrashort pulses, in which the echo signals are directly relat-
ed to the molecular correlation function. We then in Sec. IV
compare the echo signal with-the pump-probe absorption,
which is its frequency-domain analog. General transform
relations among the pump-probe absorption and various
echoes are established without alluding to. any, particular
molecular model. The.precise conditions for the existence of

such transform relationships are specified. The linear and

" nonlinear molecular correlation functions relevant for cal-

culating the echo signal are evaluated in Sec. V using the
second-order cumulant expansion. These correlation func-
tions are then studied for a multimode Brownian oscillator
model. The solvent fluctuations and dissipation are account-
ed for consistently by using the detailed balance condition.
Fmally our results are summarized in Sec. VL.’

7 1i. CORRELATION FUNCTIONS FOR PHOTON ECHO

SPECTROSCOPY

A.Two-and three?pulse photon echoes: Dephasing and
rephasing processes

Let us consider first the stimulated photon echo mea-
surement in which three short laser pulses with wave vectors
k; k,, and k; are sequentially applied to the system. The
external field in Eq. ( 1a) for the stimulated photon echo is
given by

E(rt) =E, (¢t + 7 + rexplik, r— i), 1)
+ E, (t+ m)exp(k,r — i), 1)
+ E; (Hexp(ikyr — iQq2) +cc.m. - (2)

Here, E; (¢) denotes the temporal envelope of the jth incident
pulse, while (), denotes its mean frequency. The three inci-
dent pulses are delayed by the time intervals 7/ and 7. The
stimulated echo pulse, which centers around ¢ = 7' after the
third pulse, is then generated in the direction
ks =k, +k, —k, (cf. Fig. 1).*® The stimulated echo sig-
nal Sgpy is given by the total generated echo energy, or the
1ntegrated area, as a function of the pulse delay times 7/ and
7, ie.,

Sspe (7,7 =f dt [P (ks,0 3)
0

Here Py, (kg,t) is the macroscopic polarization of the me-
dium with wave vector kg induced by the external fields. The
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FIG. 1. Pulse sequences for ordinary, stimulated, and accumulated photon
echoes, (PE, SPE, and APE, respectively). Shown are the incident pulses
(solid curves) and the echo signal (dashed curves). The PE and SPE, sig-
nals are detected directly, whereas the APE signal coincides spatially and
temporally with the second pulse train with wave vector k,, and the signal is
homodyne detected.
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integrand in Eq. (3) represents the temporal profile of the
echosignal,® which is analyzed in Appendix A. In the weak
field limit, we need only consider the polarization to third
J

-~

P (kg,t) = J

0
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order in the incident fields. Invoking the rotating wave ap-

proximation (RWA) and assuming that the excitation

pulses are well separated, we have***!

dt3J- dtzJ- dt, Pty t V(6 — VBt — ) E, 0+ T— 1 — ) EY@+ 7 +7— 6 =1, — 1)
(4] (4]

>(exp[l.(‘(I:{ +QZ - Ql —a)eg)t:# + l'(Qz - ‘Ql )IZ - i(Ql -wﬂg)tl ] (4)

Here, we have factorized the total molecular response into
two parts, % and y, denoting the dynamical contribution
and the static (inhomogeneous dephasing) contribution, re-
spectively. In the following we shall show precisely under
what conditions the inhomogeneous contribution y(?),
whose Fourier transform gives the inhomogeneous broaden-
ing [cf. Eq. (A4)], is eliminated completely in an echo ex-
periment. The dynamical information is contained in the

molecular correlation function

R (bt ty ) =R, (13,15,11 ) + Ry (13,6,11) (52)
with
Ry (t5,t0,t) ) STI[F o (1) T oo (65) T . (1)Pge ] (5b)
R; (t3,t5,t)) ETr[yeg(l} )ggg(tZ )ygc (£ )Pgs |- (5¢)

The general nonlinear response function*! is a sum of four
independent molecular correlation functions,
R, ;a = 1,.,4 The echo experiment selects only two of
them, R, and R,, which are multiplied by the inhomogen--
eous dephasing term y(#; — ¢,). In the following, we shall
show how these two correlation functions account for the
rephasing processes which generate the echo. The other two
terms, R, and R,, which are multiplied by the inhomogen--
eous factor y(#; + ¢, ), exhibit no rephasing processes and
do not contribute to the echo. In Eq. (5), we assume that the
system is initially in thermal equilibrium in the ground elec-
tronic manifold with density matrix p_,. Tr denotes a trace
over all the nuclear degrees of freedom, which includes both
the solvent and the chromophore. The Green function
Z .. (1) is defined by its action on an arbitrary operator A:

G (DA=exp( —iH,t/A)A exp(iH,t/#). . (6)

The diagonal Green function & ,,,, (%), describes the
time evolution of the molecular nuclear degrees of freedom
in the electronic state m and has a well-defined classical ana-
log. However, the off-diagonal Green function, & ,,, ()
with m 7 n, describes the molecular dynamics in an optical
coherence (during the ¢, and #; periods) which is quantum
in nature.*”*® The diagrammatic representation of stimulat-
ed photon echo is given in Fig. 2. The calculation of the
correlation functions [Egs. (5)] for a specific model of nu-
clear dynamics will be carried out in Sec. V.

The ordinary (two-pulse) photon echo is a special limit-
ing case of the stimulated photon echo in which the third
pulse coincides with the second pulse. Its signal, therefore,
can be obtained from Egs. (3) and (4) by simply setting
E. (1) = E, (2),k; =k,,(}; =, and 7=0: (cf. Fig. 1)

Spg (7)) = Sgpg (7,7 =0). (7
We shall now discuss how the present formalism de-

scribes the echo generation by monitoring the rephasing pro-
cesses of the individual dipoles.?® This physical picture is
simplified if we consider an ideal experiment with infinitely
short pulses, E;(¢) = 6(2). In this case, the echo amplitude
[Eq. 4)1is given by |Ppg (Ks,2) | = |Z (£,7,7') Hx (e —7]
The stimulated echo can now be described as follows. At
time t= — (7 + 7'), the initial, ground state, equilibrium
density matrix p, is excited by the first impulsive pulse to an
optical coherence p,,, which then evolves freely as described
by the Green function &, (7). At the time r= — 7 the
system interacts with the second impulsive pulse and is
transferred to either the electronic ground population p,, or
excited state population p,,. These nonequilibrium popula-
tion states then evolve freely as described by the Green func-
tions & . (1) and &, (7), respectively, until £ = 0 when the
system interacts with the third impulsive pulse. The third
pulse prepares the system in the optical coherence again and
the stimulated echo arises from the free rephasing processes
described by the Green function &, (¢). At t= 7', the re-
phasing Green function, & . (7) = [ ¥, (7') ] 1, is the Her-

; lg> <gl Ig> <gl
!
] kSN ke~
T geg(ti‘a) /kj; le> geg(tii)
}<' ______ ks "]
T le> gee(t?) Ggg(t7)
' k2
‘< ko7 _——_ _______ ~
’C'< *Ggelty) |<el Goelt) |<el.
= 77 g B N
lg> <gl lg> - <gl
Ry R3

FIG. 2. Feynmann diagrams for stimulated photon echo in the rotating
wave approximation. The left (right) diagrams represent the molecular
correlation functions R, (#;,5,,) and R, (#;,6,4), respectively [cf. Eqgs.
(5)1. In a Feynmann diagram (Refs. 39 and 48), the two vertical lines rep-
resent the ket and the bra of the density matrix. The wavy arrows denote
interactions with the external fields. Time increases from bottom to top.
The system is initially at thermal equilibrium in the electronic ground state.
Attimest—t; — 1, — t,,-t = t; — & and £ — &, the system interacts with
the excitation fields with wave vectors k,, k,, and k,, respectively. The
echo field with wave vector kg = k; + k, — k; is then generated at time .
Between interactions, the system evolves freely as indicated by the Green
function [cf. Eq. (6)]. The #,, £, and 1, time intervals are restricted to
17 4 7,}, |7+ 7,],and |7 + 7,|, respectively, with 7, being the time scale
of the external pulses. '
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mitian conjugate of dephasing Green function between the
first and the second pulses, and the echo reaches its maxi-
mum with y(¢f — 7" = 0) and the effect of the inhomogen-
eous dephasing is eliminated. For ¢> 7/, dephasing takes
place and the echo decays. The selective elimination of inho-
mogeneous dephasing by rephasing processes is the key
characteristic of echo experiments.?® As indicated earlier,
there are two additional correlation functions, R, and R,
associated with the inhomogeneous dephasing y(#; + t;),
which contribute to a general four-wave-mixing signal (see
Appendix B). However, these additional correlation func-
tions do not contribute to the echo signal.

B. Accumulated photon echoes with coherent light
sources ‘

We now turn to consider the accumulated photon echo,
in which the sample is irradiated with two noncollinear
trains of coherent laser pulses. We shall denote the first train
as the pump train and the second as the probe train. The
latter is delayed with respect to the former by time 7'. The
pulse spacing in both trains is 7 4 7. Each pulse in the pump
1

(probe)  train has the wave vector Kk, (k,), frequency
Q, (£,), and a temporal envelope E, (#) [ E, (¢) ]. The ech-
oes stimulated by the pump train appear at the probe train
wave vector kg =k, + k, — k, =k,, are coincident tem-
porally, and oscillate in phase with the probe train. The ac-

- -cumulated echo corresponds therefore to a zomodyne detec-

tion mode whereby the signal is combined with a carrier
beam with the same frequency. The multipulse accumula-
tion and the homodyne detection make this technique par-
ticularly sensitive and it has been widely used to probe inter-
system crossing, vibronic dephasing and relaxation
dynamics.’>? In this section we shall focus on the accumu-
lated echo measurement of our model system [Eq.(1) ] with
long excited state lifetime. Consider a complete cycle of four
successive pulses; two from the pump train and two from the
probe train. The echo field is in this case the same as the
stimulated echo generated from the first three (pump—
probe—pump) pulses. The relevant polarization is therefore
the same as P3) (kg =k, + k, —k,,£) [Eq. (4)] with
E; = E, and Q, = ,. However, the echo field, in this case,
interferes in phase with the fourth (probe) pulse, and the
signal is given by*? (cf. Fig. 1)

Swpe (i) = —2Tm | @ EG—7IPG (ks =k, +ly — ki)

.=2Ref dtf d@f dtzf AR (b sty (Es — 1)
— 0 0 0

XE’{(Z‘—T")EI (l‘—-t3)Ez(t+T-l‘3 ~tZ)E’1“(l‘—‘I—T+7"~t3 —t, —t)
Xexp[i(8d, — weg )ty + 1(Q, — )8, — i(Q) — )11 ] (8)

In most applications of the technique, the train repeti-
tion of the four-pulse sequence simply amplifies the echo
signal which is given by Eq. (8). Complications may occur
when the system is characterized by a broad distribution of
relaxation time scales including very long time scales as is
the case, e.g., in glasses.*® In this case slow spectral diffusion
processes can take place, and their incorporation requires a
more elaborate theory which depends on higher order re-
sponse functions. This extension is beyond the scope of the
present article. As a rule, the four-pulse description of the
accumulated photon echo is valid provided the time scale 7
can be made longer than any other relaxation time scale of
the system.

C. Accumulated photon echoes with incoherent light
sources

Equation (8) is valid when a mode-locked laser source
is used to generate the coherent pump and probe pulse trains.
The accumulated photon echo with the same beam configu-
ration can also be performed using incoherent broad band
light sources***¢ to generate the pump with wave vector k,
and the delayed probe with k,. The electric field which en-
ters in Eq. (1a), in this case, is given by ’

E(r,t) = E(t+ 7)exp(ik,r — 1)
+ E(t)exp(ik,r — iQt) + c.c. (9)

r
The temporal envelope of the incoherent light is assumed to
be a complex stochastic stationary Gaussian process with

(E*(t +T)E@)) =0(1) =0"(—1), (10a)

(E(t+T)E(t)) = (E(t)) = {E"(£)) = 0.

Here (...) denotes an average over the stochastic fluctu-
ations and @(¢) denotes the correlation function of the inco-
herent laser field with typical time scale 7.. The echo signal is
obtained when 7, is short compared with the dephasing time
of the optical medium and the delay time 7’ of the probe field
with respect to the pump field. We shall be interested in the
accumulated echo signal generated along the k, direction
and detected as a homodyne beat with the probe field. It is
given by (cf. Appendix B):

(10b)

S,APE(f')=2Ref er dtzf dt, {exp[iQ(t; —1,)]
o o o 7

X[0*(7 ~ )0(F —#,)
+0(t; + 1, — VO, + 1, — )]

X R (ty,t,0 )y (& — )} (1D

The temporal resolution of this technique is determined by
the light correlation time 7, rather than by the pulse dura-
tions as in a coherent experiment [Eq. (8)].
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1L IMPULSIVE PHOTON ECHOES

In the previous section we presented general expressions
for photon echo spectroscopy which account for arbitrary
molecular dynamical time scales and pulse durations. We
shall now consider ideal ultrafast echo experiments for
which the calculations are greatly simplified.

In the impulsive limit, the laser time scale (the pulse
duration for coherent light or the correlation time for inco-
herent light) is short compared with the molecular vibra-
tional periods and the time scales of homogeneous dephasing
and solvent reorganization processes. This is the case for the
recent echo experiment performed by Shank and co-workers
using 6 fs laser pulses.’® A second simplifying condition is
the large inhomogeneous broadening limit whereby the inho-
mogeneous dephasing time, or the inverse linewidth of inho-
mogeneous broadening, is short compared to all the dynami-
cal time scales of the system. This is usually the case in
condensed phase spectroscopies. Neglecting some trivial
prefactors, the echo signals when both limits hold are given
by «

Spg (7) = |#(7,0,7)]3

Sepg (757) = |# (7', 7,7 %

(12a)
(12b)
The homodyne echo techniques require only the first condi-

tion (impulsive excitation) and regardless of the magnitude
of inhomogeneous broadening yield

Sape (7,7) = Re[Z (7,7, 7) ], (12¢)
Siare () =J dr Sape (7',7)
0
-
+ f dr Sapg (7,7 ~ 7). (12d)
0

In Egs. (12), the inhomogeneous dephasing y is completely
eliminated. If we neglect the second term in Eq. (12d)
(which results from the overlap of the pump and the probe
fields in the incoherent configuration) we recover the result
of Bai and Fayer.*®

It should be noted that Egs. (12) may also hold when
the excitation pulses are short compared with the solvation
dynamics but long compared with the chromophore time
scales. This is typically the case in picosecond experiments
where the chromophore is excited to a particular excited
vibronic state and only the solvation dynamics are probed in
the real time. In this case, &% contains only the solvent con-
tributions*’ [cf. Eq. (AT)]. .

IV. THE FREQUENCY DOMAIN ANALOG: PUMP-
PROBE SPECTROSCOPY

In the Sec. IT1, we expressed the various echo signals in
terms of same molecular correlation function & (£5,¢,,1, ). It
should be noted that, in general, there is no direct relation-
ship between the stimulated echo and accumulated echo sig-
nals, since the former depends on both the real and imagi-
nary parts of the correlation function whereas the latter
depends only on the real part. [cf. Eqs. (12b) and (12¢)].
We shall turn now to consider the possibility of a direct
Fourier transform relation between the optical echoes and a

frequency-domain experiment, i.e., pump-probe absorp-
tion. By measuring the total energy loss in the probe field,
the pump—probe absorption signal Sy, is obtained as a func-
tion of 7, the delay time of the probe with respect to the
pump, (;, the pump frequency, and Q,, the probe frequen-
cy. The formal expression for Spp is similarto the first equal-
ity in Eq. (8), the accumulated photon echo signal. How-
ever, the configuration of the excitation fields in pump-
probe experiment is different from that in accumulated echo.

In general, the polarization relevant for pump-probe
spectroscopy contains both the terms 77 (¢5,6,,¢; )y (£ — ;)
and @(Q,tz,t, Yx(t; +t,) [cf. Eq. (B1)]. This constitutes
the doorway/window picture for transient absorp-
tion.3”*® Therefore, there is no general transform relation-
ship between echo signal and probe absorption measure-
ment. However, in a2 medium with large inhomogeneous
broadening, we may approximate the inhomogeneous de-
phasing function y (¢) by a delta function. In this case the %
term in the Condon approximation becomes independent of
t, and does not contribute to the transient absorption (it
simply provides a dc background ). If we further assume that
both pump and probe pulses are long compared to the elec-
tronic dephasing time but short compared to thé molecular
nuclear dynamics, the probe absorption signal is insensitive
to the temporal characteristics of the incoming fields.>”*® In
this case, the pump-probe signal, up to a trivial prefactor, is
given by

Spp (730, — Q) = ReJ- dt
0

X exp[i(Q, — Q) | A (t,7,0). (13)
In this case the inhomogeneous contribution is completely
eliminated. Equation (13) is also valid when the excitation
pulses are short compared to the solvation dynamics but
long compared to the chromophore time scales. In this case,
P in Eq. (13) contains only the solvent dynamics and the
pump—probe absorption is then referred to as hole burn-
ing.37‘47 o '

Equations (12b), (12¢), and (13) constitute our theo-
retical basis for analyzing the intrinsic relations among the
stimulated photon echo Sgpg, the accumulated photon echo
S,pe and the pump—probe absorption Spp of 4 system with
large inhomogeneous broadening. All three optical signals
depend on the same molecular correlation function 77. In
general, this correlation function is complex and has two
independent (real and imaginary) components. Equations
(12b), (12¢) and (13) can, therefore, be used to obtain a
general transform relation among the three optical signals,
Sepe» Sape, and Spp, which is not restricted to any specific
molecular model. Especially, when the delay time is long
compared with the time scales of the molecular nuclear re-
laxation processes, i.e., 7> 75, we can factorize R, and R,

aS49 .

R, (47> 7,) = J, (B)exp( — yr)J 2 (1), (14a)
R; (t,7> T t) = S (O)exp( — ¥'T)T ¥(¢1)
=J ()5 (1) (14b)
with , o
J,(0) =Tr[F ,()p,]; u=e or g (l4c)
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Here, ¥ and 9’ (=0) represent the inverse lifetimes of the
electronic excited and ground states, respectively. J, (£) is
the molecular linear response function with respect to the
thermal equilibrium distribution in the |u) electronic states.
The Fourier transforms of J, (¢) and J, (¢) give, respectively,
the stationary absorption and fluorescence line shapes.*’
These functions satisfy the symmetry relations: J, ( — )
=J¥(t) and R, (—tya>7r, — 1) =R*(t,7R71x,2). In
this case, Eq. (13) can be expressed as a Fourier transform,
resulting in :

R (LT> Tgot)
:iJ d(e, - 0,)-

Xexp[ — (0 — Q1) |Spp (7> T30, — Q). (15)
Here, 7z represents the molecular nuclear relaxation time.
The stimulated photon echo signal [Eq. (12b)] is therefore
related to the amplitude square of the Fourier transform of
the pump-probe ‘absorption line shape whereas, the accu-
mulated photon echo [Eq. (12¢)] is related to its cosine
transform. We have

Sspg (7/s7>7TR) =|———f dQ, -.~Q )

. Xexp[ —i(Q, — Q)7

KSpp (7> 7382, — O )Iz, : (1“6'3)
. 1( |
Sape (7, 7>7TR) ==;f d(Q, — Q,)
Xcos[ (2, —Q,)7]
XSpp (T>7g3;2; — Oy ). - (16b)

The inverse transform does not exist since Spp depends on
the two-sided Fourier transform of the correlation function
2. However, if the delay timé is longer than the électronic
excited lifetime, i.e., 7>%"', Eq. (l4a) rediices to
R,(t';7— w,t') =0.Thisis the case in persistent hole burn-
ing experiments.” In this case, we have [cf. Egs. (12¢),
(12b),and (13)1" _

Sape (7,7 ) = ng () [ %

(17a)

Sspe (7,7~ ) = [Sape (7,77 0) ]2, (17b)

SPP‘(T_"°°;QZ —~ ) =f dr’ cos[(Q, —.VQI)'T,]’ :
o

(17c)

Equation (17c¢) is consistent with the prev1ous result of Sai-
kan ez al.®°

V. APPLICATION TO THE MULTIMODE BROWNIAN
OSCILLATOR MODEL

In the previous sections we formulated the various opti-
cal echo signals in terms of the molecular four-time correla-
tion functions, R, and R, [Egs. (5) ]. These functions carry
not only the dynamical information when the chromophore
is in the excited (¥,,) or in the ground (¥ ,,) electronic
population state, but also the dynamics when it is in an elec-
tronic coherence (¥, and & ,.). We have recently devel-
oped a generalized Langevin equation which allows to prop-
agate explicitly these Green functions, & ,,,, withm, n = eor

XS apg (77— ).

g, for harmonic and anharmonic chromophores in solu-
tion.*! The correlation function R, is then obtained by trac-
ing over all the final states (or phase space points) and aver-
aging over the initial distribution.

We shall now present an alternative approach for calcu-
lating these correlation functions. This approach is based on
a cumulant expansion used to express these four-time corre-
lation functions in terms of a single two-time correlation
function. We then evaluate the two-time correlation func-
tion using a Brownian oscillator model.

A.The second-order cumulant expansion

The optical résponse of the system depends directly on
the difference of the excited state and the ground state Ham-
iltonian

U=H, - H,. (18)

It is clear that if U = 0 the nuclear degrees of freedom do not
couple to the optical transition. Performing the cumulant
expansion of Egs. (5) and (14c) around the molecular
ground state Hamiltonian H,, to second order in U, we ob-
tain®

J (1) =exp[ —g(D)], (19a)
J.(2) = exp[ — g*()], (19b)
R, (53.5,4) = exb[ _g‘(ts )‘hg*(tl )
+8(5) —g(ty + 8)
~ g +5)+8( +86+18)], (19)
R3 (t3!t2’tl)
=exp[ —g(£;) —&(6,) +8 (L) —g (5, + 1)
g +L)+g L +L+6)], (19d)
where
g(t) =ilt+ fotdr, fo TIdTZ'g(Tz)a (20)
and )
A= (U), (21a)
@) =(UBU) — (U (21b)

In Egs. (19), we include also the molecular linear correla-
tion functions J, (¢) [Eq. (14¢)]. In Egs. (21), {...) denotes
an average over the initial equilibrium distribution within
the ground electronic state manifolds. U(#) is the operator
[Eq. (18)] in the Heisenberg picture with respect to the
ground state dynamics: '

U(t) =exp(iH, 1) Uexp( ~ i), (22)
Equations (19) are exact for a linearly displaced harmonic
oscillation system.>*! The key quantity here is (¢) [Eq.
(21b) ], the two-time correlation function of the operator U.

In general, (z) is 2 complex function of time. We shall now
separate it into its real and imaginary parts:

FOy=g" () — FP(0), (23)
with

“’(t)—4[(U(t)U>+(UU(t))]~-<U>2 (24a)

§"?’(t>=7[<U(t)U> —(UU(D))]. (24b)
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Both gV (¢) and g‘*(¢) are real, since they represent the
expectation values of Hermitian operators. Also gV’(z)
=gV ( —¢) is symmetric whereas 2 (¢) =5 ( —1) is
antisymmetric. The fluctuation—dissipation theorem pro-
vides a general connection between g'!” and g ,, so that they
are not independent. To show that, we introduce the spectral
density functions:

C(w)s—l—f dt explionZ (1)
27J — »

= LRe[ drexptions(o), (252)
T 0
C"+)(CO)E—LJ dt exp(iot)gV (1)
2rJ -
=—1—f dt cos wt §V (1), (25b)
T Jo
C(—)(a))-——-—.f dt exp (iot) 2 (1)
1J—-w
:if dt sin ot 52 (D). (25¢)
T.Jo

Here, the second identities are obtained using the symmetry
properties. C + (@) =C‘*)( —w) is symmetric and
Cl " Nw)= —C' N —w) is .antisymmetric.
Clw) = C'* N (w) + C~(w) satisfies the detailed bal-
ancerelation: C(w) = exp(#iw/kz T)C( — w), which can be

directly proven from Eqs. (21b) and (25a) by expressing .

g(t) in terms of the eigenstates of H, . These properties result
in

#iw
C =}1 4 tanh cH)
(@) [ + tan ( " T)] (@)

B

Fiw
=1 th Ct
[ o (%;T)]

Equation (26) is the fluctuation—dissipation theorem which
connects the response function with the correlation func-
tion.”' It can be shown that C(®),C‘*’(w), and
wC ~(w) are non-negative. Performing a Fourier trans-
form on Egs. (26) followed by a double temporal 1ntegra-
tion, we obtain

(). (26)

2(t) =i/‘Lt-}-J~ do'w ™ ?[1 — iwt — exp( — iwt) ]

[1 +tanh(—“7f—z)——7:)]C(+’(w) (273)

or

g@) ;i/lt+f dw o " *[1 — iwt — exp( — iwt) |

#ie
. (@)
><[1 +coth(2kBT)] (w)

Here, ky is the Boltzmann constant and T is the tempera-
ture. Equations (27a) and (27b) are useful in the calcula-
tion of molecular line shapes in condensed phases, since
C*)(w) and C‘ ~(w) have simple classical analogs. This
will be used in the next subsection.

(27b)

B. The Brownian oscillator model

The linearly displaced Brownian harmonic oscillator
model*!"*? provided a general and very convenient way for
incorporating the coupling of nuclear motions ( whether in-
tramolecular or solvent) to the optical transition. In this
model, the molecular and solvent nuclear motions are repre-
sented by N modes with U=H, — H =3;0,D (qj

+ D;/2). q; denotes the dimensionless coordinate and w; is
its harmonic frequency, while D, is its dimensionless dis-
placement between the potential surfaces of electronic excit-
ed and ground states. In addition we assume that each vibra-
tion undergoes a Brownian motion satlsfymg the generalized
Langevin equatlon

(0 = —ofq (0 — [ dr7y (=147 + 00
0
(28)

Here, ¥; () is 2 non-Markovian friction kernel and f; (¢) is a
Gaussian stochastic random force due to the effect of solvent
environment on the jth mode. The friction and the random

force satisfy the fluctuation—dissipation relation
(O fi (1)) =8, (A, + 1 F,;(t — 7). Here (...) denotes an

average over the stochastic variables. §; is the Kronecker
delta, and

7i; = [exp(fiw;/kgT) — 1] ! (29)

is the thermally averaged occupation number of the jth
mode. For this model we have

g(n) —Zg,(t) | ©(30)

The expression for g;(¢) is s1m11ar to Egs. (27a) or (27b)
with replacing 4, C**’, and C*~’ by 4;,,C;*’ and C| ~,
respectively and where

Citl(w) = (A}/W)det cos wt M, (1), (31a)
) o ,
C}‘)(a)) = (/lj/ar)fwdt sin wt Z;(t) (31b)
. 0 .
with
N=a}D} (W +3), - G2
Ay=w,D}/2, (32b)
and
1 {a.(Da. ) —{g.)?
AIJ(I)EZ{<qI(t)qI>+ (qqu(t»], <qJ> : (320)
(@) — (q))* :
Z(D=io,[{q;(Dg;) — {g,4;())] = — M, (2).
(32d)

By definition, both M; () and Z, (¢) are real with M;(0) = 1
and Z;(0) = 0. Furthermore, M;(x) = Z;(w) =0 for a
dissipative medium. Solving for M;(¢) or Z;(¢) from the
Langevin equation [Eq. (28) ] and then substituting for Eq.
(31), we obtain

CiH(w) = (A}/#)Re[ — ot (@) ]

—o* — iwy; (@) + @}
' (33a)

or
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2
C{(w) = (4,/m)Im [ 5 .w! 2],
— o — oy (o) + o5
. (33b)
with

n(w)sj; dt exp(iot) ¥;(2). (33c)
It can be shown that g; (¢) obtained via Egs. (27a) and (33a)
is not identical to that obtained using Egs. (27b) and (33b).
This arises since the Langevin equation with a classical ran-
dom force does not satisfy the detailed balance condition.”
Equations (27) and (33) constitute the main results of this
section. Using these results, we may perform the model cal-
culations for the pump—probe signal [Eq. (13)] as well as
the various impulsive echo experiments [Egs. (12)] or for
the more general echo measurements (cf. Sec. II).

We shall now calculate the impulsive ordinary photon
echo signal [ Eq. (12a) ] using the present Brownian oscilla-
tor model. Making use of Egs. (28) and (19), we may re-
write Eq. (12a) as

Spe () =[S (), (34a)
J
with '
SH () =exp{ — 2Re[g (7') + 3g,(7') — g (27) ] }.
(34b)

This signal depends only on the real part of g;.

In Egs. (34), the product runs over all the system modes
which are considered explicitly in the Langevin equation [ cf.
(Eq. (28)]. In the calculation of molecular optical line
shapes in condensed phases, the system modes can be divid-
ed into two groups. The first group consists of all the optical-
ly active modes of the chromophore or some particular mi-
croscopic solvent modes which are strongly coupled to the
electronic transition. These modes contribute to the quan-
tum beats in the time domain and to the Franck~Condon
progressions in the frequency domain. The second group
consists of the macroscopic solvent coordinates representing

the intra- or intermolecular solvation shells, such as the elec-.

tronic solvation coordinate®’ and the intramolecular bath.
These motions describe dephasing and spectral diffusion
processes, and therefore contribute to the echo decay and the
spectral line broadening in the frequency domain.

The optically active modes usually have high vibration-

al frequencies compared with the solvent friction. Their mo-
i

tions are characterized by the parameters D,, frequency ;
and friction 7;. In the extreme case where the relevant fric-
tion is much smaller than the vibrational frequency,
¥, (w;) €w;, we have the exact solutions M, (¢) = cos @; (£).
and Z; (1) =sinw;t, yielding C][ ¥ (o) =1w’D}(7; +1)
X[6(w—w;) +8(@+w)] and C[™'(w)=lw’D}
X [6(@ — w;) — 8(w + ;) ]. In this case, Egs. (27a) and
{27b) are equivalent, resulting in the well-known expres-
sion:*>*

g (1) = — (D}/2){(7 + 1) [exp( — iw;t) — 1]
+ 7 [expUiw;t) — 11} (35a)
[Once the friction is included and M, and Z; are evaluated
approximately, Eqs. (27a) and (27b) are no longer the
same.] The contribution from the coherent motion with

¥; == 0 can now be obtained by substituting Eq. (33) for
(32b). We obtain

SHR(7) =exp[ —4(7; + DDF(1 —cos ;7).
(35b)

Equation (35b) shows that in the impulsive limit the
ordinary echo signal results i quantum beats for the cober-
ent motions of the underdamped chromophore modes. This
is the case in the recent experiment of Shank and co-
workers.® It should be emphasized that the coherent motion
in an echo experiment is coupled to the electronic transition,
and the vibrational frequency of mode j in the electronically
excited state may be very different from that in the ground
electronic state. The echo beats contain therefore all the pos-
sible combinations of these two different frequencies and are
modulated by the fast electronic dephasing processes.?® This
is in contrast with the impulsive absorption and stimulated
Raman signals where the beats, which reflect the coherent
motion in either the excited electironic state or in the ground
electronic state, are modulated by the much slower vibra-
tional dephasing processes, '%-15:37:38

Let us turn now to the second group or the macroscopic
solvation coordinates which have usually very low charac-
teristic frequencies compared with the friction, and are over-
damped. Their dynamics can then be described using Eq.
(26) with g, (¢) = 0.*"** We shall further invoke the Marko-
vian approximation and set y(w) =7%. We then have
M, (2) = exp( — A;t) and CiH N w) = (AJA/m)/
(& + A}). Using contour integration,”> Eq. (27a) then re-
sults in

g (1) = (A/A) [exp( — Ajt) + At — 1] [ 1 —itan(#iA;/2k, T) ] + id;t

= 4%, /Ky T

+ (AN /Ths TS

Zo 2n+ 1220+ 1) — (#A,/ks T)?]

X{exp[ —7(2n+ V) (kg T/H)t ] + 7(2n + 1) (ks T /)t — 1}

(36a)

Alternatively, we can calculate g;(#) using Eq. (27b). In this case we have Z;(¢) = A; exp(— A;¢) and C }”(a))

= (0 A;/m)/ (& + A}) and therefore

g () = i(A/A) [1 —exp( — A1) ] + (A,/A,)cot(Fih,/ 2k, T) [exp( — Ayr) + Ayt — 1]

44N, = exp[ — QankyT/F)t] + Qunks T/F)t — 1

(36b)

W(kBT)zn-_—l

2n[4n*m — (AN /kpT)?]
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Here, we characterize the solvation mode by the parameters
A;, A;, and A;, representing, respectively, the solvent reor-
ganization frequency, solvent fluctuation amplitude, and the
inverse time scale of solvent relaxation. In the high tempera-
ture limit &k, T #iw,* we have #A} = 2k TA;, and both of
Eq. (36a) and (36b) reduce to

g (1) = (A,/A;)*[exp(— A;t) + Ayf— 1]

+ (A /A)[1 —exp(— A1) ]. 37
This is consistent with the result obtained directly from the
generalized Langevin equation for the off-diagonal Green
function &, (#).*' If we further neglect the solvent relaxa-
tion processes associated with the fluctuation by setting the
reorganization parameter A; = 0, we recover the celebrated
stochastic model of line broadening.?’

The solvation dynamics probed by the echo measure-
ment can now be obtained by substituting Eq. (36a) or
(36b) in (34b). In the high temperature limit (k; T'>#iw,)
we get

.
SR = exp[ — (4A}/A/)J- dt[1—exp(— A1) ]2}
0
(38)

In the fast modulation (homogeneous) limit where the sol-
vent correlation time A;” ' €7’ is negligibly small, Eq. (38)
reduces to

S@ (') =exp( — 47/ Ty). (39)
This is the well-known relation between the echo signal and
the homogeneous dephasing time T, =A;/A}. In this limit,
the FWHM of the hole-burning spectrum [Eq. (13)] is
equal to 4/T,. In the slow modulation limit where A~ ‘s,
Eq. (38) reduces to

S@ (7)) =exp[ — (7/76)%], (40)

where 7, = ($A2A;) ~ ”°. A detailed analysis of the echo de-
cay time and the hole-burning spectral width in the presence
of the spectral diffusion was given elsewhere.*>**

VI. SUMMARY

In this paper we presented general expressions for the
stimulated echo [Eq. (3) with (4)], the ordinary echo [Eq.
(7)1, the coherent accumulated echo [Eq. (8)], and the
incoherent accumulated echo [Eq. (11)] of solvated chro-
mophore molecules, generated using weak laser fields. We
considered also the temporal behavior of the echo profile
[Eq. (A6)], and expressed it in terms of the excitation fields
and the medium inhomogeneity {Eq. (A3)]. We'then con-
sidered the impulsive limit where the excitation field is short
compared with the molecular dynamical time scales (ex-
cluding inhomogeneous dephasing). The relevant time scale
of the incoherent laser field is the field correlation time, rath-
er than the pulse duration. In the impulsive limit, all the echo
signals [Eqgs. (12) ] are directly related to the molecular cor-
relation function 2. We may refer to Eqgs. (12) as the bare
echo signals.*® Inhomogeneous broadening is eliminated by
the rephasing processes which completely reverse the inho-
mogeneous dephasing. The bare echo signals are closely re-
lated to the bare pump-probe absorption [Eq. (13)], which

is obtained when the excitation fields are short compared
with the nuclear dynamics but long compared with elec-
tronic dephasing.’”*® Equations (12) and (13) also hold
when the field time scale is long compared with the nuclear
dynamics of the optically active chromophore motions, but
short compared with the solvent relaxation and homoge-
neous dephasing processes. In this case, only the solvation
dynamics are probed; i.e., the molecular correlation func-
tions contain only the solvent contributions [cf. Eq. (A7)].

The pump-probe absorption is the frequency-domain
analog of the photon echo, since it is the one-sided-Fourier
transform of the echo correlation function [Eq. (13)]. This
correlation function is complex, in general. Therefore, there
is no completely general relationship between the pump-
probe absorption signal to any single echo measurement.
However, such transform relations do exist for long delay
times [Egs. (16) and (17)].

We further developed a Brownian oscillator model,
which accounts for quantum beats as well as homogeneous
dephasing, inhomogeneous dephasing and the spectral diffu-
sion in a unified fashion (Sec. V). The echo beats result from
the underdamped Brownian oscillation coupled to the opti-
cal coherence [cf. Eq. (34) ]. Asaresult, the echo signal may
resolve only the quantum beats of high frequency vibra-
tions, '° since it is modulated by the fast electronic dephasing
processes in condensed phases. Detailed balance is built in
through Eq. (27a) or (27b). Therefore, the relationship
between the solvent reorganization and fluctuation was es-
tablished and is consistent with the fluctuation—dissipation
theorem. The resulting stationary absorption and emission
profiles [the Fourier transform of Eq. (19a) and (19b), re-
spectively] vary continuously from a Lorentzian to a Gaus-
sian form. We presented also the echo decay profile which is
exponential eXp( ~—a7') in the fast modulation limit [Eq.
(39)] and exp( — ¢7"*) in the slow modulation limit [Eq.
(40)]. In a real solvent, there is a multitude of solvent time
scales which represent the contributions from different sol-
vation shells. These are easily incorporated using the present
theory.

It should also be noted that the stationary absorption
and emission profiles obtained from the Fourier transform of
Egs. (19a) and (19b) have a mirror symmetry. This is the
result of the second-order cumulant expansion in which we -
expand all the Green functions, &, (f; ),% . (&) with
u=ceorg,and ¥ ge (15 in Egs. (5) around the molecular
ground state Hamiltonian H,. An improved cumulant ex-
pansion may be obtained by expanding & (%)% ,,(f;)
around H,, while expanding &, (¢,) around H,. Another
simple approach is to expand the optically active modes of
the chromophore in terms of their vibronic eigenstates,>”
while keeping the cumulant expansion for the overdamped
solvent coordinates.
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APPENDIX A: THE TEMPORAL PROFILE OF PHOTON
ECHOES

= The evaluation of the echo signal [Eq. (3)]involves a
nontrivial triple integration [Eq. (4)]. In practice, we can
partition all the system modes into fast and slow groups with
respect to the time scales of the excitation pulses. This was
recently applied to calculate the time-resolved pump probe
absorption signal.*” The fast modes are usually the high fre-
quency optically active modes of the chromophore, while the
slow modes consist of collective solvent motions as well as

J

some low frequency chromophore modes. In the case of im-
pulsive excitation, all the molecular modes are considered
slow. To lowest order, we may factorize the molecular corre-
lation function R, (#;,5,,¢, ) into the fast and slow contribu-
tions. In the evaluation of the optical signal, it is more con-
venient to express the fast modes in terms of their vibronic
levels since only a few of these levels are excited appreciative-
ly. In the following, we shall denote #w,, =€, — €, as the
energy difference between two vibronic levels of fast modes.
With this notation, the echo polarization [Eq. (4)] may be
expressed as '

g,g(kg,t) =7 exp[z(ﬂ +Q, -, —weg)t+z(ﬂ —Q))T— Q) —w,4)7']

| X Z P (a):uablubclucd.uda exp( —lwgt+ oy, T ")

a,b,c,d

X [exp (— iwde - de”'):[(t::— T'; Wpes@as@pq )R 5 (8,7,7")

+ exp( — iw,. T —

with - :

7/“7')1(1‘ - T';(!)da ¥ pesWpg )R .‘; (I’T;T’) ]

(A1)

r+t; T by
I~ fwu,f,cm )= fedaf f Tty (=7 — 1y, + 1) Ey (1) Ey (1) EX(5))

XCXP [l'(wuv’ + wc;g

In deriving these equatlons, wechanged the mtegratlon vari-
ables z‘1 =t+7‘ +7—1; —t — 4,05 -t+7'—t3 — b,
andt} =7—t,.InEq. (A1), R; dénotes the contribution of
the slow motion (excluding 1nhornogeneous broadening) to
the molecular correlation function, a,c,..., are the vibronic
quantum numbers of the chromophore in ground electronic
[g) state, whereas b d,.
in excited electronic |e) state. P(a) is the thermal occupa—
tion of the chromophore i the vibronic level |a) Ya» (Or
¥4 ) Tepresents the vibrational dephasmg rate between ld?
and |6) (or |ay and [c}) levels., My = = (v|u[v') is the Franck—
Condon factor of the chromophore transition dipole mo-
ment. In Eq. (A1), we replaced the slow motion contribu-
tion R [{t,,5;,4,) by R [ (¢,7:t), smce the relevant time scales
|7~ zl] 17— g and [t — t,| are Controlled by the excita-
tion pulses. If the pulses are short compared to the inhomo-
geneous dephasing as well, we may further approximate
y( —t))byy(t—7). 7 and 7 are the intervals between
the excitation pulses, while # represerits the time of the echo
generated after the third pulse. Wé shall be interested in the
experiment in which all the excitation pulses and the echo
pulse are well separated. In this case, all three upper limits of
the 1ntegratlons in Eq. (A2),¢t, 74 t1 and T + t2, can be
replaced by infinity, and we have 7
It — 730, 0510y ) o

f dw exp| — iw(t — 7 )])((co)

><E; (@, -+co)E2 (0 + @)V E* (W + ). (A3)
Here, X(w) represents the 1n310m0geneous distribution:

§20)) =f " do exp( — i&ot)}(’a‘;), (A4)

_793 )tJ + i(a—)/’./l.' +Aweg

., are the vibronic quantum numbers 7

—0y)t, — (@ + @y (A2)

_Ql)tl]‘

[
and E’, (@) is the spectral envelope of the jth excitation field:

Ej(a)) f dtexp[z(w-{-weg = Q) E; ()

j= 1,2,3. (AS)
In medium with large inhomogeneous broadening where the
inhomogeneous dephasing time is short compared to all the
other molecular dynamics, we.can further replace R ; (¢,7,7')
inEq. (A1) by R ;(7,7,7’). Moreover, in the impulsive exci-
tation limit, all the molecular modes are slow and can be
incorporated in the correlation functions R 5,R j, and 7, so
that the summations in Eq. (A1) can be eliminated. When
both the large inhomogeneous broadening and the impulsive
excitation limits are satisfied, the amplitude square of the
polarization [Eq. (A1) ], or the echo profile [the integrand
of Eq. (3)1, is given by

PG (ket)|? = |Z (777 ) P2 — 7)™ (A6)

Here, [(t —T)=I(t — 70,y =0, = w, =0) repre-
sents the temporal profile of the echo. It can be shown that
this profile centers at ¢=7with the width of
[(T#$)*+ 71 75 + 75 ]"/% where T} and 7, are the times-
cales of inhomogeneous dephasing and the jth excitation
pulse, respectively. When the excitation pulses are short
compared with the inhomogeneous dephasing, we may ap-
proximate Ej (@)j=123, by constants. In this case
I(t — 7') [Eq. (3.7)] reduces to y (¢ — 7'), the inhomogen-
eous dephasing function. If only the impulsive limit is satis-
fied and the large inhomogeneous broadening does not hold,
R;(7',7,7') in Eq. (A6) should be replaced by R, (z,7,7)
whlch also contributes to the temporal profile of the echo
pulse.®
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Let us consider an ideal stimulated echo experiment for
solvation dynamics, i which single-color echo pulses are
used to excite the solvated chromophore at low temperature.
In this case ; = Q, = {1, and the initial Boltzmann distri-
bution for the P(0) = 1 and P(a) = 0 for a#0. We further
assume there is a separation of time scales between the coher-
ent motions of chromophore (fast modes) and the hbmoge-
neous dephasing or diffusion motions of solvent (slow
modes). The excitation bandwidth E;(w) is narrow com-
pared to the vibronic level spacing w,,, the field function J
[Eq. (A3)] selects only a single vibronic level (e.g., [6 }) in
the excited state such that & = d and ¢ = a. In this case the
amplitude square of the polarization [Eq. (A1)] reduces to

IPézl;’)E (kS’t)l = I:uab lg“%,(ts'r,'r’)lz

X It = 7300 6,0 1q 500 ) | (A7)

Sky;r) = —2Im(E*(5)P P (ks =k, +k, —k;,1))

Here the molecular correlation functions #'=R} + R}
contains only the solvent contribution to %, i.e., homoge-
neous dephasing and spectral diffusion processes but no con-
tribution from intramolecular high frequency modes. If the
inhomogeneous dephasing is fast compared with the solvent
dynamics, we can further replace %' (z,7,7') in Eq. (A7) by
RB' (7).

APPENDIX B: THE INCOHERENT ACCUMULATED
PHOTON ECHOES: DERIVATION OF EQ. (11)

We are interested in calculating the signal generated in
the probe direction k, and detected as a homodyne beat with
the probe field. We have

=2Ref dgf dtzf dr {exp[iQ(t; — 1)) | [Fo + Fy 1B (13,1,,8 )y (2 — 1)}
(o] (4] o]

+2Ref dtsJ- dtzf dt, {exp[iQ(t; + 1)1 [Fy + Fy 12 (5.6, )y (t; + 1)},
0 0 0

where

(B1)

F, =(E*()E(t—t,)E*(t+7 —t;, ~,)EG+7 — 6 — 1, — 1;))
F,=(E*E(t+7 —t;)E(t—t, —L)E¥(t+7 —t, — 1, — 1,))
Fy =(E*()E(t —t;)E(t+7 —t; —L,)E¥(@t+7 —t; —t, —1,))

Fy=(E*(OEQ@+7 —B)E¥@+7 —t; —6)E({t—t; — 1, —1;)).

In Eq. (Bl), Z2(t5,5,0)=R, (t;,t,,4,) + R, (8;,8,,)
where R, and R, are molecular correlation functions, which
can be obtained from R, [Eq. (52)] and R, [Egs. (5b)],
respectively, by changing & . (¢, ) to &, (¢, ). Inthe deriva-
tion of Eq. (B1) we invoked the rotating wave approxima-
tion but we did not assume temporal separation of the pump
and the probe, since it does not hold in the incoherent experi-
ment [cf. Eq. (8)]. The four-time-correlation function F,
{Egs. (B2)] can further be evaluated by assuming Gaussian
statistics for the field and Eqgs. (10). We then get

F, =00t +t, +1, —7)0(7 —t,) + 8(¢;)6(¢,),
F,=0*(7 —t;,)0(7 — ;) + 0(¢; +8,)0%(s, +1,),
Fy, =0t 4+t —7)0*t, +1, —7) + 0(5;)8*(¢t,),

F,=0*(r" =)0+ +16)+ 6t +1 + 1 18 *(t,).
(B3)
Not all of these terms contribute to the echo signal. Firstly,
all the second terms of F;,j = 1,...,4, contribute to the dc
component of the signal, therefore, can be omitted. Further,
the echo signal is generated only when 7, the time scale of
the field correlation 8(¢), is short compared with the dephas-
ing time of the optical medium and the delay time 7' of the
probe field from the pump field. In this case, both F, and £,
have only negligible contributions to the ac component of

(B2)

r

the signal {Eq. (B1)]. We thus obtain the final expression
for incoherent accumulated photon echo signal [Eq. (11)].
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