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The use of phase-locked pulses in various spectroscopic techniques related to the third-order 
polarization P (3) is analyzed. Using correlation function expressions for the nonlinear response 
function, we clarify the interrelationship among several photon echo, pump-probe, and 
spontaneous light emission techniques, without alluding to any specific model for the material 
system. By combining phase-locked pulses and heterodyne detection it becomes possible to 
probe separately the real and imaginary parts of the nonlinear response function. Combining 
two phase-locked pulse excitation with time-resolved detection of the spontaneous light 
emission allows direct separation of the Raman and fluorescence contributions. 

1. INTRODUCTION 

The optical line shapes of molecular systems in con- 
densed media are usually broadened by the large distribution 
of inhomogeneous environments representing the variation 
of the local solvent structure. l-3 This dominant broadening 
mechanism often makes it impossible to probe molecular 
dynamics and optical dephasing processes using ordinary 
absorption spectroscopy and line shapes. Nonlinear optical 
spectroscopies such as photon echoes,3-10 fluorescence line 
narrowing,” hole burning,‘2 and pump-probe absorp- 
tioni3-*’ are commonly used to eliminate the inhomogen- 
eous broadening effect, thereby allowing investigation of the 
electronic dephasing process in condensed media. 

In hole burning and fluorescence line-narrowing experi- 
ments, the elimination of inhomogeneous broadening is 
achieved by a selective excitation of a subgroup of molecules 
using a narrow band excitation, and then following its subse- 
quent dynamics. In contrast, the broadband pulsed excita- 
tion in photon echo spectroscopy is nonselective and usually 
the entire inhomogeneous distribution is excited. The ability 
of the echo technique to eliminate inhomogeneous contribu- 
tions to the signal is the result of a combined effect of two 
carefully designed periods of evolution where the optical de- 
phasing in the first period is followed by a rephasing process 
in the second period, resulting in the elimination of inhomo- 
geneous broadening effect. Inhomogeneous broadening and 
dephasing are emsemble effects; the variation in the local 
environments of the chromophores alter the individual opti- 
cal transition frequencies. Homogeneous line broadening 
and dephasing processes, by contrast, interrupt the individ- 
ual chromophore phase evolution and result in irreversible 
loss of coherence in the emsemble. 

A shortcoming of the conventional two-pulse and stim- 
ulated photon echo techniques resides in the detection of the 
intensity as opposed to the amplitude of the echo. Measure- 
ment of the echo amplitude would linearize the signal detec- 
tion, as is the case for pump-probe spectroscopies that detect 

the pump-modified probe beam. This is especially of signifi- 
cance when examining the dynamics of dilute14*‘s and/or 
weakly absorbing chromophores.‘*‘“’ Such a linearized 
echo signal may be achieved by optical phase sensitive detec- 
tion. 16(b),” In principle, amplitude detection will allow mea- 
surement of the real and imaginary portions of echo field and 
the corresponding absorptive and dispersive portions of the 
optically induced material response. Two considerations are 
essential for phase-sensitive echo detection: (i) the echo sig- 
nal is obtained following two periods of electronic phase evo- 
lution between time-separated optical pulses, and (ii) be- 
cause of rapid phase modulation these periods are 
necessarily short for chromophores in liquid media. There- 
fore, an approach is required to maintain the relative phases 
between the short optical pulses used to create and detect the 
photon echo signal. 

The ability to control the relative phases of pairs of fem- 
tosecond duration optical pulses*’ has created numerous 
new possibilities of novel nonlinear measurements. Recently 
Scherer et al.** studied the spontaneous light emission of 

Iodine in the gas phase, following an excitation by a phase- 
locked pulse pair. These two-pulse phase-locked interfer- 
ence measurements, performed on I, vapor, were shown to 
be very sensitive to the optical transition energies and the 
potential-energy surface of the excited state.22*23 Conceptu- 
ally, this approach is a time domain analog of a Young’s two- 
slit interference experiment where only one interaction oc- 
curs with each of the two fields. The measured two-pulse 
interference contribution to the excited state populations at 
a given time delay reflects the phase and magnitude of the 
instantaneous transition dipole moment of the molecule. 

Nonlinear spectroscopic techniques are most conve- 
niently classified by expanding the optical polarization in 
powers of the applied field, E( r,t) ,24*2s 

P(r,t) = P”‘(r,t) + P(*)(r t) + Pc3)(r t) + a-* , , - (1) 

Spontaneous light emission (SLE) may also be described 
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using the third-order polarization P (3).26(a) The same non- 
linear polarization is also responsible for numerous other 
four-wave mixing and related spectroscopies such as photon 
echo, pump probe, CARS, hole burning, etc.26 

In this paper we explore the use of phase-locked pulses 
in several nonlinear optical measurements and analyze them 
from a unified theoretical viewpoint based on the nonlinear 
response function. 26,27 Generally, specific experiments will 
usually probe only parts of the total response function.” 
The calculation of a specific nonlinear measurement usually 
requires only a few of the individual Liouville space path- 
ways (see below) which are complex (i.e., have real and 
imaginary parts) rather than the entire response function 
which is real. It is possible to calculate the complex nonlin- 
ear susceptibility of the system by Fourier transform of the 
time-dependent complex individual contributions to the 
complete nonlinear response functions.27’a’ 

The main goal of this paper is to show how the real and 
imaginary contributions to the response function can be 
measured separately using phase-locking techniques. We 
give a theoretical description of photon echo and pump- 
probe spectroscopy employing phase-locked pulses. We 
show that the phase-locking approach is particularly useful 
for measuring the complex nonlinear response functions as- 
sociated with the photon echo and pump-probe absorption 
experiments. In general, by controlling the phase factor be- 
tween the two pulses to be in-phase and in-quadrature, one 
obtains the imaginary and real parts of the nonlinear re- 
sponse functions. We present the direct relationships be- 
tween the various photon echo and pump-probe experi- 
ments. We also discuss the utility of the phase-locked pump- 
probe absorption measurement for examining the optical de- 
phasing processes. Finally, we show how the time-depen- 
dent detection ofspontaneous light emission from a chromo- 
phore interacting with a phase-locked pulse pair allows us to 
obtain detailed information on the individual contributions 
to the nonlinear response function. Our results are summar- 
ized in Sec. VI. 

II. NONLINEAR RESPONSE FUNCTION DESCRIPTION 
OF THE THIRD-ORDER POLARIZATION 

In general, for systems consisting of a collection of di- 

lute noninteracting chromophores, P (3) can be calculated 
using the nonlinear material response function R (t, ,t2 ,t, ), 

Pa- n-m f-m 
PC3’(r,t) =], dt, Jo dt2 Jo dt3R(f3,t2,tl 1 

XE(r,t - t, )E(r,t - t, - t, ) 

XE(r,t - t, - t, - t, ). (2) 

All the quantities appearing in this equation, P (3’, E, and R 
are real. 

For any combination of pulses, some of the terms in P (3) 
will contain differences of optical and electronic transition 
frequencies and others will contain sums of these frequen- 
cies. The later type of terms will be highly oscillatory and 
upon performing the time integrations will have a negligible 
contribution to the signal. Neglecting these terms is called 

the rotating wave approximation. When R is calculated by 
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expanding the density matrix we find that it contains four 
basic terms corresponding to distinct Liouville space path- 
ways,26*27 

R(r3,f2,fl )= [R, (t3,f2,f, ) + R4(f3,f2,f, )]X(h + c3) 

+ [~,(~,J,J,) + R3(f3,f*,f, 1 lX(f, - f3) 

+ C.C. (3) 

Here the molecular response function is factorized into dy- 
namic and static (i.e., inhomogeneous) contributions de- 
noted by R, (t, ,t, ,t, ) andX(f), respectively.10~27’b’ The in- 
dividual contributions to the nonlinear response functions 
R, (t, ,t, ,t, ) and x( t) are complex, while the total response 
function R is real. x(t) is given by the Fourier transform of 
the inhomogeneous distribution, i(w), of the optical transi- 
tion frequencies of the chromophore 

x(t) = 
I 

m 
do exp( - iwt)f(w). (4) 

--co 

The other factors R, (t, ,f2 ,t, ) represent all other dynamical 
contributions to the response function. The four contribu- 
tions to the molecular nonlinear response functions are given 
by26’b’ 

R,(~~J~J,) =Tr[G,(t3)G,,(t2)G,,(t,)pg], 

R2(f3tt2,r,) =Tr[G,(t3)G,,(t2)G,,(t,)pg], 

&(f3,b,fl) =Tr[G,,(t,)G,,(t,)G,,(t,)p,], (5) 

R4(r3,r29tl) =Tr[G,,(t,)G,,(t,)G,,(t,)p,]. 

We assume that the system is initially in thermal equilibrium 
in the electronic ground state with density matrix pg. Tr 
denotes a trace over the nuclear degrees of freedom includ- 
ing both the solvent and the chromophore. The Green’s 
function, G,, (t), is defined by the action on an arbitrary 
operator A, 

G,, (t)A = exp( - iH,t)A exp(iHat), m,n = e,g, (6) 

where Hg and H, are the adiabatic Hamiltonians character- 
izing the nuclear degrees of freedom of the entire molecular 
system (solute and solvent ) in electronic states [g) and 1 e) , 
respectively. Thus, both multilevel intramolecular processes 
and solvation dynamics are explicitly included. Each of the 
four contributions represents a different sequence of time 
evolutions of the density matrix, denoted “Liouville space 
pathways.” We shall later explore the nature of these path- 

ways in the context of specific nonlinear techniques. 
In the most general four-wave-mixing measurement, 

the external field is given by 

E(r,t) =E,(t+r’+r)exp(~kir-ii~,t) 

+ E, (t + r)exp(ik,r - ia2f) 

+ E3 (t)exp(zk,r - iw3t) + c.c., (7) 

where Ei (t) and wi denote the temporal amplitude and 
mean frequency of the ith incident pulse. The first, second, 
and third fields E,, E2, and E3 peak at times - (r + r’), 
- 7, and 0, respectively. r and 7’ are the relative delays of 

the pulses. The nonlinear polarization P (3) is similarly ex- 
panded, 

P(r,t) = C P(k,,t)exp(zk,r - iw,t) + c.c., 
s 

(8) 

J. Chem. Phys., Vol. 96, No. 8,15 April 1992 Downloaded 07 Mar 2001 to 128.151.176.185. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



5620 Cho et a/.: Spectroscopy using phase-locked pulses 

where k, can be any combination of the incoming wave vec- 
tors, k, = f k, +: k, f k, and w, = f wi f w2 f I+. 
The various experimental techniques differ by the choice of 
k, and the timing of the incoming pulses. 

Assuming that the pulses are infinitely short, the triple 
integration in Eq. (2) can be trivially carried out. Equations 

(2)and(3)thenresultinP’3’(r,f)--R(t,7,7’).Inthiscase, 

therefore, P (3) is directly proportional to the total nonlinear 
response function R ( t3 ,t2 ,t, ) . In practice, even for impul- 
sive experiments involving femtosecond pulses, the pulses 
may be short compared to molecular relaxation and dynam- 
ic time scales but not compared with the optical frequency. 
In fact, in order to define a short light pulse, the pulses have 
always to be long compared with the optical frequency. The 
fact that the light pulses are not simply mathematical 6 func- 
tions has some important consequences. 

III. NONLINEAR RESPONSE FUNCTION 
REPRESENTATION OF PHOTON ECHO 
MEASUREMENTS 

following the Liouville space response function formulation 
of Yan and Mukamel.‘0~27’“’ These descriptions of photon 
echo techniques that lack phase control will subsequently be 
compared with a theoretical formulation of the heterodyne- 
detected stimulated photon echo (HSPE) generated and 
measured by using phase-controlled pulse pairs (Sec. IV), 
with the phase-locked pump-probe (PL-PP) absorption us- 
ing three pulses (Sec. V), and with the spontaneous light 
emission signal obtained using a phase-locked pulse pair 
(PL-SLE) (Sec. VI). 

The most general configuration of the external fields in 
photon echo measurements involves three pulses having 
three different wave vectors and frequencies and separated 
by time delays 7’ and r [ Eq. (7) 1. This scheme results in a 
detected (fourth) field with wave vector k, = k, + k, - k, 
that is usually termed a stimulated photon echo (SPE). The 
photon echo signal is produced at time t r 7’ after the chro- 
mophore interacts with the third pulse, where r’ is identical 
to the delay time between the first and second pulses. The 
double-sided Feynman diagrams that contribute to the k, 
polarization are shown in Fig. 2. Pathways R, and R, de- 
scribe the population relaxation and the evolution of vibra- 

In this section we will survey the general features of 
photon echo generation for various pulse trains (see Fig. I), 
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FIG. 1. Pulse sequences for the various PC’) techniques considered here. 
PE, photon echo; SPE, stimulated photon echo; APE, accumulated photon 
echo; HSPE, heterodyne-detected stimulated photon echo; PP, pump- 
probe; OHD-PP, optical heterodyne-detected pump-probe, PL-PP, phase- 
locked pump-probe; PL-SLE, phase-locked spontaneous light emission. In 
APE and HSPE, the fourth pulse coincides spatially and temporally with 
the echo signal. The phase relations between the two consecutive pulses are 
adjusted as 4 or $ in HSPE, PL-PP, and PL-SLE. On the other hand, the 
optical phase of the local oscillator (of frequency, oLo ) is described as $ in 

OHD-PP and PL-PP. 

FIG. 2. Double-sided Feynman diagrams for the stimulated photon echo in 
the rotating wave approximation. The diagram denoted as R, represents 

the molecular nonlinear response functions R, (f,,rz,tt ) in Eqs. (3) and 

( 5). In a Feynman diagram the left (right) vertical line represent the ket 
(bra) propagation of the density matrix. The wavy arrows denote interac- 
tions with the external fields. The time runs from bottom to top. The system 
is initially at thermal equilibrium in the electronic ground state, /g) (gJ. Be- 
tween interactions, the system evolves according to the Green’s functions 
defined in Eq. (6). 
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tional coherence in the electronically excited state, while R, 

and R, are associated with the ground state dynamics. 

As discussed in Sec. II, x(t) is given by the Fourier 
transform of the inhomogeneous distribution, 2(w), of the 
optical transition frequencies of the chromophore. Thus, a 
broad distribution for 2( w) results in only the pathways R, 
and R, contributing to the rephasing processes generating 
the echo signal; x(t) is effectively a 6 function. The time 
arguments appearing in the x functions appropriate to R, 
and R2, for example, differ in sign depending on whether the 
two interactions bracketing the t, period (i.e., excited state 
population in these cases) act consecutively on one or alter- 
nate sides of the diagram (see Fig. 2). Thex( t, - t, ) factor 
appearing in the R, and R, contributions will create a strong 

peak (echo) at t, = t,. TheX(t3 + 1, ) factor in the R, and 
R, pathways could only peak at t, = t, = 0 (since t, and t, 

are positive) and will not contribute to the echo. 

A. Stimulated photon echo 

Invoking the rotating wave approximation and assum- 
ing that the excitation pulses are well separated, the stimu- 
lated photon echo signal is then given by” 

s,,, (7’97) = 
I 

=dtIP i% (k,,t) 12, (9) 
0 

where the macroscopic polarization, Pi& (k,,t), is de- 
scribed by 

f’8k(W) = -iJo dt, Jo dt, j, dt,C[R2(t3,t2,t,) +R3(f3,t2,tl)] 

Xx(t3 -tl)E,(t-- t,)E,(t+T- t, - t2)ET(t+,r++- t, - t2 - tl) 

Xexp[i(w, + w2 - a1 - w,)t, + i(w, -04 )t2 - i(0, - w,)t, 1). (10) 

The dynamical information contributing to the photon echo 
signal is fully contained in the molecular nonlinear response 
functions R, and R,. We should note that these are the same 
nonlinear response functions used in describing the pump- 
probe absorption in the large inhomogeneous broadening 

limit lo (see the following). 
The physical process described by Eq. (IO) and shown 

as SPE in Fig. 1 may be understood as the following. An 
optical coherence state is produced by the interaction of the 
chromophore with the first field at time tz - (7’ + 7). The 
system then evolves according to the off-diagonal Green’s 
functions (time-evolution operators) for approximately 7’ 
(approximately because of finite pulse duration). The sec- 
ond interaction at tz - r with the second field produces 
populations in either the ground or excited electronic states. 
The population developed by consecutive interactions with 
the two fields evolves on the potential surfaces of the elec- 
tronic ground or excited states. During the time period r, we 
may observe vibrational coherences (i.e., quantum beats) in 
the ground or the excited states and pure population relaxa- 
tion in the excited state. The third field, acting at tz0, in- 

I 

S,,, (w, ,w2;#,7) = - 2 Im dtEf(t - #)P;;L(k2,t) 

l-m l-m f-m I-= 

I 
duces optical coherence again. Finally, the (three-pulse) 
stimulated photon echo signal is produced at time t=# by 
the rephasing process in the case of an inhomogeneously 
broadened medium. The ordinary two-pulse photon echo 
signal is obtained by S,, (7’) = S,,, (r’,r = 0). 

B. Accumulated photon echo 

We now turn to the accumulated photon echo (see APE 
of Fig. 1). 3,6 In general, the accumulated photon echo is 
performed using two trains with many pulse pairs. The echo 
signal, however, requires only two pulses in each train, 
hence, the four-pulse sequence shown in Fig. 1. The trains 
simply serve to increase the signal by accumulating the con- 
tributions of many four-pulse sequences. 

In contrast to the two-pulse photon echo and the stimu- 
lated photon echo signals the accumulated photon echo sig- 
nal is detected by the interference of the third-order polar- 
ization (k, = k, + k, - k, ) with the fourth (probe) field. 
Thus, the signal is given by lo 

(11) 

=2ReJ-_drJo 4Jo &Jo 4 {[Rz (t3JzJ, 1 + R, tf3,tz,tl )],y(t3 - t, > 

xE:(t--‘)&(t-t3)E2(t+7-t3 -t2)E:(t+T++-t3 mt2 -t,) 

Xexp[i(w, -w,)t, +i(o, -w,)t, -i(w, -tiw,)t,]}, (12) 

I 
where the response functions R, and R, were defined in Eq. 
(5). Here a complete cycle of four consecutive pulses, i.e., 
two from the pump train and two from the probe train, is 

considered. 

C. Impulsive and inhomogeneous limits 

Two approximations can be made to simplify the ex- 

pressions for the echo signals. First, the impulsive limit is 
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obtained when the pulse durations are shorter than both (i) 
the molecular vibrational periods and (ii) the time scales of 
homogeneous dephasing and solvent reorganization pro- 
cesses (but not short compared to the period of one optical 
frequency). Second, we invoke the large inhomogeneous 
broadening limit, whereby the inhomogeneous dephasing 
time is short compared to all the other dynamical time scales 
of the system. Assuming these limits, the echo signals can be 
simplified to” 

SP, (7’) = I& (+,O,+) + R, (T’,O,T’) I’, 

Ss,, (+,T) = I& ( T’,T,+) + R, (T’,T,T’) 12, (13) 

S,,,(fl,d = Re[R, (T’,T,T’) + R, (T’,T,T’)]. 

Although the general response function associated with 
all photon echo signals are basically identical, namely R, 
and R, , each experiment only measures part of the full non- 
linear response function. This limitation will be overcome by 
using optical heterodyne detection of the stimulated photon 
echo experiment as shown later. 

IV. HETERODYNE-DETECTED STIMULATED PHOTON 
ECHO USING PHASE-LOCKED PULSES 

A. Relation of HSPE to the conventional photon echoes 

In the case of the accumulated photon echo, the third- 
order polarization produced by the three interactions with 
the external fields interferes with the fourth field. The accu- 
mulated photon echo signal is, therefore, directly propor- 

I 

SHspE (7’,7,$) = - 2 Im 

r- 

dfE&, (t - TV=& (k2,f) 

r* r” r- 

tional to the third-order polarization, whereas the two-pulse 
and stimulated photon echoes are proportional to square of 
the third-order polarization [compare Eq. (9) with Eq. 
( 11) 1. This linearization of the detection is very similar to 
optical heterodyne detection (OHD) in pump-probe ex- 
periments, in contrast to homodyne detection,28 where the 
local oscillator field has the same wave vector as the probe 
field. In general, the homodyne detected signal can be ex- 
pressed by 

s homcdyne a I Es I 2, (14) 

while the heterodyne signal is 

s heterodyne = 2 W &EL0 1. (15) 

In principle, the magnitude of the local oscillator (LO) field 
can be adjusted to make the OHD signal large compared to 
the homodyne detected signal. Furthermore, it is possible to 
selectively measure the real and imaginary parts of the non- 
linear response function by controlling the phase shift of the 
fourth field with respect to the third. 

Here we describe a new technique, heterodyne-detected 
stimulated photon echo (HSPE) spectroscopy, that em- 
bodies the aforementioned advantages of the accumulated 
photon echo measurement. The HSPE approach involves 
only a single four-pulse sequence in contrast to the repetitive 
train of four pulses which create and detect accumulated 
photon echoes (see Fig. 1). The heterodyne-detected stimu- 
lated photon echo (HSPE) signal using phase-locked pulses 
is 

=2ReJ-_dtJo 4 Jo dt2 Jo 4 f[R2 k,f2,f1 1 + R, (4~2~ )]x(G - t, ) 

XEr,(t--‘)E;(t-ft3)E1(t+7-t3 --r2)E:(t+~+~-t3 -r2 -tl> 

Xexp[i$+ i(w, - w,)f+i(w, -w,)C, +i(w, -w,)t, -i(o, -13~)t,]}, (16) 

where EL0 (t) denotes the envelope of the local oscillator pulse. This expression is analogous to I$. ( 12). Here, however, the 
phase shift, 40, between the third (probe) and the fourth (local oscillator) fields is manifest in the exponential term of Eq. 
( 16). Control of the relative phase of the third and fourth fields is the crucial factor in measuring the heterodyne-detected 
stimulated photon echo. 

In the impulsive and the large inhomogeneous broadening limits we obtain 

S HSPE (fl,~,$) = 2Re{[R,( T’,T,T’) + &(T’,T,T’) lexp(i$)exp[i(w, - w1 )T’ + i(w, - w, )T]). 

Ifw, =w2 =W=o,then 

(17) 

S HSPE (~‘,~~ljl) = 2Re{[R, (T’,T,T’) + R, (r’,r,,b)]exp(i$)) = 
2Re[R, (71,~~‘) + R, (T’,T,T’)] for $= 0 

- 2Im[R, (7),7;7)) + R, (T’,T,T’)] I for + = r/2 * 

(18) 

I 
Thus a complete record of the complex nonlinear response 
functions that describe echo generation can be obtained with 
a phase-controlled pulse pairs in the heterodyne-detected 
stimulated photon echo experiment. The real (imaginary) 
part of the nonlinear response functions is obtained from the 
in-phase (in-quadrature) HSPE. Using the full nonlinear 
response functions, we can similarly express all the other 
photon echoes in terms of the HSPE, 

SPE(7-7 = [SHSPEw~==0,~=w]2 

+ [SIiSPE (6,T = O,$ = r/2)12, 

s,,, (+,T) = [SH,,, (+,7,1c, = o)12 

+ [SHSPE (fl,T@ = d2l-j 2, 

SAP, (+,T) = SHSPE (+,T,$ = 0). 

(19) 

J. Chem. Phys., Vol. 96, No. 8,15 April 1992 

Downloaded 07 Mar 2001 to 128.151.176.185. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



B. Relation of heterodyne-detected stimulated photon 
echo to pump-probe absorption 

The pump-probe absorption signal is related to the pho- 
ton echo as the frequency domain analog under some limit- 
ing conditions. ‘O In this technique we need to consider 
k, = k, + k, - k, . Assuming both the large inhomogen- 
eous broadening limit and the condition that the pump and 
probe pulses are short compared to the molecular nuclear 
dynamics and long compared to the electronic dephasing 
time, the pump-probe signal is given by [Fq. (13) in Ref. 

101 

s 

m 
Spp(7;w2 - wI) = Re dtexp[i(w, -w, )t ] 

0 

ization induced in the optical medium through the third- 
order interaction with the phase-locked external fields. 

Since we are using two pump pulses and a probe pulse to 
generate the nonlinear polarization, we may measure three 
contributions to the total integrated signal. 

1. Contribution I, S, 

The chromophore interacts twice with the first pump 
pulse to create vibrational coherence and population in ei- 
ther the electronically ground or excited states. Then the 
third-order polarization produced by the interaction with 
the probe pulse at time t r 0 is detected by the fourth interac- 
tion with the local oscillator field. In this case the delay time 
between the pump and the probe pulses is given by r + 7’. 

x [R, (t,~-,t) + R, (t,r,O 1. (20) 

Thus, this pump-probe signal is directly related to the in- 
phase and in-quadrature HSPE signals by 

I 

.w 
S,,(T;O, -ti,)aRe dtexp[i(w, -w,)t] 

0 

x [&,, (r,T,$ = O) 

2. Contribution I/, S,, 

The chromophore interacts twice with the second pump 
pulse and once with the probe pulse. The delay time between 
the two pulses (pump and probe) is given by 7. The nonlin- 
ear polarization is detected as in S, . 

- is,,,, (W,$ = d2 I] 

I 

m 

= dtcos[(w, -w,)t] 
0 

XSHsPE (t,7,$ = 0) 

s 

00 

+ dtsin[(w, -w,)t] 
0 

x s,,,, ( GT,$ = 5Tn 1. (21) 

The two-pulse pump-probe signal is related to the HSPE as 
the Fourier-Laplace transform of the HSPE signals over the 
periods, r’, of the optical coherence states. Therefore, the 
two-pulse pump-probe signal (without frequency resolving 
the probe beam) cannot be used to investigate (fast) optical 
dephasing processes in condensed media. 

3. Contribution lit, S,,, 

V. THREE-PULSE PHASE-LOCKED PUMP-PROBE 
ABSORPTION 

In contrast to contributions S, and S,, , which are inde- 
pendent of the phase factor 4, the third contribution is expli- 
citly sensitive to it. In this contribution the chromophore 
interacts once with the first pump pulse to create an optical 
coherence state that evolves during the first time delay 7’. 
The optical coherence state is changed to either a population 
or a vibrational coherence in the electronically ground or 
excited state by a single interaction with the second pump 
pulse. The relative optical phase of the second pulse is con- 
trolled with respect to the first pump pulse. This phase-de- 
pendent features of these coherences and populations repre- 
sents quantum-mechanical interference effects which have 
been studied experimentally and theoretically.22r23 As be- 
fore, the third-order polarization produced by the interac- 
tion with the probe pulse at time tr0 is detected by the 
fourth interaction with the local oscillator field. 

In this section we consider three-pulse pump-probe ab- 
sorption with a pair of phase-locked pump pulses and optical 
heterodyne detection. The pulse train is shown in Fig. 1. The 
second pump pulse is delayed by r’ from the first and its 
phase factor, 4, is controlled relative to that of the first pump 
pulse. The probe pulse (and local oscillator pulse with phase 
factor $ relative to the probe pulse) follows the second pump 
with time delay 7. 

A. Nonlinear response function representation 
of phase-locked pump-probe absorption 

The probe differential absorption measured by optical 
heterodyne detection is described by 

Hereafter, we only consider the signal generated by the 

third contribution, S Fkepp, since it is the only phase-depen- 
dent contribution. That contribution*can be measured by 
subtracting the signal obtained with each pump pulse indi- 
vidually from the total signal obtained with both phase- 
locked pump pulses. The first two contributions can be ob- 
tained by simply changing the phase factor and integrating 

S Fi\-” over the first delay time, 7’. 
The external fields that generate the third contribution 

are given by 

SpLepp= -2Im 
s 

- dt%, (W%?.,, (k,,t), (22) 
-co 

E(r,t) = E,(t+~+~‘)exp[ik,r-iqt] 

+E,(t+~)exp[ik,r-ii~~t-$] 

+E,(t)exp[zk,r-iiw,?] +c.c., (2W 

EL0 (r,t) = EL0 (t)exp [ ik, r - iw,, t - i$ ] + c.c., (23b) 

J. Chem. Phys., Vol. 96, No. 8,15 April 1992 

where P$.,, (k, = k, + k, - k, ,t) represents the polar- 
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where E, (t + r + r’), E, (t + r), E,(t), and EL0 (t) are 
the temporal envelopes of the first pump, second pump, 

4. The phase shift $ of the local oscillator with respect to the 
third field (probe) is adjusted to fixed values of 0 or r/2 in 

probe, and local oscillator fields, respectively. For simplicity Eq. (23b). 
we assume that the envelopes and frequencies of the two Invoking the rotating wave approximation and assum- 
pump pulses are identical except for the phase-locking angle ing the excitation pulses to be well separated, we obtain 

I 

S%mpp(w, ,w2 ,7’,7,4~4.~ 45) = 2 Re ~;/S,-dr, ~mdt,~-dt,{[R,(fr,t2,t,) 

+ R3(m,f,) 1x03 - t,)E&, (t)&(f - t, 14 (t + 7 - t, - tz 1 

XET(t+r+r’-t3 -t, -t,) 

Xexp[i(WLo - cd2 )t + i* + i(w, - o,)?, - i(0, - w,)?, - iq5] 

+ [R, (f3tfz,f, 1 +R,(t,,t,,t, )x(t3 + t, 1 

XE~o(t)E2(t-t3)E’(t+r-t3 -t2)E,(t+r+r’-t3 -t2 -t,) 

Xexp[i(w,, -w,)f+itC,+i(w, -w,)t, +W, -w,)t, +i#]l. 

(24) 

The pathways corresponding to the four response functions 
that contribute to the phase-locked pump-probe absorption 
signal are diagrammatically shown in Fig. 3. 

The physical interpretation of Eq. (24) is the following. 
The system is prepared in a state of electronic coherence 
following the interaction with the first pulse at time 
ts - (7 + d) . The system is then transferred to either the 
electronic ground-state population ps or the excited state 
population pe by the second interaction at tr - r. If two 
vibronic states in the ground (excited) state are coupled to 
the same vibronic state in the excited (ground) state via the 
radiation field, a vibrational coherence is created in the 
ground (excited) state. This may give rise to quantum beats 
in the signal. These vibrational nonstationary states evolve 
as described by the Green functions G, (t) and G., (t), re- 
spectively, until the system interacts with the third pulse 
(probe field ) . The third-order polarization produced by the 
consecutive interactions with the external fields, twice with 
the successive pump pulses and once with the probe pulse, is 
detected by the interference of the induced polarization with 
the fourth pulse (local oscillator). In particular, if we use a 
local oscillator field passing through the sample with the 
same wave vector as the polarization, whereby the frequen- 
cy, phase factor, and amplitude of the local field can be arbi- 
trarily controlled, we obtain the optical heterodyne-detected 
signal. 

From Eq. (24) the conventional two-pulse pump-probe 

I 

I-* I-- f-r’+7 I-* 

S ~?“(o, ,~2,r’rr,4;~L0,$) = 2 Re 
J-,dr’Jo dr3 J_, dr” Jo 

dt,C[Rz(t,,t’+r-t”,t,)+R,(t,,t’+r-t”,t,)] 

W(t3 -t,)E~~(t’+t3)E2(t’)E,(t”)E~(t”+d-t,) 

Xexp[i(w, - a2 It’ + i+ + i(w, - o,)t3 -ii(w, -megIt, --$]I, (26) 
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I 
absorption can be obtained by integrating the signal from the 
third contribution, 

S,,(@, ,02;7) 

= co dr’S:kpp (w, ,w2,6,7,4 = o;@,, = w2,$ = 0). 
(25) 

In the two-pulse pump-probe absorption, the optical coher- 
ence of the chromophore is produced by the first interaction 
with the pump field. The second interaction with the exter- 
nal field also occurs within the duration of the first pulse. 
Therefore, the population or the vibrational coherences in 
either the ground or excited states are produced by two inter- 
actions with the first pulse. However, the three-pulse phase- 
locked pump-probe absorption discussed earlier includes an 
additional time delay 7’ between the first two interactions. A 
measurable PL-PP signal implies that the optical coherence 
state persists for a period of r’. This is a distinctive feature of 
the PL-PP measurement. 

B. Relation of phase-locked pump-probe absorption 
and heterodyne-detected stimulated photon echo 

From Eq. (24) changing the integration variables with 
t ’ = t - t3 and t ” = t ’ + r - t2, the third contribution to 
the pump-probe absorption, S,,, , is given by 
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FIG. 3. Double-sided Feynman diagrams for phase-locked pump-probe ab- 
sorption. The phenomenology of the diagrams was described in the caption 
of Fig. 2. Since it is assumed that the pulses are well separated, only the 
sequential interactions of the chromophore with three pulses (two pump 
and one probe pulses) are considered. pul, pu2, pr, and LO denote the first 
pump, second pump, probe, and local oscillator pulses, respectively. 

where the large inhomogeneous broadening limit, 
,r(t) =a( t), is assumed in Eq. (24). If we also invoke the 
Impulsive limit for the two pump pulses, we obtain 

SFkpp(w, ,w2,r’,7;4;oLo,~) 

= Re{exp [ i( wLO - 0, )r’ - i$ + $1 
a0 

X 
s 

dt [R, (r',t + r,+) + R3 CT',? + r,r')] 

--m 

R4 

XE&(t + r’)E2 (t)exp[i(w,, - w2 It I}. (27) 

Finally, when the probe pulse duration is short compared 
with the molecular nuclear dynamics, E, (t) r E2zS( t), and 
o, = w2 = wLo, then 

show quantum beats that reflect a coherent superposition of 
vibrational states.26’b’ In a recent three-pulse pump-probe 
experiment29 using pulses with no optical phase control, it 
was demonstrated that the quantum beat signal can be ma- 
nipulated by controlling the time interval r, . As r, is varied, 
the vibrational beat signal can be periodically canceled or 
enhanced. When the optical phase is not controlled, the con- 
tribution S,,, vanishes, and the signal is given by S, + S,, . 
These measurements can be interpreted by noting that the 
quantum beat signal resulting from one pulse can be either 
in-phase or out-of-phase with those created by the other 
pulse. The manipulation of the beat signal in this case is 
purely macroscopic and does not represent microscopic con- 
trol of the nuclear motions, as is obtained by controlling S,,, , 
as discussed in this article. Any interference taking place 
between different Liouville space pathways occurs between 
different molecules and is therefore macroscopic; interfer- 
ence within a given pathway has to occur with the same 
molecule and is therefore microscopic. Phase-related optical 
pulse trains have also recently been applied to impulsive Ra- 
man experiments in solids where different phonon-modes of 
the material were selectively driven.30V3, 

R,(r’,t + 7,6)-R, (r’,r,r’) (a = 2,3). (28) 

We thus obtain 

Skpp(r’,r,4,$) aRe{exp[i($-4)1 [R,(7),7,7’) 

+R3(r’,r,r’)]E20(r’)}. (29) 
In comparison with Eq. ( 18), the three-pulse phase- 

locked pump-probe absorption contains an additional term, 

which is the envelope of the local oscillator field, E E. (7’). 
Thus, if the local oscillator pulse is of longer duration than 
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the optical dephasing time, it is possible to study the optical 
dephasing process by measuring the third contribution (i.e., 
S,,, > to the three-pulse pump-probe absorption. As shown 
in Eq. (29) the OHD phase-locked pump-probe absorption 
is an alternative approach for examining the fast optical de- 
phasing process in condensed phases. 

C. Comparison of PL-PP with conventional pump-probe 
and non-phase-locked approaches 

The PL-PP method, through the separation of the two- 

pump interactions, makes possible the direct and linear mea- 
surement of optical dephasing. This is clearly in contrast 
with the conventional two-pulse pump-probe experiment. 
Since the two-pulse pump-probe absorption is given by the 
integration over the first (and third) time period, 7), which is 
the duration of the optical coherence state, it does not give 
any information on the optical dephasing process, unless the 
probe frequency spectrum is resolved.,5’c’ 

The contributions I and II can be written as 

S,(r+r’) = 
I 

- dtS;;” (67 + r’;* - d = 01, 
0 

co S,, (4 = 
I 

dtS $-” tf,r;rC-- 4 = O), (30) 
0 

VI. SPONTANEOUS LIGHT EMISSION USING PHASE- 
LOCKED PULSES 

Spontaneous light emission (SLE) detection is usually 
viewed as a linear spectroscopic technique since the emitted 
light intensity is proportional to the incident light intensity. 
This view is formally correct. However, the theoretical de- 
scription of SLE requires a quantum mechanical description 
of the emitted field. It can then be shown that the SLE signal 

is related also to the nonlinear polarization PC3). This fol- 
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lows from considering that the amplitude of the emitted light 
is to second order in the radiation matter interaction, first 
order with respect to the incident mode, and first order with 
respect to the emitted mode. The signal (amplitude 
squared) is thus fourth order, and its description in Liouville 

space will relate it to P (3).26(a) 
The various contributions to the SLE can be separated 

into coherent (Raman) and sequential (fluorescence) con- 
tributions. There is a vast literature on the issue of separating 
Raman and fluorescence components in time domain and in 
frequency domain measurements.32-40 

In this section we present the theoretical description of 
the spontaneous light emission induced by phase-locked 
pulse pairs studied by Scherer et a1.22 They used a phase- 
locked pulse pair to prepare the populations and vibrational 
coherences in either the ground or the excited states of the 
chromophore. The time-integrated total emission signal was 
recorded as a function of delay time between the two phase- 
locked pulses. 

The pulse configuration of the phase-locked spontane- 
ous light emission (PL-SLE) is shown in Fig. 1. The phase 

I 

shift of the second optical pulse is maintained as 4 with re- 
spect to the first pulse, and the two-pulse delay time is 7’. 
Here we formulate the spontaneous light emission signal 
created by a pair of phase-locked pulses. Since both the first 
and second fields contribute to the preparation of the optical 
coherences and population in either the ground or excited 
states, this signal that we are considering here is precisely 
identical to the signal measured by Scherer et aI.” when it is 
time integrated. The incident field is treated classically and is 
given by 

E(r,t) = B, (t + r’)exp(A, r - iw, t) 

+E,(t)exp(ik,r-&t--4) +c.c. (31) 

Hereafter, the PL-SLE signal represents only the spontane- 
ous light emission signal that results from one interaction 
from each field, E, and E2. 

Using the same nonlinear response functions defined in 
Eq. (5) and Eq. (74) of Ref. 26(a), the spontaneous emis- 
sion signal can be written as 

S& (q ,~2,q4+j,f) = 2 Re Jo dt, Jo dt2 Jo dt,CR,W,,t,)x(f3 +tl)E:(t--3 -f2)E,(t+r’-t3 -t2 -t,) 

Xexp[Gw, -wq)f3 +W, -w,)t, +@] +R,(t,,t,,t,)~(f~ -r,)E,(t- t3 -t2) 

XEY(t+d-t3 -t2 -t,)exp[i(w, -w,)t, -i(w, -w,)t, -iq5] +R3(t3,t2,t,),y(t3 -tl) 

XE,(t-t3)E:(t+#-t3 -t2 -tl) 

Xexp[i(w, - w,)t, - i(w, - w2 )t2 - i(w, - w,)t, -@I). (32) 

The phase-locked SLE signal observed experimentally22 can be obtained by integrating the signal over t. 
The first pulse creates an optical coherence. In the cases of the pathways 1 and 2, the second phase-locked pulse, whose 

phase factor is controlled, generates population in the excited state. Finally, the chromophore interacts twice with the 
outgoing fields which is the spontaneous fluorescence. On the other hand, the third pathway evolves via the population and 
vibrational coherence in the ground state since the second interaction is with the emitted (outgoing) field. The ground-state 
population is changed into an optical coherence state again by the interaction with the second incident pulse. Clearly this is 
related to the spontaneous Raman process. 26(a) Double-sided diagrams representing the Liouville pathways, R, and R, , are 
shown in Fig. 4. 

Invoking the impulsive limit for the two pulses, Eq. (32) reduces to 

I 

m 
Sk& (aI ,@2A,7),t> = 2 Re exp[i(w, - weg)r’ + $1 drR, (t - T,r,Qy(t - T+ d) 

0 

Xexp[i(w, -w,)(t-r)] +2Reexp[i(w, -w,)r’--~$51 

s 

m 
X dr(R,(t-T,T,+),y(t---r’)exp[i(w, -w,)(t-T)] +R,(~,T,T’-T)x(~-~‘$7) 

0 

Xexp[W, -w,)(t+r)]l. (33) 

Assuming the large inhomogeneous broadening limit, x(t) =a( t), we obtain a further simplified expression for the time- 
dependent phase-locked spontaneous light emission signal, 

S&(w, ,m2,q4,r’,t) = 2 Re{exp[i(w, - w1 )d - i#] [R2(+,t - 6,~‘) + R3(t,71 - t,t)]}. (34) 

Here the first term associated with the first Liouville pathway R 1 in Eq. (33 ) does not contribute to the PL-SLE signal since 
R, ( - r',t + r’,r’) = 0 when 7’ > 0. Equation (34.) can be understood as follows. If the detected emission frequency is 
identical to the incident field frequency, the phase shift, 4, determines whether the detected signal is produced by the real (i.e., 
4 = 0; in phase) or imaginary (i.e., 4 = 7r/2; in quadrature) parts of the nonlinear response functions. Furthermore, time- 
gated detection of the spontaneous emission makes it possible to selectively measure each of the two contributions, 
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R, (r’,t - #,T’) and R, (t,# - t,t). If t<r’, only R, (t,# - t,t) contributes to the spontaneous emission since R, (#,t - 71,~‘) 
vanishes by the causality condition. As mentioned before, the third pathway evolves via the population in the ground states. 
Therefore the short time ( t(r’) emission is dominated by a spontaneous Raman process. However, the signal detected at t > 7’ 
soIeIy represents the fluorescence contribution from the second pathway, R, (#,t - 71,~‘)) since now R, (f,~’ - t,t) vanishes 
through the causality condition. 

The possible ways of detected signal can be summarized as 

SEE (a, = q,qw,t) = 2x 

Re[R, (t,r’ - t,t)] for fj = 0 

when tgr’ 

Im[R, (t,r’ - t,t)] for C$ = n/2 

Re[R, (r’,t - #,#)I for 4 = 0 

when C> r’ 

Im [ R, (r’,t - r’,r’) ] for 4 = 7r/2 

As seen in Eq. (35), the phase factor in 

SPL SLE (@I = w2 ,qS,r’,t) can be used to selectively measure the 
real and imaginary portions of each complex nonlinear re- 
sponse functions. To clarify the physical basis of Eq. (35), 
we present an illustration of the PL-SLE signal with respect 
to t in Fig. 5. The spontaneous Raman contribution is ob- 
served in the time range O<t < 6, denoted as the Raman 
window in Fig. 5, whereas the fluorescence emission contrib- 
utes to the PL-SLE signal at t)r’. The t dependence of R, is 
determined by the fast optical dephasing process, while that 
of R, is associated with the inverse lifetime of the excited 
electronic state. Furthermore, if r’+O the R, (i.e., Raman) 
portion of the signal would occur during the duration of the 
second field. Since we do not include the vibrational coher- 
ences of the ground and excited states in the calculation, Fig. 
5 does not show any oscillatory features. However, the mag- 
nitude of the total signal envelope including the vibrational 
coherence contributions would be represented by the signal 
shown in Fig. 5. 

Since R, and R, represent the Liouville pathways asso- 
ciated with the excited and ground state dynamics during 

R3 
pz] 

RZ 
(t>t’ 

FIG. 4. Double-sided Feynman diagrams for PL-SLE. E, is the scattered 

field mode. The last interaction, at time of detection (I), is with Es. The 

signal requires two interactions with Es, one with E, and one with E2. R, 

represents a sequential fluorescence process (external fields first, scattered 
field later). R, represents a coherent Raman process with a mixed time 

ordering E, , E,, E2, and finally E,. 

(35) 

the time period tZ , vibrational coherences in the excited and 
ground electronic states can be created and appear as quan- 
tum beats in the PL-SLE signal. By measuring the R, and R, 
contributions to the PL-SLE signal as a function of the time f 
as seen in Fig. 5, we may extract the information on the 
vibrational dephasing process in the excited state from the 
R, contribution. If one measures the PL-SLE signal with 
respect to 7’ for a constant t (with the restriction that I < 6)) 
it is possible to study the vibrational dephasing process in the 
ground state, since the long-time portion of the signal, in this 
case, is associated only with the vibrational coherence of the 
ground state. This can be understood by carefully consider- 

ing Eq. (35). The r’ dependence of R, is expected during the 
time period t2, which is the duration of the population or 
vibrational coherence of the ground electronic state. On the 
other hand, the population or vibrational coherence of the 
excited state can be examined from the t-dependent mea- 
surement of the R, contribution to the PL-SLE signal. 

Fluorescence 

0 

Time t 

FIG. 5. PL-SLE signal, S& (w, = o,,# = O,<,t). 7/ denotes the time de- 

lay between the two incident pulses. For simplicity, we use phenomenologi- 
cal dephasing constants to calculate the PL-SLE signal, the pulse shape is 
assumed a Gaussian, whose width is 1. The optical dephasing constant and 
the lifetime of the excited state are 4.7 and 35, respectively, compared with 
the pulse width. 
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In order to compare the phase-locked spontaneous light 
emission (PL-SLE) experiment with the photon echo and 

pump-probe experiments, we rewrite the heterodyne-de- 
tected stimulated photon echo (HSPE) signal as 

&I,,, (t’,t “,$I 

= [s:-,(w, =w,,q5=tl;?-‘=t’,t=t’+t’) 

+s&(w, =w,,~=~,,d=t’+t”,t=t’)]. 

(36) 

By using Eqs. (19), (21), and (29), the conventional pho- 
ton echoes, two-pulse and phase-locked pump-probe ab- 
sorption signals can be related to the phase-locked spontane- 
ous light emission signal. This experimental technique can 
also be used to study optical dephasing processes and the 
dynamical processes of the condensed medium. 

e.g., calculations based on the solution of the Bloch equa- 
tions, is that the conclusions and the relationships among the 
experimental techniques established here are very general 
since they are made without alluding to any specific model 
for the material system. The material response function can 
be modeled using a variety of methods including sums over 
states (for small size systems), stochastic models, dielectric 
response, Brownian oscillator models, semiclassical tech- 
niques, and molecular dynamic simulations.26 An applica- 
tion of the present results using the multimode Brownian 
oscillator model for intramolecular and solvation modes will 
be made in the future. 
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By using a phase-locked pulse pair as a pump train, the 
three-pulse pump-probe absorption measurement would be 
useful in studies of the optical dephasing process in con- 
densed media [see Eq. (29) 1. The additional controllable 
time delay, r’, in the pump train and the precise phase rela- 
tionship between the two pump pulses are the critical factors 
that enable study of the evolution of optical coherences. We 
have described the phase-locked excitation in combination 
with optical heterodyne detection. 
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