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Dynamical semigroup Fokker–Planck equation approach to transient
absorption and fluorescence upconversion spectroscopies
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A dynamical semigroup Fokker–Planck equation, which meanwhile satisfies also the semiclassical
detailed-balance relation at arbitrary temperatures, is constructed and further applied to nonlinear
spectroscopic processes of two-surface molecular systems in condensed phases. Included in
dissipation are theT1-vibrational relaxation and the pureT2-dephasing in both nuclear and
electronic degrees of freedom. A mixed Heisenberg–Schro¨dinger picture of the field-dressed optical
response function is proposed to efficient evaluation of pulsed-laser spectroscopies. Numerical
simulations are carried out in a model one-dimensional dissipative Morse molecular system. Both
the pump–probe absorption and the time-frequency resolved fluorescence spectra are demonstrated
and analyzed in detail in terms of the underlying dissipative dynamics. ©2001 American Institute
of Physics. @DOI: 10.1063/1.1344608#
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I. INTRODUCTION

Time-resolved optical measurements using femtosec
or subpicosecond tunable laser pulses provide a versatile
real-time probe for molecular dynamics. However, the abi
of extracting molecular information from spectroscopic me
surements depends on a close interplay between theory
experiment. A molecular system in a condensed phase e
riences not only energy relaxation but also decoherence~or
dephasing!, involved in both electronic and nuclear degre
of freedom. While the vibrational energy relaxation may
appropriately simulated with classical mechanics, pu
dephasing is of pure quantum in nature. Electronic deph
ing, which is of fundamental importance especially to t
interaction between the polar solute and polar solvent,
been understood spectroscopically as a result of a joint e
between theory and experiment in the past.1–5 However, the
pure vibrational dephasing remains largely unexplored. T
electronic dephasing accounts largely for the effect of s
vent dielectric fluctuation which modulates the chr
mophore’s electronic energy band gap.3–5 On the other hand
the pure vibrational dephasing accounts for the intrab
~such as bandwidth and vibrational level structure! fluctua-
tion that may due to the mechanical flexibility of large mo
ecules in solutions. Vibrational coherence/decoherence p
an important role in some elementary photochemical
photobiological processes.6–10 Furthermore, the understand
ing of vibrational dephasing will be crucial for recent activi
in multidimensional off-resonant Raman spectroscopies.11–21
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Quantum dissipation dynamics can be most convenie
described by the reduced system density operatorr(t). How-
ever, a quantum dissipation theory based on reduced des
tion has to invoke certain approximation/model schemes
the statistical behaviors of system–bath coupling.22 There are
thus a variety of nonequivalent forms,22 even within Mar-
kovian dissipation limit, of quantum dissipation theory, su
as the Bloch–Redfield formulation,23–27 a class of Fokker–
Planck equations,26–29 and the dynamical semigrou
formulation.30–32

Moreover, the evaluation of nonlinear spectroscopi
which requires Liouville-space propagation in a two-
higher-dimensional time-grid, is numerically much more d
manding than that ofr(t) itself or the linear spectroscopy
As a result, a Markovian formulation with a single equati
of motion, rather than elaborated non-Markovian theor
that consist usually of tens of coupled equations,33–37may be
the practical choice to numerically study nonlinear sp
troscopies.

In this work, we shall exploit a specific Markovia
theory—Dynamical Semigroup Fokker–Planck Equati
~DS-FPE!—for the numerically efficient evaluation of tran
sient absorption and fluorescence signals. The optical
dium is a two-surface molecular system involving vibration
T1-relaxation and both electronic and nuclear pu
T2-dephasings. The DS-FPE to be presented is not only
the Lindblad’s form,30 but also of the detailed-balance up
the second-order cummulants in phase-space at arbi
temperatures. The single-surface version of DS-FPE was
veloped recently,27 together with its relations to other com
monly used quantum dissipation formulations.27

The remainder of this paper is organized as follows:
il:
8 © 2001 American Institute of Physics
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Sec. II, we extend the previous one-surface formulation27 to
construct the DS-FPE for a two-surface dissipative molec
system under an optical excitation. The resulting DS-FPE
proved explicitly in Appendix A to be of the Lindblad’
form.30 In Sec. III, we examine how the DS-FPE can be us
to efficiently evaluate the field-dressed optical response fu
tion, the key quantity in the interested nonlinear sp
troscopies. The relation between the field-dressed resp
function and the conventional third-order nonlinear respo
functions4 is analyzed in Appendix B. The transient absor
tion and fluorescence formulations are given in Sec. IV
terms of the field-dressed response function, while their d
vations are detailed in Appendix C and Appendix D, resp
tively. In Sec. V, we present and discuss some numer
results of both the photoinduced molecular dynamics
nonlinear spectroscopies of a model dissipative molec
system. Finally, we summarize and conclude in Sec. VI.

II. A DYNAMICAL SEMIGROUP FOKKER–PLANCK
EQUATION

Consider a molecular system embedded in a dissipa
medium and interacting with a laser-pulse that resona
couples two adiabatic molecular states,g ande. The dissipa-
tive dynamics assumes to be described by the Liouville eq
tion ~hereafter setting that\51),

ṙ~ t !52 i @H~ t !,r~ t !#2Rr~ t !. ~1!

Here,R is a dissipative superoperator that will be specifi
later in this section@cf. Eqs.~4!–~6!# to the completion of the
dynamical semigroup Fokker–Planck equation~DS-FPE!.

The reduced driven system HamiltonianH(t) in Eq. ~1!
assumes, under the electronic rotating-wave-approxima
the following form:38

H~ t !5H02@D1E~ t !e2 iDVt1D2E* ~ t !eiDVt#. ~2!

Here, E(t) is the complex electric field envelop andDV
[V2veg the electronic detuning frequency of the excit
tion laser pulse, while

H05Hgug&^gu1Heue&^eu, ~3a!

D15mue&^gu, andD25mug&^eu. ~3b!

The molecular adiabatic HamiltonianHg or He , and the
electronic dipole momentm are operators in the nuclear su
space.

In this paper, we shall adopt a time-independent~Mar-
kovian! form for the dissipation superoperatorR in Eq. ~1!.
More precisely, we shall extend the previously construc
DS-FPE, i.e., Eqs.~48! and~49! with e50 in Ref. 27, to the
adiabatic two-surface molecular system considered here.
types of dissipation in consideration are the electronic p
T2-dephasing, and the vibrational pureT2-dephasing and vi-
brational T1-relaxation in both adiabatic electronic state
Their rates are, respectively, specified asgel , and (g28 ,g29)
and (g18 ,g19). The parameter with a single-prime8 ~double-
prime 9) is for the excitede ~groundg) surface. The above
individual dissipations are assumed to be statistically in
pendent.
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The final DS-FPE form ofR in Eq. ~1! assumes@cf. Eqs.
~48! and ~49! with e50 in Ref. 27#

R5gelRel1g28R281g29R291g18R181g19R19 , ~4!

with ~denoting thatê[ue&^eu and ĝ[ug&^gu),

Relr5@ ê,@ ê,r##, ~5a!

R28r5@Heê,@Heê,r##/~v08!2, ~5b!

R18r52
i

4
@$q2q̄8,p%ê,r#1

i

2
@qê,$pê,r%#

1 1
2s̄pp8 @qê,@qê,r##1 1

2s̄qq8 @pê,@pê,r##. ~5c!

R29 and R19 for the nuclear pureT2-dephasing and
T1-relaxation on the ground electronic surface are defin
similarly as Eqs.~5b! and~5c!, respectively. In Eq.~5b!, v08
is the harmonic frequency of the excited surface and is
troduced to letR28 be dimensionless. In Eq.~5c!, $•,•% de-
notes an anticommutator. Involved there are also three t
mal equilibrium parameters,

q̄8[^q&e , s̄qq8 [^~q2q̄8!2&e , ands̄pp8 [^p2&e . ~6!

Here ^A&n[Tr@Âreq
(n)(T)#, with n5e or g, and

req
(n)~T!5exp@2Hn /~kBT!#/Tr exp@2Hn /~kBT!#, ~7!

being the equilibrium density operator on the specified s
face. The detailed-balance requiresreq

(n)(T) be a stationary
solution to Eq.~1! in the absence of the external field.

Note that Eq.~5c! is written explicitly for molecular sys-
tems with a single vibrational degree of freedom. The ext
sion to two-surface multidimensional molecular syste
could be made in a straightforward manner, for example,
viewing q andp as vectors, whiles̄pp and s̄qq as tensors.

Together with p̄8[s̄pq8 50, the three parameters@Eq.
~6!# involved explicitly in Eq.~5c! fully account for the first
two moments ofreq

(e) . The above quantum dissipation formu
lation can be shown to have the exact detailed-balance r
tion for harmonic molecular systems.27 In other words, the
dissipation superoperatorR presented in Eqs.~4!–~6! satis-
fies in general the detailed-balance property up to
second-order cummulants in the nuclear phase-space on
electronic surface at arbitrary temperatures.27 Moreover, we
shall in Appendix A show that each individua
R-contribution in Eq.~5! is of the Lindblad’s dynamical
semigroup form.30 Equations~1!–~6! constitute the final DS-
FPE formulation, and will be used in Sec. V for the nume
cal demonstrations of both the laser-induced dynamics
some nonlinear spectroscopies in a model anharmonic t
surface molecular system.

Each individual dissipation superoperator in Eq.~5! is
defined in Schro¨dinger picture via its action-to-right,Rr, on
the system density operator. For the later nonlinear spec
scopic calculation as well as theoretical completeness,
may also need its Heisenberg picture via the action-to-l
ÂR, on an arbitrary dynamical variableÂ. It is easy to show
that the Heisenberg counterparts of Eqs.~5a!–~5c! are
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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ÂRel5@@Â,ê#,ê#, ~8a!

ÂR285@@Â,Heê#,Heê#/~v08!2, ~8b!

ÂR1852
i

4
@Â,$q2q̄8,p%ê#1

i

2
$@Â,qê#,pê%

1 1
2spp8 @@Â,qê#,qê#1 1

2sqq8 @@Â,pê#,pê#. ~8c!

The Heisenberg picture ofR29 andR19 are defined similarly
as Eq.~8b! and Eq.~8c!, respectively.

III. FIELD-DRESSED RESPONSE FUNCTIONS

A. Green’s function description

The optical response ofr(t), i.e., the dissipative and
driven two-surface molecular system described by Eqs.~1!–
~6!, to a weak probe field can be expressed in terms of
lowing field-dressed response function:

R6~t,t !5 i Tr$D7G~ t1t,t !@D6r~ t !#%. ~9!

Here, D6 is the electronic transition dipole defined in E
~3b!, andG is the Liouville-space Green’s function or prop
gator for Eq.~1!. That is, thatG(t,t0)r(t0)[r(t); with t
>t0 . Note that the Hilbert-space version ofR6 in the ab-
sence of dissipation was given before.39 The relation be-
tween R6 and the conventional third-order nonlinear r
sponse functions3,4 is presented in Appendix B.

Physically,R1(t,t) and R2(t,t) correspond to the ab
sorptive and emissive responses, respectively, of the t
sient drivenr(t) interrogated locally by a weak probe field
t. They will be shown in the next section the key quantities
evaluating pump–probe absorption and time-frequency
solved fluorescence spectroscopies@cf. Eqs.~16!–~19!#.

Obviously,R6 @Eq. ~9!# can be calculated step-by-ste
as follows:

r~ t ![G~ t,t0!r~ t0!, ~10a!

r6~0;t ![D6r~ t !, ~10b!

r6~t;t ![G~ t1t,t !r6~0,t !, ~10c!

R6~t,t !5 i Tr$D7r6~t;t !%. ~10d!

The above procedure may be said to implementR6 @Eq. ~9!#
in Schrödinger picture, as each involving propagation is c
ried out by actingG on a state operator,r(t0) in Eq. ~10a! or
r6(0;t) in Eq. ~10c!. The Schro¨dinger picture ofR6(t,t)
@Eq. ~10d!# requires the quantum propagation be carried
in a joint two-dimensional (t,t)-grid, which is often numeri-
cally too demanding even for a one-dimensional dissipa
molecular system.

B. A mixed Heisenberg–Schro ¨ dinger picture

In this subsection, we shall describe a mix
Heisenberg–Schro¨dinger picture of R6(t,t) @Eq. ~9!# in
which the (t,t)-propagation can be largely disjointed, exce
for a small region during the pump excitation field intera
tion. In the context of pump–probe measurement, that is
Downloaded 04 Mar 2001 to 143.89.53.161. Redistribution subject to
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say that the joint (t,t)-propagation is needed only for th
coherent spectroscopic contribution where the pump and
probe pulses overlap in time-domain.

As mentioned earlier, thet-argument inR6(t,t) denotes
the moment at which the weak detection~probe! field inter-
rogates with matter. For a sequential optical configuration
which the pump–probe field is ordered~i.e., first pump and
then probe!, the propagatorG(t1t,t) in Eq. ~9! reduces to
the Green’s functionG0(t) in the absence of time-depende
external driving field. We may therefore recast the sequen
contribution to the field-dressed response function as40,41

R6
S ~t,t ![ i Tr$D7G0~t!@D6r~ t !#%

[ i Tr@D7~t!D6~0!r~ t !#. ~11!

Here, the Heisenberg picture ofD6 or more general of an
arbitrary dynamic variableÂ is defined as

Â~t![ÂG0~t!. ~12!

The corresponding Heisenberg equation of motion in
presence of dissipation is given by$cf. Eq. ~1! with field-free
H0 @Eq. ~3a!#%

]

]t
Â52 i @Â,H0#2ÂR, ~13!

whereÂR was given by Eqs.~4! and ~8!. The implementa-
tion of Eq. ~11! involves therefore the propagations
D7(t) @Eq. ~13!# andr(t) @Eq. ~1!# independently.

We are now in the position to propose a mixe
Heisenberg–Schro¨dinger picture for the efficient numerica
implementation ofR6(t,t) @Eq. ~9!# that accounts for both
the sequential and coherent contributions. Let us denote
region of pump interaction as@0,tp#. It is to say that the
pump fieldE(t.tp)50 practically. Note that a propagato
satisfies in general

G~ t1t,t ![G~ t1t,t8!G~ t8,t !; with t8P@ t1t,t#. ~14!

The above identity will be used whenever the breaking po
can be chosen ast85tp . In this case,G(t1t,t85tp)5G0(t
1t2tp) the field-free Green’s function, whileG(t85tp ,t)
remains as the field-dressed propagator. The mi
Heisenberg–Schro¨dinger picture is then constructed by ac
ing the field-free Green’s function to its left onto the d
namic variableD6 @cf. Eq. ~12!#, and the field-dressed pa
to its right onto the state variabler6(0,t)[D6r(t) @cf. Eq.
~10c!#.

The mixed Heisenberg–Schro¨dinger picture ofR6(t,t)
can be summarized as follows$cf. Fig. 1 with @0,tp# being
the E(t)’s interaction region%:

Region I~ t>tp! @cf. Eq.~11!#:

R6~t,t !5R6
S ~t,t !5 i Tr@D7~t!D6r~ t !#; ~15a!

Region II~ t1t<tp! @cf. Eq.~10!#:

R6~t,t !5 i Tr@D7r6~t,t !#; ~15b!

Region III~t.tp2t.0!:

R6~t,t !5 i Tr@D7~ t1t2tp!r6~ tp2t;t !#. ~15c!
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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R6 in Region I @Eq. ~15a!# is the same as Eq.~11! and
involves the disjointt-propagation andt-propagation. Only
within the small triangle, Region II of Fig. 1,R6 @Eq. ~15b!#
requires for the joint (t,t)-propagation@Eq. ~10!#. R6 in
Region III @Eq. ~15c!# needs no extra propagation as it d
pends on the intermediate results from Eqs.~15a! and~15b!.
The mixed Heisenberg–Schro¨dinger picture ofR6 @Eq. ~15!#
will be used in Sec. V C for an efficient calculation of no
linear spectroscopies.

IV. NONLINEAR SPECTROSCOPIES IN TERMS OF
THE FIELD-DRESSED RESPONSE FUNCTION

In this section, we shall relate the field-dressed respo
functionR6 @Eq. ~9! or ~15!# to two types of nonlinear spec
troscopies, pump–probe absorption and time-frequency
solved fluorescence. In both spectroscopic measurem
the detection fields assume to be operated in the weak
sponse regime. The relevant optical polarizations that dep
linearly on the detection field can be obtained via the st
dard first-order perturbation theory around the pump-driv
dissipative system.

Let us start with the pump–probe absorpti
signals,4,41–43which can be recorded either as an integra
signal SA(td), or a frequency-dispersed transient absorpt
coefficienta(v,td). Here, td denotes the probe delay tim
with respect to the pump field. In Appendix C, we prese
the detailed derivation forSA(td) and a(v,td). Their final
expressions are given in terms of the field-dressed resp
function R6 @Eq. ~9!# as

SA~ td!52Im E
2`

`

dtE
0

`

dt eiDVTtET* ~ t1t!ET~ t !

3@R1~t,t1td!1R2* ~t,t1td!#

[S1~ td!1S2~ td!, ~16!

a~v,td!52ImE
0

`

dt eiDvt @R1~t,td!1R2* ~t,td!#

[a1~v,td!1a2~v,td!. ~17!

In Eq. ~16!, ET(t) andDVT are the slowly varying complex
envelop and the carrier detuning frequency of the probe fi
respectively. In writing Eq.~17!, we also assumed the impu

FIG. 1. Three regions for the calculation of field-dressed response func
R6(t,t) in the mixed Heisenberg–Schro¨dinger picture@Eq. ~15!#. tp denotes
the duration of the pump–matter interaction. The correla
(t,t)-propagation is only needed in region II~see text!.
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sive probe approximation.4 Defined in the second identitie
in Eq. ~16! and Eq.~17! are alsoS1 anda6 . Physically,S1

or a1 (S2 or a2) that arises from theR1-term (R2-term! is
the absorptive ~emissive! contribution, monitoring the
ground-surface ‘‘hole’’ ~excite-surface ‘‘particle’’! wave
packet dynamics.

We now turn to the time-frequency resolved fluore
cence spectroscopies in which the spontaneous field sh
be treated as a quantum operator.44 The fluorescence can b
recorded either as the upconversion signalSE

up(v,td) through
a femtosecond-resolved sum frequency genera
device,45–48 or the scattered photon fluxSE(v,td) with, for
example, a CCD camera.4,49 Here,td andv denote the time
and frequency centers of the detection gate. The fluoresc
signals in the ideal time-frequency gate limit can be e
pressed as~cf. Appendix D for the derivation!

SE
up~v,td!5U E

0

`

dt eiDvtR2* ~t,td2t!U2

, ~18!

SE~v,td!52ImE
0

`

dt eiDvtR2* ~t,td2t!. ~19!

Note that the fluorescence signalSE
up or SE at timetd @cf. Eqs.

~18! or ~19! together with Eq.~9!# depends on the reduce
density operatorr(td2t) at all previous times~noting that
t>0). In contrast, the dispersed transient absorptiona at td

@cf. Eq. ~17! with Eq. ~9!# depends only on the localr(td).
The above temporal dependence in either fluorescenc
transient absorption is consistent with the causality of
experimental configuration.

V. NUMERICAL RESULTS AND DISCUSSIONS

A. Simulation method and model

We shall present some calculation results on a mo
dissipative molecular system that will be specified so
Demonstrated in Sec. V B will be the photoinduced dyna
ics of r(t) @Eqs. ~1!–~6!#, while in Sec. V C the stationary
absorption/emission, pump–probe absorption@Eqs.~16! and
~17!#, and time-frequency resolved fluorescence@Eqs. ~18!
and ~19!# spectroscopies.

The molecule in study is modeled as a one-dimensio
two-surface Morse system~cf. Fig. 2! with the reduced mass
of m532 amu. The potential parameters are given in Tabl

n
FIG. 2. Schematic diagram of the molecular system used in simulation.
potential parameters are given in Table I. The reduced molecular ma
m532 amu. The central frequency of pump pulse is denoted asV. The
molecule is initially in the thermal equilibrium in the ground electronic sta
manifold atT550 K.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



ni
s

-

ed

b

ur

a-
er
-
ra
e
-

-

m
bl

al

Th
la

io
e
re
as

th
-

s

te-
nt

the
of
tic
e

d-

e

be
ss

gy

ed
be
the

e
are

s-

ime
also

3872 J. Chem. Phys., Vol. 114, No. 9, 1 March 2001 Shuang, Yang, and Yan
The resulting harmonic frequency of the ground electro
state isv095305.61 cm21, while that of the excited surface i
v085181.05 cm21. The corresponding anharmonicity param
eters arev09x951.86 cm21 and v08x851.87 cm21, respec-
tively. The temperature is set to beT550 K. The electronic
transition dipolem is set to be constant~Condon approxima-
tion!. The dissipation parameters will be specified later.

The pump field is chosen as a 10 fs transform-limit
Gaussian pulse with the excess carrier frequency ofDV
51143 cm21. This frequency is near the peak of linear a
sorption spectroscopy~cf. Fig. 8!. The intensity of the pump
field is chosen such thatmEpeak5300 cm21, transferring
about 15% of total population onto the excited potential s
face when there are not any dissipations.

All calculations are carried out in the molecular vibr
tional eigenstate representation in the absence of an ext
driving field. The DVR method50 is used to obtain the vibra
tional energies and wave functions. The number of vib
tional states used in simulation~30 on the excited surfac
and 50 on the ground surface! is checked for numerical con
vergence. Quantum propagations to evaluate bothr(t) @Eqs.
~1!–~6!# and R6(t,t) @Eq. ~15! for its mixed Heisenberg–
Schrödinger picture# are performed via the Short-Iterative
Arnoldi algorithm25,51,52with the cutoff out projection error
of 1027.

We shall hereafter use the delay timetd , with its time-
zero centered at the peak of the given 10 fs transform-li
Gaussian pump field, to specify the dynamic time varia
not only in the spectroscopic signals@Eqs. ~16!–~19!# but
also in the photoinducedr(td).

B. Photoinduced molecular dissipative dynamics

This subsection will investigate the effect of vibration
T1- and T2-types of dissipation onr(td) @Eqs. ~1!–~6!# in-
duced by the given resonant 10 fs pump laser pulse.
calculatedr contains in general both the electronic popu
tions, ree and rgg , and the electronic coherencereg5rge

† .
To simplify the notation, we setg185g195g1 and g285g29
5g2 , and remove single/double-prime~s! whenever it does
not cause confusion. Although different values of dissipat
could be chosen for the different electronic states, the gen
features of dissipation to be addressed would not be alte
After the 10 fs pump field is over, the pure electronic deph
ing described in Eq.~5a! affects onlyreg in a rather simple
manner, but plays no roles onree or rgg . For the clarity of
demonstrating the effect of vibrational dissipations on
electronic coherencereg as well as the electronic popula
tions, exemplified byree in the following, the pure electronic
dephasing parameter in this subsection is set to begel50.

TABLE I. Parameters for the Morse potential surface,V(R)5D0@1
2e2a(R2R0)#2.

D0/~cm21! a/~Å21! R0/~Å!

Vg 12 550 1.871 2.80
Ve 4381 1.876 3.02
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1. Vibrational dissipations on the electronic
populations

Let us start with the effect of vibrationalT1-relaxation
on the electronic population, e.g.,ree. Figure 3 depicts the
evolution of ree(DR,p,td), with the dissipation parameter
of g1550 cm21 ~i.e., g1

215106 fs! andg250, at the values
of td specified in individual panels. Here, the coordina
axis, DR5R2R̄8, denotes the diatomic bond displaceme
from the equilibrium lengthR̄8 @cf. Eq. ~6!# on the excited
surface at the given temperature ofT550 K. The
momentum-axis is given in terms of the velocityv5p/m for
ease of labeling unit. Included in the top-left panel is also
trajectory~dotted curve! of the nuclear phase-space center
ree(td). The bottom-right panel presents the asympto
ree(td→`), which is found to be practically identical to th
exact thermal equilibrium density wave packetreq

(e)(T) in the
electronice state. The same quality of satisfying the detaile
balance relation is also found forrgg(td→`) ~not shown! in
the electronicg state. Obviously, the wave packetree(td)
remains pretty localized in phase-space.

We shall now turn to the effect of vibrational pur
T2-dephasing (g2) on the photoinducedree. Figure 4 plots
the ree(td) with the dissipation parameters being set to
g2510 cm21 andg150. In this case, there is no energy lo
and the asymptoticree(td→`) ~the bottom-right panel! does
not approach to the thermal equilibriumreq

(e) . Included in the
top-left panel is also an iso-energy loop~dotted curve! de-
fined by the mean excess-energy ofree(td) after the pump
field is over. If the potential were harmonic, this isoener
phase loop would be a circle~or an ellipse! and the pure
vibrational dephasing dynamics could be solv
analytically.27 It is interesting that the pure dephasing may
mapped onto a classical heat transport problem with
pure-dephasing parameterg2 as the diffusion constant.27 The

FIG. 3. The effect of vibrationalT1-relaxation on the photoexcited wav
packetree(td) in the Wigner phase-space. The dissipation parameters
g1550 cm21 andg250. The pump field is a 10 fs transform-limited Gaus
ian pulse with the excess-energy ofDV51143 cm21. The y-axis is pre-
sented in term of velocity. Indicated in each panel is the value of delay t
td from where the pump pulse peaks. Included in the top-left panel is
the trajectory~dotted curve! of the phase-space center ofree .
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



o

fo
r
di
ul

et
h
fo

g

e
s
ized
s

, of
l of
jec-
3.

the
o
the
up-

tial

ple

-

lec-

f

3873J. Chem. Phys., Vol. 114, No. 9, 1 March 2001 Dynamical semigroup Fokker–Planck equation
basic features of vibrational pure dephasing that were
tained analytically before for a harmonic system27 are now
summarized for Fig. 4 in a semiquantitative manner as
lows. ~i! The coherent evolution of the phase-space cente
ree(td) travels clockwise around the isoenergy loop as in
cated by the dotted curve in the top-left panel at the ang
velocity defined by the classical frequency;~ii ! The pure
dephasing dynamics spreadsree(td) over the isoenergy
phase-loop at approximately the rate ofg2 .

Figures 5 and 6 depict the mean displacementDR̄(td)
[^DR(td)& and the variance amplitudesR(td)5(^R2(td)&
2^R(td)&2)1/2, respectively, for the excited wave pack
ree(td) at the three indicated cases of dissipation. Note t
in the harmonic limit, the Ehrenfest equations of motion
the first two moments ofree in phase-space, i.e., the Eq.~B1!
of Ref. 27 with«50, can solved analytically. The resultin

FIG. 4. Same as Fig. 3 but for the effect of vibrational pureT2-dephasing.
The dissipation parameters areg150 and g2510 cm21. Included in the
top-left panel is the isoenergy path~dotted curve! along which the vibra-
tional pure-dephasing dynamics follows. See text for details.

FIG. 5. Evolution of the mean displacement,DR̄(td)[ ^R(td)2R̄8&, of
ree(td) in the presence of vibrationalT1-relaxation~top panel!, or vibra-
tional pureT2-dephasing~middle panel!, or both ~bottom panel!. The in-
volving dissipation parameters are indicated in each panel.
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^R(td)& and ^R2(td)& relax to their asymptotic values at th
rates ofg1/21g2 andg114g2 , respectively. When there i
no pure dephasing, the wave packet remains pretty local
~cf. Fig. 3 and the top panel of Fig. 6!. In this case, the peak
and valleys ofDR̄(td) ~the top panel of Fig. 5! correspond to
the classical outer and inner turning points, respectively
the dissipative wave packet. In other words, the top pane
Fig. 5 is the coordinate representation of the classical tra
tory shown in the dotted curve of the top-left panel of Fig.
However, in the case of vibrational pureT2-dephasing,ree is
neither localized nor a Gaussian-type wave packet~cf. Fig.
4!. Therefore, one may not always be able to attribute
peaks/valleys ofDR̄(td), e.g., the middle panel of Fig. 5, t
the classical turning points. It can be seen that
T1-relaxation leads the quantum beats to be slightly
chirped ~cf. the top/bottom panel of Fig. 5! as the wave
packet relaxes toward the bottom of the Morse poten
well. The pure vibrational dephasing~cf. the middle panel of
Fig. 5! that does not involve energy loss retains the sim
mono-frequency quantum beats.

2. Vibrational dissipations on the electronic
coherence

The vibrationalT1- or T2-dissipation affects not onlyree

or rgg but also the electronic coherencereg due to the
Schwartz inequality.53 It is unlike the pure electronic dephas
ing that leads to the decay ofreg5rge

† →0 but has no effect
on the adiabatic dynamics ofree or rgg . In order to show
that the nuclear dissipation destroys also the molecular e
tronic phase, we introduce the electronic entropy as

sel~ td![s~ td!2snu~ td!, ~20!

with

s~ td!52Tr@r~ td!ln r~ td!#, ~21a!

snu~ td!52 (
n5g,e

Tr@rnn~ td!ln rnn~ td!#. ~21b!

That sel→0 will be used in the following as an indicator o
vanishingreg .

FIG. 6. Same as Fig. 5 but for the variance amplitude,sR(td)5(^R2(td)&
2^R(td)&2)1/2 of ree(td).
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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Presented in Fig. 7 are the evolutions of electronic
tropy sel(td) in three specified cases of vibrational dissip
tion in the absence of pure electronic dissipation (gel50).
The initial rise of electronic entropysel in Fig. 7 is due to the
generation of electronic coherencereg5rge

† in the presence
of the external 10 fs pump pulse field. Either the vibration
T1-relaxation ~top-panel!, or the vibrational pure
T2-dephasing~middle-panel!, or both ~bottom-panel! can
completely destroy the electronic coherence. Especially
relatively small vibrational pure-dephasingg2 could re-
semble a significantly large effective electronic dephas
gel

eff ~cf. the middle panel of Fig. 7!. Moreover, the electronic
dephasing induced via nuclear dissipation isnon-Markovian,
while that via a nonzero pure electronicgel is Markovian.

C. Spectroscopies

This subsection will present some numerical results
nonlinear absorption/fluorescence spectroscopies@Eqs.~16!–
~19!# of the pulsed pump-driven molecular system with d
sipation. The involving field-dressed response functionR6

will be implemented in its mixed Heisenberg–Schro¨dinger
picture@Eq. ~15!#. The vibrational dissipation parameters a
chosen asg15g185g19520 cm21, and g25g285g2955
cm21. Included is also a pure electronic dephasing ofgel

520 cm21. Other parameters for the matter, the pump fie
and the temperature were given in Sec. V A. The correspo
ing photoinduced molecular dynamics is described in S
V B ~cf. the bottom panels of Figs. 5 and 6!. The probe field
will be specified when it is needed in due course.

1. Stationary absorption and emission

For the later discussion, we shall first present the stat
ary spectroscopies that relate to the following linear respo
functions:

J6~t!5R6
S ~t,7`!. ~22!

Here, R6
S is given in Eq.~11! with D1r(2`)5mreq

(g)(T)
and D2r(1`)5mreq

(e)(T). That is, thatJ1(t) or J2(t)
@Eq. ~22!# is the optical response of the stationary dens

FIG. 7. Same as Fig. 5 but for the electronic entropy defined in Eq.~20! to
demonstrate the effect of vibrational dissipation on the electronic depha
of reg5rge

† . The pure electronic dephasing parameter is set to begel50.
Downloaded 04 Mar 2001 to 143.89.53.161. Redistribution subject to
-
-

l

a

g

f

-

,
d-
c.

n-
se

y

operatorreq
(n)(T) @Eq. ~7!# with n5g or e, respectively. The

conventional stationary absorption and fluorescence can
expressed in terms of the Fourier transform ofiJ1(t) and
iJ2* (t), respectively.4

Figure 8 depicts the stationary absorption~solid curve!
and fluorescence~dashed curve! line shapes of the dissipativ
molecular system in study. These stationary spectrosco
will serve as asymptotic long-time results of the tim
frequency resolved nonlinear optical signals to be presen
later. Note that the stationary spectroscopies can be ev
ated equally efficiently and accurately in either the Sch¨-
dinger or the Heisenberg pictures as discussed in Sec. I

2. Transient pump –probe absorption signals

Figure 9 depicts the transient absorption signalsSA(td)
@Eq. ~16!, solid traces# detected at three values of probe d
tuning frequencyDVT specified in individual panels. Eac
trace is presented the difference signal from its pump-
background. Included in each panel are also the absorp
S1 ~dotted! and emissiveS2 ~dashed! contributions@cf. the
second identity of Eq.~16!#. The probe fieldET(t) is a 50 fs

ng

FIG. 8. Linear absorption~solid! and stationary fluorescence~dashed! spec-
troscopies at a temperature of 50 K. Dissipation parameters areg1520
cm21, g255 cm21, andgel520 cm21.

FIG. 9. Integrated transient absorption signals@Eq. ~16!# at three represen-
tative detection frequencies indicated in individual panels~see the text for
details!. The observed signalSA(td) ~solid! in each panel is a sum of two
contributions: the absorptive contributionS1 ~dotted! and the stimulated
emissionS2 ~dashed!. The dissipation bath is the same as that in Fig. 8
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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transform-limited pulse. Physically, the three values ofDVT

in this figure are chosen to detectree at the outer turning
point region ~top panel!, an intermediate region~middle
panel!, and the inner turning point region~bottom panel!,
respectively, assuming there was no dissipation. To un
stand those seemingly very different spectroscopic patt
in the three panels, one should also refer to Fig. 8 for
relative positions of these three probe frequencies in the
tionary absorption and emission spectra. Note the pump
quency withDV51143 cm21 is near the peak of linear ab
sorption~cf. Fig. 8!.

Let us start with the top panel of Fig. 9 in which th
probe detuningDVT523769 cm21 is at the outer turning
point of the pump-inducedree before the dissipation taking
place. The detection frequency is also near the red-wing
the stationary emission spectrum~cf. Fig. 8!. The top panel
exhibits therefore the following features.~i! The observed
signalSA is mainly from the stimulated emission compone
S2 , since the ground state ‘‘hole’’ described byrgg2req

(g) is
away from the detection window;~ii ! the quantum beats ar
singly peaked as the probe is placed to the outer turn
point side;~iii ! that the beats are slightly up-chirped is due
the vibrationalT1-relaxation ofree downward to the bottom
of Morse potential well;~iv! the decay of quantum bea
manifests the combinated effects of both the vibratio
T1-relaxation and the vibrational pureT2-dephasing; and fi-
nally ~v! the residual nonzero constantSA(td) at long td is
attributed to the stationary emission stimulated by the pr
field carrying the detuning frequency near the red-wing
the emission spectrum.

The seemingly very different signals in the middle a
the bottom panels of Fig. 9 can also be understood simila
The brief summary is as follows. Consider the spectral sig
in the middle panel withDVT521269 cm21. Here, the first
few doubly-split peaks are due to the probe frequency be
in between of two turning points, resulting in a double cro
ing of the wave packet over the detection region in ea
period. As time evolves, the wave packet relaxes into
detection region where the stationary emission is relativ
strong~cf. Fig. 8!. As results, the doubly-split peaks merg
into singly-peaked beats and the stimulated emission
comes stronger as it approaches to the stationary backgr
intensity. In contrast, the signal background strength in
bottom panel of Fig. 9 arises mainly from the ground st
‘‘hole’’ contribution S1 , since the detection detuningDVT

51143 cm21 is the same as that of pump and locates n
the stationary absorption maximum~cf. Fig. 8!. The evolu-
tion of the initially excited ‘‘particle’’ wave packetree can
only be observed within a few periods before it relaxes aw
from the probe window. However, the ground state ‘‘hole
wave packetrgg2req

(g) remains within the resonant absor
tive detection region, leading to the large absorptive ba
ground strength in the bottom panel of Fig. 9.

3. Time-frequency resolved absorption
spectroscopies

Figure 10 presents the calculated time-frequency
solved signala(v,td) @Eq. ~17!#, also in the form of differ-
ence signal, with the removal of the pump-off stationa
Downloaded 04 Mar 2001 to 143.89.53.161. Redistribution subject to
r-
ns
e
a-
e-

of

t

g

l

e
f

y.
al

g
-
h
e
ly

e-
nd
e
e

r

y

-

-

background or the stationary absorption in Fig. 8. It can
seen that in the short-td regime, the absorptive and emissiv
components,a1 anda2 @cf. the second identity of Eq.~17!#,
overlap in the frequency-domain. As the timetd evolves, the
absorptive componenta1 remains in about the same fre
quency region, while the stimulated emission componenta2

experiences dynamic Stokes shift. In the long-td regime, the
a1 and thea2 components are shown to coincide respe
tively with the stationary absorption and the stationary em
sion as indicated in Fig. 8.

It is well known that the pump–probe transient abso
tion, either the integrated signalSA(td) @Eq. ~16!# or the dis-
persed signala(v,td) @Eq. ~17!#, can be formally considered
as a sum of the sequential and the coherent contributions4,42

Let us use the dispersed absorption coefficient for illus
tion, a(v,td)[aS(v,td)1aC(v,td). The sequential contri-
bution assumes the same form of Eq.~17!, i.e., aS5a1

S

1a2
S , but with the field-dressed response functionR6 in

Eq. ~17! being replaced by its sequential counterpartR6
S @Eq.

~11!#. Oncea ~or a6) and aS ~or a6
S ) are evaluated, the

coherent contributionaC ~or a6
C ) is obtained as their differ-

ence. Obviously, for the well-separated pump–probe c
figuration, the sequential partaS(v,td) is the sole signal
contribution @cf. Eq. ~15a! together with its applicable re
gion#. However, when pump and probe overlap in time, t
coherent partaC(v,td) may constitute an important contr
bution to the observed signala(v,td).

The top panel of Fig. 11 depicts the observeda(v,td

50) ~solid! as the sum ofaS ~dotted! and aC ~dashed! at
td50, at which the pump and the probe overlap maxima
Obviously, the coherent contributionaC can be of the same
order as or larger than the sequential contributionaS when
the pulses overlap. The middle~bottom! panel of Fig. 11
analyzesaC (aS) further in terms of its absorptivea1

C (a1
S )

and stimulated emissiona2
C (a2

S ) components. Note that th
coherent contribution~the middle panel of Fig. 11! has some
significant negative values in some frequency region, es
cially in its absorptive componenta1

C . In fact, the concept
of being absorptive/emissive may only be physically corr
for the sequentiala6

S contribution~the bottom panel of Fig.
11!. According to the Eq.~B3!, a1

C involves three Liouville-
space (R1 , R4 , andR2) pathways anda2

C only theR3 path-
way in the conventional weak response third-order respo
function formalism.3,4 This may account for why, as show

FIG. 10. Dispersed transient absorption coefficient,a(v,td) @Eq. ~17!#. The
dissipation bath is the same as that in Fig. 8.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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in the middle panel of Fig. 11, the magnitude ofa1
C is larger

than that ofa2
C . Equation~B3! implies also thata1

C may be
more properly called as the excitation Raman contributi
while a2

C is the stimulated emission Raman contributio
The negative values ina6

C ~cf. the top panel of Fig. 11! thus
indicate the underlying coherent Raman processes.4

4. Time-frequency resolved fluorescence signals

Let us now consider the time-frequency resolved flu
rescence signals. Figure 12 plots the spontaneous emis
SE(v,td) @Eq. ~19!, solid curves#, fluorescence upconversio
SE

up @Eq. ~18!, dotted curves#, together with the stimulated
emission a2(v,td) ~dashed curves! at some representin
values oftd as specified in individual panels.SE

up @Eq. ~18!#
andSE(v,td) @Eq. ~19!# contain basically the same dynam
information, and their difference is mainly due to the amp
tude square in relation with the amplitude itself. The spon

FIG. 11. ~Top panel! Dispersed transient signala ~solid! at thetd50 slice
analyzed in terms of its coherentaC ~dashed! and sequentialaS ~dotted!
contributions;~middle panel! aC ~solid! is further analyzed in terms of its
two components,a1

C ~dotted! anda2
C ~dashed!; ~bottom panel! aS ~solid! is

further analyzed in terms of its two components,a1
S ~dotted! and a2

S

~dashed!.

FIG. 12. Comparison among the ordinary fluorescenceSE @solid, Eq.~17!#,
fluorescence upconversionSE

up @dotted, Eq.~18!#, and the stimulated emis
sion a2 @dashed, cf. Eq.~17!# at four representing delay times.
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neous emissionSE ~solid curves! and the stimulated emissio
a2 ~dashed curves! are only different in the short time re
gime~two top panels!, but evolve to be identical~two bottom
panels! as the results of dissipation that suppresses
memory effect. At the long time regime~cf. bottom right
panel! bothSE anda2 coincide with the stationary emissio
spectrum, i.e., the dashed curve in Fig. 8.

VI. SUMMARY AND CONCLUDING REMARKS

In summary, we have constructed a dynamical se
group Fokker–Planck equation~DS-FPE! and further imple-
ment it to nonlinear optical processes involving two-surfa
molecular systems in condensed phases. The obtained
FPE~Sec. II!, which can be considered as the natural ext
sion of the counterpart in one-surface molecular systems,27 is
given in both Schro¨dinger and Heisenberg pictures. We al
proposed a mixed Heisenberg–Schro¨dinger prescription of
the field-dressed optical response function~Sec. III! for the
efficient calculation of nonlinear spectroscopies presente
Sec. V.

Numerical demonstrations are made for both the pho
induced molecular dissipative dynamicsr(t) ~Sec. V B! and
various spectroscopies~Sec. V C!. Highlighted in the photo-
induced molecular dynamics are the effects of vibratio
T1- and T2-types of dissipation on the electronic coheren
reg as well as on the electronic populationree or rgg . In-
cluded in the spectroscopic calculations are the station
absorption and fluorescence, the integrated and the dispe
transient absorption, and the time-frequency resolved fl
rescence spectroscopies in the presence of the afore
tioned vibrational dissipation and the pure electronic deph
ing. Detailed comparisons among various spectroscopies
made in conjunction with the underlying dissipative molec
lar dynamics.

Presented in Sec. IV are the pump–probe absorption
the time-frequency resolved fluorescence formulations
terms of field-dressed response function. Their polarizat
counterparts are given in Appendices C and D, respectiv
Both the response-function formalism and the polarizat
formalism of nonlinear spectroscopies outlined in this wo
can be readily implemented via other forms
Markovian23–32 or non-Markovian33–37 quantum dissipation
theory.

Considered explicitly in this work is only a single opt
cally active mode~vibration! that couples to the optical tran
sition. This active mode experiences bothT1-relaxation and
pure T2-dephasing and is taken to be in the underdam
regime. We have demonstrated that the Markovian vib
tional T1- or/andT2-dissipation~s! can introduce an effective
non-Markovian electronic dephasing~cf. Fig. 7 and its dis-
cussion!. The resulting vibrational relaxation-induced d
namic Stokes-shift is evident~cf. Figs. 10 and 12!. The in-
clusion of multiple dissipative modes, especially of
overdamped solvation mode to account for ba
reorganization-induced Stokes-shift,3,4,41 can be done and
will be published in the future.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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APPENDIX A: DYNAMICAL SEMIGROUP DISSIPATION

Lindblad showed that a Markovian quantum dissipat
theory satisfying the general positivity should be of the f
lowing form of dissipation:30

Rr5(
a

@Wa
† ,War#1H.c. ~A1!

Obviously,Rel @Eq. ~5a!# andR28 @Eq. ~5b!# are of the Lind-
blad’s form. In the following, we shall use the similar alg
rithm in our previous work27 to show thatR18 @Eq. ~5c!# can
also be transformed into the Lindblad’s form.

To proceed, let us denote

Ŵ[
~q2q̄8!ê

A4s̄qq8
1 i

pê

A4s̄pp8
. ~A2!

We have

~q2q̄8!ê5As̄qq8 ~Ŵ1Ŵ†!, ~A3a!

pê52 iAs̄pp8 ~Ŵ2Ŵ†!, ~A3b!

We shall also denote (\[1),

h[A4s̄pp8 s̄qq8 >1. ~A4!

The inequality is the uncertainty relation.
Equation~5c! can now be recast as

R18r5
h

2
•I 1

h2

4
•II, ~A5!

where

I[2 1
4@$Ŵ1Ŵ†,Ŵ2Ŵ†%,r#1 1

2@Ŵ1Ŵ†,$Ŵ2Ŵ†,r%#

5 1
2@Ŵ†,Ŵr#2 1

2@Ŵ,Ŵ†r#1H.c. ~A6a!

II[ 1
2@Ŵ1Ŵ†,@Ŵ1Ŵ†,r##2 1

2@Ŵ2Ŵ†,@Ŵ2Ŵ†,r#

5@Ŵ†,Ŵr#1@Ŵ,Ŵ†r#1H.c. ~A6b!

We have therefore@cf. Eq. ~A5!#

R18r5h1@Ŵ†,Ŵr#1h2@Ŵ,Ŵ†r#1H.c., ~A7!

with h6[ 1
4h(h61)>0 @cf. Eq. ~A4!#. Therefore,R18r in

Eq. ~A7! consists of two Lindblad’s terms@cf. Eq. ~A1!# and
is of general positivity. We have thus completed the pro
that the quantum Fokker–Planck formulation, Eqs.~1!–~6!,
is of the general positivity. Q.E.D

APPENDIX B: RELATION TO THE THIRD-ORDER
NONLINEAR RESPONSE FUNCTIONS

In this appendix, we shall expand the field-dressed
sponse functionR6(t,t) @Eq. ~9!# in the second-order o
pump excitation fieldE, and thus establish its relation to th
conventional material third-order nonlinear response fu
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tion formulations in the weak field regime.4 Note that as it
describes the response of pump-driven system to the
order in probe field,R6 in its nth-order pump-field expan
sion form relates in general with the convention
(n11)th-order material nonlinear response functions.

Before proceeding, we first notice that inR6(t,t) the
action of probe field occurs at timet. Therefore, we may
decompose the field-dressed response function into the
quential and the coherent contributions,4,41

R6~t,t ![R6
S ~t,t !1R6

C ~t,t !. ~B1!

The sequential contributionR6
S is given by Eq.~11! and

describes the process in which the action of~probe! detection
field takes place after that of pump. Once the sequential c
tribution is determined, the coherent contribution can be
tained via Eq.~B1!, or R6

C [R62R6
S . Obviously, the coher-

ent response contributes only when the pump and the p
overlap, while the sequential responseRS(t,t) contributes
when the pulses overlap as well as they are separated.

In the weak field limit, we can expand both the seque
tial and coherent contributions to the second order in
excitation field, resulting in

R1
S ~t,t !5~ i /\!3E

0

`

dt2E
0

`

dt1 @eiDVt1E* ~ t2t2!

3E~ t2t22t1!R4~t,t2 ,t1!1e2 iDVt1

3E~ t2t2!E* ~ t2t22t1!R3~t,t2 ,t1!#, ~B2a!

@R2
S ~t,t !#* 5~ i /\!3E

0

`

dt2E
0

`

dt1 @eiDVt1E* ~ t2t2!

3E~ t2t22t1!R1~t,t2 ,t1!1e2 iDVt1

3E~ t2t2!E* ~ t2t22t1!R2~t,t2 ,t1!#, ~B2b!

and

R1
C ~t,t !5~ i /\!3E

0

`

dt3E
0

`

dt2 e2 iDVt2E~ t1t2t3!

3E* ~ t1t2t22t3!@R1~ t3 ,t2 ,t2t22t3!

1R4~ t3 ,t2 ,t2t22t3!#1~ i /\!3

3E
0

`

dt2E
0

`

dt1 e2 iDV(t11t2)E~ t1t2!

3E* ~ t2t1!R2~t2t2 ,t2 ,t1!, ~B3a!

@R2
C ~t,t !#* 5~ i /\!3E

0

`

dt2E
0

`

dt1 e2 iDV(t11t2)

3E~ t1t2!E* ~ t2t1!R3~t2t2 ,t2 ,t1!. ~B3b!

Here, Ra(t3 ,t2 ,t1); a51,...,4, are the four well-known
third-order nonlinear response functions for two surfac
molecular systems.4 The conventional third-order respons
function formulations of the pump–probe absorption4,41,42

can then be recovered via the above equations together
Eq. ~16! or ~17!, the that of time-frequency resolve
fluorescence4,47–49with Eqs.~18! or ~19!, respectively.
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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APPENDIX C: PUMP–PROBE ABSORPTION:
DERIVATION OF EQS. „16… AND „17…

Let us start with the standard optical polarization form
lation for pump–probe absorption spectroscopies,4,41

SA~ td!52ImE
2`

`

dt ET* ~ t2td!PkT
~ t;td!, ~C1!

a~v,td!52Im@ P̃kT
~v,td!/ẼT~v!#. ~C2!

Here, PkT
(t;td) is the optical polarization at the detectio

directionkT, while

P̃kT
~v;td![E

2`

`

dt ei (v2VT)(t2td)PkT
~ t;td!, ~C3!

and ẼT(v) is defined similarly. The time argument in th
probe fieldET(t2td) accounts for its center beingtd-delayed
from that of the pump fieldE(t).

The key quantity here is the complex polarization fun
tion, PkT

(t;td), which in the weak probe regime, depen
linearly on the probe detection fieldET at thekT-direction
but not on the complex conjugate partET* at the opposite
direction.4 In other words, we shall consider the standa
first-order perturbation theory with respect to the followi
system-probe interaction in RWA:

dHkT
~ t !52D1ET~ t2td!e2 iDVT(t2td). ~C4!

The corresponding first-order density operatordrkT
(t;td)

can then be obtain via@cf. Eq. ~1!#

dṙkT
~ t;td!5LFP~ t !drkT

~ t;td!]

1 iET~ t2td!e2 iDVT(t2td)@D1 ,r~ t !#, ~C5!

with the initial conditiondrkT
(2`;td)50, and@cf. Eq. ~1!#

LFP~ t ![2 i @H~ t !,...#2R . ~C6!

The polarization function can then be evaluated as

PkT
~ t;td!5eiDVT(t2td) Tr@D2drkT

~ t;td!#. ~C7!

The above equations constitute the polarization formalism
pump–probe absorption spectroscopies.34,43

To derive the field-dressed response function formalis
Eqs. ~16! and ~17!, we shall formally integrate Eq.~C5!,
resulting in

drkT
~ t;td!5 i E

2`

t

dt e2 iDVT(t2td)ET~t2td!

3G~ t,t!@D1r~t!2r~t!D1#. ~C8!

By using the above equation, together with the ident
Tr$D2G(t,t)@r(t)D1#%5Tr$D1G(t,t)@D2r(t)#%* , fol-
lowed by changing the integration variable fromt2t to t,
we can recast Eq.~C7! as

PkT
~ t;td!5E

0

`

dt eiDVTtET~ t2t2td!

3@R1~t,t2t!1R2* ~t,t2t!#. ~C9!
Downloaded 04 Mar 2001 to 143.89.53.161. Redistribution subject to
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Here,R6 was given by Eq.~9!. Equation~16! can then be
obtained by substituting Eq.~C9! into Eq. ~C1!, followed by
a proper change of integration variables.

For an impulsive probe field, the field-dress functio
R6(t,t2t) in Eq. ~C9! can be replaced byR6(t,td). The
resultingPkT

(t;td) is transformed intoP̃kT
(v,td) @Eq. ~C3!#,

and then used in Eq.~C2!, resulting in Eq.~17!. Q.E.D.

APPENDIX D: SPONTANEOUS EMISSION:
DERIVATION OF EQS. „18… AND „19…

Spontaneous emission is nondirectional. Its polarizat
may however be defined similarly as Eq.~C7! but with the
inclusion of the quantum field creation and annihilation o
erators,âS

† and âS . In connection with Eq.~C4!, let us cast
the quantum field-matter interaction as4,44

dHS~ t !52 i«SD1âSe2 iDvSt1H.c. ~D1!

Here, «S[e@\vS /(2e0V)#1/2, with e being the electron
charge,e0 the electric permittivity of free space, andV the
quantization volume. The spontaneous emission polariza
may then be given as@cf. Eq. ~C7!#

PvS
~ t !52 ieiDvSt T̂r@D2âS

†dr̂~ t;DvS!#. ~D2!

The trace, Tˆ r[Tr•TrS , runs over both the molecular and th
quantum field subspaces. The spontaneous emission fie
initially in the vacuum state,rS(2`)5u0S&^0Su, satisfying

@aS ,rS(2`)#52u0S&^1Su. Thus, dr̂ in Eq. ~D2! assumes
the form @cf. Eq. ~C8!#

dr̂~ t;DvS!5dr~ t;DvS!u0S&^1Su, ~D3!

where

dr~ t;DvS!5«SE
2`

t

dt e2 iDvStG~ t,t!@r~t!D1#. ~D4!

Substituting Eq.~D3! into Eq.~D2!, followed by tracing over
the quantum field subspace, we obtain@cf. Eq. ~C9!#

PvS
~ t !52 ieiDvSt Tr@D2dr~ t;DvS!#

5«SE
0

`

dt eiDvStR2* ~t,t2t!. ~D5!

Note that from Eq.~D4!, we have@cf. Eq. ~C5!#

dṙ~ t;DvS!5LFPdr~ t;DvS!1«Se2 iDvStr~ t !D1 . ~D6!

The upconversion detection scheme introduces effective
time-frequency window functionw(vS ,t), assumed to be
centered atv and td , to gate the dispersed transie
fluorescence.45–48The resulting upconversion signal can th
be expressed asSE

up(v,td)5uw(v2vS ,t2td) ^ PvS
(t)u2.

Here, ^ denotes the time-frequency double integration.
the other hand, the ordinary fluorescence signal detected
example with a CCD camera, as the scattered photon
can be expressed asSE(vS ;t)52Im PvS

(t), convoluted
with a real time-frequency gate function.

In the ideal case in which the time-frequency gate can
considered as a delta function in both time and freque
domains, we have
 AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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SE
up~v,td!5uPv~ td!u2 , ~D7!

SE52Im Pv~ td! . ~D8!

Equations~18! and ~19!, up to trivial factors, can now be
recovered by substituting the second identity of Eq.~D5! into
the above two equations, respectively. Q.E.
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