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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 ther,-vibrational relaxation and the pur&,-dephasing in both nuclear and
electronic degrees of freedom. A mixed Heisenberg—8tihger 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 dynamics20@1 American Institute

of Physics. [DOI: 10.1063/1.1344608

I. INTRODUCTION Quantum dissipation dynamics can be most conveniently

Time-resolved optical measurements using femtosecongescribed by the reduced system density opeatgr. How-
or subpicosecond tunable laser pulses provide a versatile af®yer. & quantum dissipation theory based on reduced descrip-
real-time probe for molecular dynamics. However, the abilitytion has to invoke certain approximation/model schemes for
of extracting molecular information from spectroscopic mea-he statistical behaviors of system—bath coupfihi@here are
surements depends on a close interplay between theory affit!s & variety of nonequivalent forri$.even within Mar-
experiment. A molecular system in a condensed phase expkovian dissipation limit, of quantum dissipation theory, such
riences not only energy relaxation but also decoherg¢ace as the Bloch—Redfield formulatidri;*" a class of Fokker—

dephasing involved in both electronic and nuclear degreesPlanck —equation8)~?° and the dynamical semigroup
of freedom. While the vibrational energy relaxation may beformulation®-%2
appropriately simulated with classical mechanics, pure- Moreover, the evaluation of nonlinear spectroscopies,
dephasing is of pure quantum in nature. Electronic dephagvhich requires Liouville-space propagation in a two- or
ing, which is of fundamental importance especially to thehigher-dimensional time-grid, is numerically much more de-
interaction between the polar solute and polar solvent, hagianding than that op(t) itself or the linear spectroscopy.
been understood spectroscopically as a result of a joint effos a result, a Markovian formulation with a single equation
between theory and experiment in the pastHowever, the of motion, rather than elaborated non-Markovian theories
pure vibrational dephasing remains largely unexplored. Théhat consist usually of tens of coupled equatidhis, may be
electronic dephasing accounts largely for the effect of solthe practical choice to numerically study nonlinear spec-
vent dielectric fluctuation which modulates the chro-troscopies.
mophore’s electronic energy band gapOn the other hand, In this work, we shall exploit a specific Markovian
the pure vibrational dephasing accounts for the intrabantheory—Dynamical Semigroup Fokker—Planck Equation
(such as bandwidth and vibrational level struciutactua- (DS-FPB—for the numerically efficient evaluation of tran-
tion that may due to the mechanical flexibility of large mol- sient absorption and fluorescence signals. The optical me-
ecules in solutions. Vibrational coherence/decoherence playdium is a two-surface molecular system involving vibrational
an important role in some elementary photochemical and;-relaxation and both electronic and nuclear pure
photobiological process&s! Furthermore, the understand- T,-dephasings. The DS-FPE to be presented is not only of
ing of vibrational dephasing will be crucial for recent activity the Lindblad’s fornt}° but also of the detailed-balance up to
in multidimensional off-resonant Raman spectroscopies.  the second-order cummulants in phase-space at arbitrary
temperatures. The single-surface version of DS-FPE was de-
3| partial fulfillment of the requirement for his Ph.D. degree at USTC. veloped recentl)?? together with its relations to other com-

bAuthor to whom correspondence should be addressed. Electronic maifonly used Q_uantum dis_sipation _formmat_i&ﬁs-
yyan@ust.hk The remainder of this paper is organized as follows: In
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Sec. II, we extend the previous one-surface formul&fiom The final DS-FPE form oRR in Eq. (1) assumegcf. Egs.
construct the DS-FPE for a two-surface dissipative molecula(48) and (49) with e=0 in Ref. 27

system under an optical excitation. The resulting DS-FPE is e

proved explicitly in Appendix A to be of the Lindblad’s R=7veRert v2Rot v2Ro+ viRi+ 7Ry, (4)
form2%In Sec. lll, we examine how the DS-FPE can be used

to efficiently evaluate the field-dressed optical response funcwith (denoting thae=|e)(e| andg=[g)(g]).

tion, the key quantity in the interested nonlinear spec- , ~_rara 5
troscopies. The relation between the field-dressed response ap=Lelepl] %3
function and the conventional third-order nonlinear response R§p=[Heé,[Heé.p]]/(wé)2, (5b)

functiond is analyzed in Appendix B. The transient absorp-

tion and fluorescence formulations are given in Sec. IV in i . P

terms of the field-dressed response function, while their deri- ~ Rip=—;[{a—d’,p}epl+ 5[ae{pep}]

vations are detailed in Appendix C and Appendix D, respec-

tively. In Sec. V, we pres_ent and discuss some nqmerical +%;")p[qé,[qé,p]H%;éq[pé,[pé,p]], (50)

results of both the photoinduced molecular dynamics and

nonlinear spectroscopies of a model dissipative moleculaR> and R7 for the nuclear pureT,-dephasing and

system. Finally, we summarize and conclude in Sec. VI.  Ti-relaxation on the ground electronic surface are defined
similarly as Egs(5b) and(5¢), respectively. In Eq(5b), w
is the harmonic frequency of the excited surface and is in-

Il A DYNAMICAL SEMIGROUP EOKKER—PLANCK troduced to I_elRé be dimensionless. In Eq50), {-,-} de-

EQUATION notes an anticommutator. Involved there are also three ther
mal equilibrium parameters,

Consider a molecular system embedded in a dissipative __ _ _ _

medium and interacting with a laser-pulse that resonantly a4’ =(Q)e, 0gq=((d—0")?)e, ando,,=(p?)e. (6)

couples two adiabatic molecular statggnde. The dissipa- A ) )

tive dynamics assumes to be described by the Liouville equd?€re(A)n=TrApeq(T)], with n=e or g, and

p(O==IHD).p(O]=Rp(1). @ being the equilibrium density operator on the specified sur-
Here, R is a dissipative superoperator that will be specifiedface. The detailed-balance requirﬁg)(T) be a stationary
later in this sectiofcf. Egs.(4)—(6)] to the completion of the solution to Eq.(1) in the absence of the external field.
dynamical semigroup Fokker—Planck equati®s-FPB. Note that Eq(5c) is written explicitly for molecular sys-
The reduced driven system Hamiltonibi{t) in Eq. (1)  tems with a single vibrational degree of freedom. The exten-
assumes, under the electronic rotating-wave-approximatiorgion to two-surface multidimensional molecular systems
the following form38 could be made in a straightforward manner, for example, by
H(t)=Ho—[D.E(t)e 224+ D_E*()eldo), ) viewing g andp as vectors, whiler,, and o as tensors.
Together withp'=0,,=0, the three parametef&q.
(6)] involved explicitly in Eq.(5¢) fully account for the first
two moments obé‘a) . The above quantum dissipation formu-
lation can be shown to have the exact detailed-balance rela-

Here, E(t) is the complex electric field envelop amxi()
=()— w4 the electronic detuning frequency of the excita-
tion laser pulse, while

Ho=Hglg)(al+Hcle)(el, (33  tion for harmonic molecular systerA§In other words, the
dissipation superoperat® presented in Eqg4)—(6) satis-
D, =wule)gl, andD_ = u[g)(e|. (3D fies in general the detailed-balance property up to the

The molecular adiabatic HamiltoniaHy or H., and the second-order cummulants in the nuclear phase-space on each
electronic dipole moment are operators in the nuclear sub- electronic surface at arbitrary temperatuteMoreover, we
space. shall in Appendix A show that each individual

In this paper, we shall adopt a time-independ@var- ‘R-contribution in Eq.(5) is of the Lindblad’s dynamical
kovian) form for the dissipation superoperat@rin Eq. (1).  semigroup forn?? Equations(1)—(6) constitute the final DS-
More precisely, we shall extend the previously constructed"PE formulation, and will be used in Sec. V for the numeri-
DS-FPE, i.e., Eq948) and(49) with e=0 in Ref. 27, to the cal demonstrations of both the laser-induced dynamics and
adiabatic two-surface molecular system considered here. TH®me nonlinear spectroscopies in a model anharmonic two-
types of dissipation in consideration are the electronic puréurface molecular system.
T,-dephasing, and the vibrational pufe-dephasing and vi- Each individual dissipation superoperator in E§) is
brational T,-relaxation in both adiabatic electronic states.defined in Schrdinger picture via its action-to-righi2p, on
Their rates are, respectively, specifiedvag, and (y5,7v5) the system density operator. For the later nonlinear spectro-
and (y},7}). The parameter with a single-prinie(double- scopic calculation as well as theoretical completeness, we
prime”) is for the excitede (groundg) surface. The above May also need its Heisenberg picture via the action-to-left,
individual dissipations are assumed to be statistically indeAR, on an arbitrary dynamical variabfe It is easy to show
pendent. that the Heisenberg counterparts of E¢s)—(5¢) are
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AR |:[[A é] é] (89 say that the joint £,t)-propagation is needed only for the
¢ B coherent spectroscopic contribution where the pump and the
ARL=[[AHee],Heell(w})?, (8b)  probe pulses overlap in time-domain.

As mentioned earlier, theargument inR..(7,t) denotes
the moment at which the weak detectigprobe field inter-
rogates with matter. For a sequential optical configuration in
LA Al Al e Al s which the pump—probe field is orderéice., first pump and

+20p [A.qe],qe]+ 20 [ [A, pe], pe]. (89 then probg the propagatog(t+ r,t) in Eq. (9) reduces to
The Heisenberg picture 0t and R} are defined similarly ~the Green’s functiojy(7) in the absence of time-dependent
as Eq.(8b) and Eq.(80), respectively. external driving field. We may therefore recast the sequential

contribution to the field-dressed response functidl{"ds
RE(m,t)=i TH{D=Go(n[D=p(t)]}
=i T{D=(7)D.(0)p(t)]. (11)

Here, the Heisenberg picture Bf. or more general of an
arbitrary dynamic variabld is defined as

AR}~ 7IA (a7 p}&l+ 5{[A.q81,p)

Ill. FIELD-DRESSED RESPONSE FUNCTIONS
A. Green’s function description

The optical response gi(t), i.e., the dissipative and
driven two-surface molecular system described by Etjs:
(6), to a weak probe field can be expressed in terms of fol- A(7)=AGy(7). (12

lowing field-dressed response function: ] g . f .
. The corresponding Heisenberg equation of motion in the

R.(7,1)=i1 TH{D:G(t+ 7,t)[D.p(t)]}. ©) presence ofdissipgtion is givengb;t.qEq. (1) with field-free

Here, D is the electronic transition dipole defined in Eq. Hq [Eq. (38]}

(3b), andg is the Liouville-space Green'’s function or propa-

gator for Eqg.(1). That is, thatG(t,tg)p(tg)=p(t); with t —A=—i[AH]-AR, (13

=t,. Note that the Hilbert-space version Bf. in the ab- ot

sence of dissipation was g_iven be_fé?eThe relatign be- whereAR was given by Eqs(4) and (8). The implementa-

tween R. and the conventional third-order nonlinear re-on of £q. (11) involves therefore the propagations of

sponse fl.JnCtIOI’?ﬁ is presented in Appendix B. D-(7) [Eq. (13)] andp(t) [Eq. (1)] independently.
Physically,R. (7,t) andR_(7,t) correspond to the ab- We are now in the position to propose a mixed

s_orptive_ and emissive responses, respectively, of t_he traﬁ%eisenberg—Scﬁdﬁnger picture for the efficient numerical
sient drivenp(t) interrogated locally by a weak probe field at implementation oRR. (7,t) [Eq. (9)] that accounts for both

t. They will be shown in the next section the key quantities iny,e sequential and coherent contributions. Let us denote the

evaluating pump—probe absorption and time-frequency rer'egion of pump interaction ag0it,]. It is to say that the

solved fluorescence spectroscopiet Eqs.(16)—(19)]. pump field E(t>t,)=0 practically. Note that a propagator
Obviously, R [Eq. (9)] can be calculated step-by-step ¢asisfies in gener

al
as follows:
g(t+ 7, t)=Gg(t+ 7,t")G(t',b); witht' e[t+7,t]. (14
P(=0(Lo)p(to), (108 ( ( ( e
N The above identity will be used whenever the breaking point
p+(0;)=D.p(1), (10D can be chosen ad=t,. In this caseg(t+ 7,t'=tp)=Go(t
p-(Tt)=G(t+7,)p-(0}), (109  +7-tp) the field-free Green’s function, whil§(t'=t,.t)
_ remains as the field-dressed propagator. The mixed
Ro(7,)=i T{Dzp.(7;1)}. (10d  Heisenberg—Schdinger picture is then constructed by act-

The above procedure may be said to implenRn{Eq. (9)] ing t'he figld-free Green’s function to its_left onto the dy-
in Schradinger picture, as each involving propagation is car-Namic variableD .. [cf. Eq. (12)], and the field-dressed part
ried out by actingg on a state operatop(t,) in Eq. (109 or 10 ItS right onto the state variabje. (0;t)=D. p(t) [cf. Eq.
p=(0;t) in Eq. (100. The Schrdinger picture ofR. (7,t) (109)]. . ) o )

[Eq. (10d)] requires the quantum propagation be carried out 1" mixed Heisenberg—Scitfiager picture ofR..(r,t)

in a joint two-dimensional £,t)-grid, which is often numeri- ¢an be summarized as followsf. Fig. 1 with[0}t,] being
cally too demanding even for a one-dimensional dissipativéhe E(t)’s interaction regioh

molecular system. Region I(t=tp) [cf. Eq.(1D)]:

R.(7,t)=R2(7,1)=i T{D+(7)Dp(1)]; (159

B. A mixed Heisenberg—Schro dinger picture Region ll(t+ r=<t,) [cf. Eq.(10)]

In this subsection, we shall describe a mixed )
Heisenberg—Schdinger picture ofR.(7,t) [Eq. (9)] in Ro(r)=i T{Dzp.(7,1)]; (15b)
which the (r,t)-propagation can be largely disjointed, except Region Ill(7>t,—t>0):
for a small region during the pump excitation field interac- P
tion. In the context of pump—probe measurement, thatis to  R.(7,t)=1 T{D(t+7—t,)p.(t,—t;)]. (150
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R(A)

t
P t FIG. 2. Schematic diagram of the molecular system used in simulation. The
FIG. 1. Three regions for the calculation of field-dressed response functiofotential parameters are given in Table I. The reduced molecular mass is
R.(7.t) in the mixed Heisenberg—Sclttinger picturd Eq. (15)]. t, denotes ~ M=32 amu. The central frequency of pump pulse is denote@ aShe
the duration of the pump—matter interaction. The correlatedmolecule is initially in the thermal equilibrium in the ground electronic state
(7,t)-propagation is only needed in region(dee texxt manifold atT=50 K.

sive probe approximatiohDefined in the second identities
in Eq.(16) and Eq.(17) are alscS, anda. . Physically,S,
ora, (S_ or @ ) that arises from th&, -term (R_-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 fluores-
cence spectroscopies in which the spontaneous field should
be treated as a quantum operdfbfhe fluorescence can be
recorded either as the upconversion sigafl{ »,ty) through
a femtosecond-resolved sum frequency generation
IV. NONLINEAR SPECTROSCOPIES IN TERMS OF device?®*8or the scattered photon flu8g(w,ty) with, for

THE FIELD-DRESSED RESPONSE FUNCTION example, a CCD camefd” Here,ty and » denote the time
In this section, we shall relate the field-dressed respons@nd frequency centers of the detection gate. The fluorescence

functionR.. [Eq. (9) or (15)] to two types of nonlinear spec- signals in the ideal t_ime-frequency 'gatg limit can be ex-
troscopies, pump—probe absorption and time-frequency rd2ressed agcf. Appendix D for the derivation

R. in Region I[Eqg. (159] is the same as Eqll) and
involves the disjointr-propagation and-propagation. Only
within the small triangle, Region Il of Fig. R.. [Eq. (15b)]
requires for the joint {, 7)-propagation[Eq. (10)]. R+ in
Region Il [Eqg. (150] needs no extra propagation as it de-
pends on the intermediate results from Ed&a and(15b).
The mixed Heisenberg—Scltimger picture oRR-. [Eq.(15)]
will be used in Sec. V C for an efficient calculation of non-
linear spectroscopies.

solved fluorescence. In both spectroscopic measurements, % , 2

the detection fields assume to be operated in the weak re- Slép(w,td):’ jo dre "R (7,ty—7)| , (18
sponse regime. The relevant optical polarizations that depend

linearly on the detection field can be obtained via the stan- o Aork

dard first-order perturbation theory around the pump-driven Se(o,tg) =~ ImJO d7e?*"RE(7tg— 7). (19

dissipative system.

Let us start with the pump—probe absorption Note that the fluorescence sigigf or S¢ at timet [cf. Egs.
signals**~*3which can be recorded either as an integrated18) or (19) together with Eq(9)] depends on the reduced
signal Sa(ty), or a frequency-dispersed transient absorptiorflensity operatop(tq— 7) at all previous timegnoting that
coefficient a(w,ty). Here,ty denotes the probe delay time 7=0). In contrast, the dispersed transient absorpaicat tg
with respect to the pump field. In Appendix C, we presentcf. EQ. (17) with Eq. (9)] depends only on the locai(ty).
the detailed derivation foB,(ty) and a(w,ty). Their final The above temporal dependence in either fluorescence or
expressions are given in terms of the field-dressed respond@nsient absorption is consistent with the causality of the
functionR.. [Eq. (9)] as experimental configuration.

Sa(tg)=—Im f dtf d7 e ATTEX (14 7)E(1) V. NUMERICAL RESULTS AND DISCUSSIONS
— 0

A. Simulation method and model

X[Ry(7t+1ty)+R* (7,t+t .
[R:(~ ) (7 o] We shall present some calculation results on a model

=S, (ty) +S_(tg), (16)  dissipative molecular system that will be specified soon.
. Demonstrated in Sec. V B will be the photoinduced dynam-
a(,ty)= _|mf dreboT[R, (,tg) + R* (7.tg)] ics ofp(t) [Eq;.(_l)—(G)], while in Sec. V C the stationary
0 absorption/emission, pump—probe absorpfiggs. (16) and

_ (17)], and time-frequency resolved fluoresceréegs. (18)
=a(otg)+a(oly). 17 and (19)] spectroscopies.

In Eqg. (16), E+(t) andAQ+ are the slowly varying complex The molecule in study is modeled as a one-dimensional

envelop and the carrier detuning frequency of the probe fieldwo-surface Morse systefef. Fig. 2) with the reduced mass

respectively. In writing Eq(17), we also assumed the impul- of m=32 amu. The potential parameters are given in Table I.
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TABLE |. Parameters for the Morse potential surfacé(R)=Dg[1 - T T T T T
— e @(R-R)2, »n w80, ofs 100fs ]
o5 @ N T ]
Dy/(cm ™) al(AY Ro/(A) Tof @ (@0 T y
N ~150 4 p
v, 12550 1.871 2.80 -5
Ve 4381 1.876 3.02 - t t + - t t }
asf 200fs T 300fs ]
< ok i J
:g .
The resulting harmonic frequency of the ground electronic — — ' ' '
state iswp=305.61 cm*, while that of the excited surface is 2sl 400fs | O ]
w=181.05 cm™. The corresponding anharmonicity param- o 0 1 i
eters arewgy”=1.86 cm * and wy' =1.87 cm *, respec- s ]
tively. The temperature is set to Be=50 K. The electronic -Sf T ]
t_ransition di_pol_e,u i_s set to be consta}r@Condon _a.pproxima— _0'_4 0:0 ‘ 0:4 _0'_4 0'.0 0'.4
tion). The dissipation parameters will be specified later. AR(A) AR(A)

The pump field is chosen as a 10 fs transform-limited
Gaussian pulse with the excess carrier frequencyABf  FIG. 3. The effect of vibrational ;-relaxation on the photoexcited wave
1443 om”, Thisfrequency is near the peak of Inear ab e L vt o
5_0rpt|_0n spectroscopiet. Fig. 8. The mtenﬂ[y of the pl_Jmp igln pulse with th)(/e2 excess—eaergpy a0 =1143 cm*. The y-axis is pre-
field is chosen such thaiEpe,=300 cm~, transferring  sented in term of velocity. Indicated in each panel is the value of delay time
about 15% of total population onto the excited potential sur+, from where the pump pulse peaks. Included in the top-left panel is also
face when there are not any dissipations. the trajectory(dotted curve of the phase-space center mf,.

All calculations are carried out in the molecular vibra-
tional eigenstate representation in the absence of an external
driving field. The DVR methotf is used to obtain the vibra- 1. Vibrational dissipations on the electronic
tional energies and wave functions. The number of vibrapopulations
tional states used in simulatio0 on the excited surface
and 50 on the ground surfacis checked for numerical con-
vergence. Quantum propagations to evaluate pth[Eqgs.
(1)—(6)] and R.(r,t) [Eq. (15 for its mixed Heisenberg—

N, ; _ 97 of ;=50 cm ! (i.e., y; '=106 f9 and y,=0, at the values
Schralinger picturg are performed via the Short-lterative- of tdl specified in indilvidual panels. Hzere the coordinate-
Arnoldi algorithn?>°>2with the cutoff out projection error — ’

of 10~7 axis, AR=R—R’, denotes the diatomic bond displacement

We shall hereafter use the delay time with its time- from the equilibrium lengttR’ [cf. Eq. (6)] on the excited
zero centered at the peak of the given 10 fs transform-limifurface at the given temperature Gf=50 K. The
Gaussian pump field, to specify the dynamic time variablgNomentum-axis is given in terms of the velocity- p/m for

not only in the spectroscopic signdlEgs. (16—(19)] but ~ €ase of labeling unit. Included in the top-left panel is also the
also in the photoinduced(ty). trajectory(dotted curve of the nuclear phase-space center of

peelty). The bottom-right panel presents the asymptotic
pee(ty— ), which is found to be practically identical to the
exact thermal equilibrium density wave pack.é?(T) in the
electronice state. The same quality of satisfying the detailed-
This subsection will investigate the effect of vibrational balance relation is also found fpgy(tq— ) (not shown in
T,- and T,-types of dissipation op(ty) [Egs.(1)—(6)] in-  the electronicg state. Obviously, the wave packegtd(tq)
duced by the given resonant 10 fs pump laser pulse. Theemains pretty localized in phase-space.
calculatedp contains in general both the electronic popula-  We shall now turn to the effect of vibrational pure
tions, pe and pyq, and the electronic coherenp@gnge. T,-dephasing §,) on the photoinduceg@... Figure 4 plots
To simplify the notation, we sey;=vy]=1v; and y,=75  the petq) with the dissipation parameters being set to be
=1,, and remove single/double-pritse whenever it does y,=10 cm ' andy;=0. In this case, there is no energy loss
not cause confusion. Although different values of dissipatiorand the asymptotip.«(ty— ) (the bottom-right pangldoes
could be chosen for the different electronic states, the generalot approach to the thermal equilibritwé‘a) . Included in the
features of dissipation to be addressed would not be alteretbp-left panel is also an iso-energy loggotted curve de-
After the 10 fs pump field is over, the pure electronic dephasfined by the mean excess-energymf(ty) after the pump
ing described in Eq(5a) affects onlyp.q in a rather simple field is over. If the potential were harmonic, this isoenergy
manner, but plays no roles gn or pyq. For the clarity of  phase loop would be a circleor an ellips¢ and the pure
demonstrating the effect of vibrational dissipations on thevibrational dephasing dynamics could be solved
electronic coherencg.q as well as the electronic popula- analytically?’ It is interesting that the pure dephasing may be
tions, exemplified by, in the following, the pure electronic mapped onto a classical heat transport problem with the
dephasing parameter in this subsection is set tedpe0. pure-dephasing parametgs as the diffusion constaff.The

Let us start with the effect of vibrationdl;-relaxation
on the electronic population, e.ghe.. Figure 3 depicts the
evolution of po(AR,p,ty), with the dissipation parameters

B. Photoinduced molecular dissipative dynamics
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>
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-0.5 g:o
AR(A)

0.5 -0.5 g'.o
AR(A)

FIG. 4. Same as Fig. 3 but for the effect of vibrational pligedephasing.

The dissipation parameters afg=0 and y,=10 cm . Included in the

top-left panel is the isoenergy patbotted curve along which the vibra-

tional pure-dephasing dynamics follows. See text for details.

basic features of vibrational pure dephasing that were obg,

tained analytically before for a harmonic systérare now
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~10r ¥,=50em™;y,=0

g |
e |/ \r e
o SF T

H " " " 1 L " 1 1 " " 1

0 400 800 1200
t,(fs)

FIG. 6. Same as Fig. 5 but for the variance amplitugg(ty) = ((R?(tg))

—(R(tg))*)? of pedtq).

(R(tg)) and(R?(ty)) relax to their asymptotic values at the
rates ofy,/2+ vy, andy,+4y,, respectively. When there is
no pure dephasing, the wave packet remains pretty localized
(cf. Fig. 3 and the top panel of Fig).an this case, the peaks
and valleys ofAR(ty) (the top panel of Fig. bcorrespond to

e classical outer and inner turning points, respectively, of
the dissipative wave packet. In other words, the top panel of

summarized for Fig. 4 in a semiquantitative manner as folgjg 5 is the coordinate representation of the classical trajec-
lows. (i) The coherent evolution of the phase-space center %ry shown in the dotted curve of the top-left panel of Fig. 3.
pedtq) travels clockwise around the isoenergy loop as indi-ygyever, in the case of vibrational pufe-dephasingpe. is
cated by the dotted curve in the top-left panel at the angulagaither localized nor a Gaussian-type wave packbtFig.

velocity defined by the classical frequendyi;) The pure

dephasing dynamics spreadg(ty) over the isoenergy

phase-loop at approximately the ratef. B
Figures 5 and 6 depict the mean displacem&Ri{(t,)
=(AR(ty)) and the variance amplitudeg(ty)=((R?(tg))

—(R(tg)Y>)?, respectively, for the excited wave packet
pec(ty) at the three indicated cases of dissipation. Note th

4). Therefore, one may not always be able to attribute the
peaks/valleys ofAR(ty), €.9., the middle panel of Fig. 5, to
the classical turning points. It can be seen that the
T,-relaxation leads the quantum beats to be slightly up-
chirped (cf. the top/bottom panel of Fig.)5as the wave
packet relaxes toward the bottom of the Morse potential

Avell. The pure vibrational dephasirigf. the middle panel of

in the harmonic limit, the Ehrenfest equations of motion forFig. 5) that does not involve energy loss retains the simple

the first two moments gb.. in phase-space, i.e., the H§1)

of Ref. 27 withe =0, can solved analytically. The resulting

¥,=20cm;y,=5cm™]

0 300 800 7200
td(fs)

FIG. 5. Evolution of the mean displacemettR(ty)= (R(ty)—R’), of
peelty) in the presence of vibrationdl,-relaxation(top pane), or vibra-

tional pureT,-dephasingimiddle panel, or both (bottom panel The in-
volving dissipation parameters are indicated in each panel.

mono-frequency quantum beats.

2. Vibrational dissipations on the electronic
coherence

The vibrationalT ;- or T,-dissipation affects not onlyee
or pgyg but also the electronic coherengg, due to the
Schwartz inequality® It is unlike the pure electronic dephas-
ing that leads to the decay pggngeﬁo but has no effect
on the adiabatic dynamics @f,c or pgq. In order to show
that the nuclear dissipation destroys also the molecular elec-
tronic phase, we introduce the electronic entropy as

Sel(td)ES(td)_Snu(td)y (20)
with

S(tg)=—Trp(tg)n p(ty)], (219

Snulta)=— 2 T pnn(ta)IN pon(ta)]. (21b)

n=g,e

That s;— 0 will be used in the following as an indicator of
vanishingpeg-

Downloaded 04 Mar 2001 to 143.89.53.161. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



3874 J. Chem. Phys., Vol. 114, No. 9, 1 March 2001 Shuang, Yang, and Yan
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Absorption-

| B SRS B R R R
i 'Y1=50cm'1;'yz=0_ --—--- Emisslon ,
»

AL TN

5000

¥,=20cm;y,=5cm™ | _5000'

\- 0 -
e . W=0.4(cm )
i FIG. 8. Linear absorptiofsolid) and stationary fluorescen¢gashed spec-
e troscopies at a temperature of 50 K. Dissipation parametersya#e20
0 100 200 1 _5 e andv.=20 et
td(fs) cm 7, y,=5 cm -, andyg=20 cm .

FIG. 7. Same as Fig. 5 but for the electronic entropy defined in(Zgj.to
demonstrate the effect of vibrational dissipation on the electronic dePhaSin@peratOFpég)(T) [Eqg. (7)] with n=g or e, respectively. The

Of peg=pge- The pure electronic dephasing parameter is set tybe0.  conventional stationary absorption and fluorescence can be
expressed in terms of the Fourier transformidf (7) and
Ty .

Presented in Fig. 7 are the evolutions of electronic en!J—(';g’u:isgegg;Sté the stationary absorptilid curvé
ropy Se(ta) In three specified cases of vibrational dissipa-, | fluorescenc@lashed curveline shapes of the dissipative
tion in the absence of pure electronic dissipationR€0). lecul . dv. Th pe P .
The il fse of lectronic entropse in Fg. 7isdue tothe  o12CUIar system in study. These stationary spectroscopies
generation of electronic coherenp_ggz Pge IN the presence frequency resolved nonlinear optical signals to be presented
of the extgrnal 10 fs pump pulse field. E|lther.the V|brat|onalIater Note that the stationary spectroscopies can be evalu-
?:(rjeelaﬁzt;ionn (rg%%]génae?{ ol c())rr btoh,[f] (b\é;l;)(;?rt][or;ar: gl E;Jrr]e ated equally efficiently and accurately in either the Sehro

2-dep 9 P ' . P : dinger or the Heisenberg pictures as discussed in Sec. Ill.
completely destroy the electronic coherence. Especially, a
relatively small vibrational pure-dephasing, could re- _ _ _
semble a significantly large effective electronic dephasing?: Transient pump —probe absorption signals

v (cf. the middle panel of Fig.)7 Moreover, the electronic Figure 9 depicts the transient absorption sigrlét,)
dephasing induced via nuclear dissipatiomas-Markovian  [Eq. (16), solid trace$ detected at three values of probe de-
while that via a nonzero pure electronjg is Markovian. tuning frequencyAQ+ specified in individual panels. Each

trace is presented the difference signal from its pump-off
background. Included in each panel are also the absorptive
This subsection will present some numerical results off+ (dotteg and emissives. (dashedi contributions{cf. the
nonlinear absorption/fluorescence spectroscdjigs.(16)— econd identity of Eqc16)]. The probe field=+(t) is a 50 fs
(19)] of the pulsed pump-driven molecular system with dis-
sipation. The involving field-dressed response funcfion L L L SR
will be implemented in its mixed Heisenberg—Satirger - AQ,=-3769cm —5 4
picture[Eqg. (15)]. The vibrational dissipation parameters are
chosen asy;=vy;=77=20 cm?, and y,=vy,=v4=5
cm L. Included is also a pure electronic dephasingygf
=20 cm 1. Other parameters for the matter, the pump field,
and the temperature were given in Sec. V A. The correspond-
ing photoinduced molecular dynamics is described in Sec.
V B (cf. the bottom panels of Figs. 5 andl @he probe field
will be specified when it is needed in due course.

C. Spectroscopies

s, (t,)

s,(t)

1. Stationary absorption and emission 2". e
< b 4
For the later discussion, we shall first present the station- @ 5 ", ]
ary spectroscopies that relate to the following linear response < il ‘.-.5‘6-0 alrals 1— 0—.0-(.J -.-.-1.-570 (—.) -
functions: ta(fs)
_pS/. —
Jo(7)=R2(7,% ). (22 FIG. 9. Integrated transient absorption sigri&sg. (16)] at three represen-

S . . . . o) — (9) tative detection frequencies indicated in individual parieke the text for
Here, R: is given I?e)Eq'(ll) Wlth D.p(==) HMPeq (M detailg. The observed signa,(ty) (solid) in each panel is a sum of two
and Dfp(ﬂ'oc‘):l/«ﬁe_q (T). That is, that‘]+(7')_ or J_(7) ~ contributions: the absorptive contributic®, (dotted and the stimulated
[Eq. (22)] is the optical response of the stationary densityemissionS_ (dashedl The dissipation bath is the same as that in Fig. 8.
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transform-limited pulse. Physically, the three value\6i
in this figure are chosen to detegt. at the outer turning
point region (top pane), an intermediate regiorimiddle
pane), and the inner turning point regiofbottom panel
respectively, assuming there was no dissipation. To under-
stand those seemingly very different spectroscopic patterns
in the three panels, one should also refer to Fig. 8 for the
relative positions of these three probe frequencies in the sta-
tionary absorption and emission spectra. Note the pump fre-
quency withAQ=1143 cm ! is near the peak of linear ab-
sorption(cf. Fig. 8.

Let us start with the top panel of Fig. 9 in which the FIG. 10. Dispersed transient absorption coefficierfw,ty) [Eq. (17)]. The
probe detuningAQ;=—3769 cm ! is at the outer turning dissipation bath is the same as that in Fig. 8.
point of the pump-induceg,. before the dissipation taking
place. The detection frequency is also near the red-wing of
the stationary emission spectruef. Fig. 8. The top panel  packground or the stationary absorption in Fig. 8. It can be
exhibits therefore the following feature§) The observed gqen that in the shott; regime, the absorptive and emissive
signaI.SA is mainly from the stimulated emission Comp(?”e”tcomponentsa+ anda_ [cf. the second identity of EG17)],
S, since the ground state “hole” described bys— o) is overlap in the frequency-domain. As the timgeevolves, the
away from the detection windowii) the quantum beats are absorptive component . remains in about the same fre-
singly peaked as the probe is placed to the outer turningluenCy region, while the stimulated emission component
point side;(iii) that the beats are slightly up-chirped is due toexperiences dynamic Stokes shift. In the ldggegime, the
the vibrationalT ;-relaxation ofp., downward to the bottom «a, and thea_ components are shown to coincide respec-

of Morse potential well(iv) the decay of quantum beats (jyely with the stationary absorption and the stationary emis-
manifests the combinated effects of both the vibrationakisy as indicated in Fig. 8.

Ty-relaxation and the vibrational puf,-dephasing; and fi- It is well known that the pump—probe transient absorp-
nally (v) the residual nonzero consta8k(tq) at longty is (o, either the integrated signsh(ty) [Eq. (16)] or the dis-
attributed to the stationary emission stimulated by the prObT?)ersed signad(w,ty) [Eq. (17)], can be formally considered

field carrying the detuning frequency near the red-wing ofys 5 sum of the sequential and the coherent contributi$hns.

the emission spectrum. _ _ _ Let us use the dispersed absorption coefficient for illustra-
The seemingly very different signals in the middle a”dtion, a(w,tg)=aS(w,tg) + a(w,ty). The sequential contri-

the bottom panels of Fig. 9 can also be understood similarlyy tion assumes the same form of HA4Y), ie., aS= ai

The brief summary is.as follows. Consider the spectral_ signal. a5, but with the field-dressed response functi@n in

in the middle p.anel witlA Q= —1269 cm L. Here, the first _ Eq.(17) being replaced by its sequential counteriit[Eq.

few doubly-split peaks are due to the probe frequency belngll)]_ Once (or @.) and a® (or a3) are evaluated, the

in between of two turning points, resulting in a double cross—,nerent contributioa© (or %) is obtained as their differ-

ing of the wave packet over the detection region in each,, .o Obviously, for the well-separated pump—probe con-

period. As time evolves, the wave packet relaxes into th‘?iguration, the sequential patS(w,ty) is the sole signal

detection region where the stationary emission is relatively. ,ibution [cf. Eq. (159 together with its applicable re-

strong(cf. Fig. 8. As results, the doubly-split peaks merge gion]. However, when pump and probe overlap in time, the

into singly-peaked beats and the stimulated emission b&s herent partzC(w,ty) may constitute an important contri-
comes stronger as it approaches to the stationary backgroupdiion to the observed signal(,ty).

intensity. In contrast, the signal background strength in the 1o top panel of Fig. 11 depicts the observet, t
bottom panel of Fig. 9 arises mainly from the ground state:O) (solid) as the sum o (dotted and (dasheai, at
“hole” COﬂEI;Il?UtIOI’] S, since the detection detuninQr — 0 at which the pump and the probe overlap maximally.
=1143 cm " is the same as that of pump and locates neapy,,iously, the coherent contributias® can be of the same
the stationary absorption maximufof. Fig. 8. The evolu-  ,qer a5 or larger than the sequential contributichwhen

tion of the initially excited “particle” wave packepee can i q pulses overlap. The middigottom panel of Fig. 11
only be observed within a few periods before it relaxes awa%nalyze&xc (&) further in terms of its absorptive(i (ai)

from the probe window. However, the ground state *hole” ,,q giimulated emissionS (a%) components. Note that the
wave pac".et"gg_f’é%) remains within the resonant absorp- ¢onerent contributiofthe middle panel of Fig. Jihas some
tive detection region, leading to the Iarg'e absorptive baCk'signiﬁcant negative values in some frequency region, espe-
ground strength in the bottom panel of Fig. 9. cially in its absorptive component€ . In fact, the concept
of being absorptive/emissive may only be physically correct
3. Time-frequency resolved absorption for the sequentiaks contribution(the bottom panel of Fig.
spectroscopies 11). According to the Eq(B3), a$ involves three Liouville-
Figure 10 presents the calculated time-frequency respace R;, R,, andR,) pathways andx® only theR; path-

solved signaky(w,ty) [Eq. (17)], also in the form of differ- way in the conventional weak response third-order response
ence signal, with the removal of the pump-off stationaryfunction formalisnt* This may account for why, as shown

a(a,t,)

Downloaded 04 Mar 2001 to 143.89.53.161. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html



3876 J. Chem. Phys., Vol. 114, No. 9, 1 March 2001 Shuang, Yang, and Yan

neous emissioBg (solid curves and the stimulated emission
a_ (dashed curvesare only different in the short time re-
gime (two top panels but evolve to be identicdtwo bottom
panel$ as the results of dissipation that suppresses the
memory effect. At the long time regimef. bottom right
pane) both S and« _ coincide with the stationary emission
spectrum, i.e., the dashed curve in Fig. 8.

VI. SUMMARY AND CONCLUDING REMARKS

In summary, we have constructed a dynamical semi-

o . '5000 group Fokker—Planck equatig®S-FPB and further imple-
w-e.cm ) ment it to nonlinear optical processes involving two-surface
FIG. 11. (Top panel Dispersed transient signal (solid) at thety=0 slice molecular SyStemS n Condense.d phases. The obtained DS-
analyzed in terms of its coherenf® (dashedl and sequentiak® (dotted F_PE(SeC' ID’ which Can be considered as the natural ?Xten_
contributions;(middle panel aC (solid) is further analyzed in terms of its SION Of the counterpart in one-surface molecular systériss,
two componentse$ (dotted anda© (dashedt (bottom panele® (solid is  given in both Schrdinger and Heisenberg pictures. We also
further analyzed in terms of its two components; (dotted and o proposed a mixed Heisenberg_s"qjir[ger prescription of
(dashedt the field-dressed optical response functi@ec. Il for the
efficient calculation of nonlinear spectroscopies presented in
Sec. V.

Numerical demonstrations are made for both the photo-
induced molecular dissipative dynamie§) (Sec. VB and
various spectroscopié€Sec. V Q. Highlighted in the photo-
induced molecular dynamics are the effects of vibrational
T,- and T,-types of dissipation on the electronic coherence
peg @s Well as on the electronic populatipge or pgq. In-
cluded in the spectroscopic calculations are the stationary
4. Time-frequency resolved fluorescence signals absorption and fluorescence, the integrated and the dispersed

Let us now consider the time-frequency resolved fluo_transient absorption, qnd fche time-frequency resolved fluo-

fescence spectroscopies in the presence of the aforemen-

rescence signals. Figure 12 plots the spontaneous emissi 0

Sc(w,ty) [EQ.(19), solid curved, fluorescence upconversion tioned vibrational dissipation and the pure electronic dephas-

St [Eq. (18), dotted curvef together with the stimulated Ing. D(_atailed_ comparisp ns among va.rious.spect.roscopies are
emissiona_(w,ty) (dashed curvésat some representing made in conjunction with the underlying dissipative molecu-

e lar dynamics.
values ofty as specified in individual panelSg° [Eq. (18)] . .
and Sg(w,ty) [Eg. (19)] contain basically the same dynamic h P.resefnted in Sec. IV ?redthﬁ pump—prob? absolrp.tlon and
information, and their difference is mainly due to the ampli- N€ time-frequency resolved fluorescence formulations in

tude square in relation with the amplitude itself. The sponta:[ermS of f|eld-dres§ed response functlon. Their polarlzgtlon
counterparts are given in Appendices C and D, respectively.

Both the response-function formalism and the polarization
formalism of nonlinear spectroscopies outlined in this work

0 n
-5000

in the middle panel of Fig. 11, the magnitudeaﬁ is larger
than that ofa® . Equation(B3) implies also that$ may be
more properly called as the excitation Raman contribution
while o€ is the stimulated emission Raman contribution.
The negative values in$ (cf. the top panel of Fig. Jithus

indicate the underlying coherent Raman proce$ses.

X —Sfp ,"l =01 t,=50fs | can be readily implemented via other forms of
[ _"_25 A Markoviarf>=32 or non-Markoviai®>=3’ quantum dissipation
= i theory.
R A\ Considered explicitly in this work is only a single opti-
0—'“"":?:7’ cally active moddvibration) that couples to the optical tran-

sition. This active mode experiences bdthrelaxation and
pure T,-dephasing and is taken to be in the underdamped
regime. We have demonstrated that the Markovian vibra-
tional T,- or/andT ,-dissipatiorts) can introduce an effective
non-Markovian electronic dephasirigf. Fig. 7 and its dis-

. . cussion. The resulting vibrational relaxation-induced dy-
5 0 5 .5 0 5 namic Stokes-shift is evideritf. Figs. 10 and 1R The in-
0-0c(10°cm™)  -Wcg(10°cm”) clusion of multiple dissipative modes, especially of an
FIG. 12. Comparison among the ordinary fluoresce®egsolid, Eq.(17)], overdampeq §O|Vat|0n mode .tO account for bath
fluorescence upconversic® [dotted, Eq.(18)], and the stimulated emis- €0rganization-induced Stokes-sHiift;"* can be done and
sion a_ [dashed, cf. Eq(17)] at four representing delay times. will be published in the future.

td=100fs“ td=2ps_
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APPENDIX A: DYNAMICAL SEMIGROUP DISSIPATION

g

Dynamical semigroup Fokker—Planck equation 3877
tion formulations in the weak field reginfeNote that as it
describes the response of pump-driven system to the first
order in probe fieldR. in its nth-order pump-field expan-
sion form relates in general with the conventional
(n+1)th-order material nonlinear response functions.
Before proceeding, we first notice that R (7,t) the
action of probe field occurs at time Therefore, we may

Lindblad showed that a Markovian quantum dissipationdecompose the field-dressed response function into the se-
theory satisfying the general positivity should be of the fol-quential and the coherent contributidt,

lowing form of dissipation™
Rp=2 [W],W,p]+H.c, (A1)

Obviously,R¢ [Eqg. (58] and'R5 [Eq. (5b)] are of the Lind-

blad’s form. In the following, we shall use the similar algo-

rithm in our previous work' to show thatR; [Eq. (50)] can
also be transformed into the Lindblad’s form.
To proceed, let us denote

. —q')e e
Wz(q Qe . P

= — —] (A2)
\/40’{1q \/40','3p
We have
(q—0')e= Vog(W+Wh, (A3a)
pe=—ivo) (W-W"), (A3b)
We shall also denotefi=1),
n=\4o, 051 (A4)
The inequality is the uncertainty relation.
Equation(5c) can now be recast as
2
[
Rip= 5 |+ ) I, (A5)

where
— _ Irna it Wt VARV VLYY ARY V]
=~ W+ W W= W1, p]+ 3 WA+ W (W= W' p}]
=W Wp]— 5[ W,W'p]+H.c. (A6a)

= W+W' [W+W',p]]- Y W— W' [W—WT,p]

=W, Wp]+[W,W'p]+H.c. (A6b)
We have thereforgcf. Eq. (A5)]
Rip= 7 [WT Wpl+ 7_[W,W'p]+H.c., (A7)

with 7.=3n(n*1)=0 [cf. Eq. (A4)]. Therefore,R;p in
Eq. (A7) consists of two Lindblad’s term<f. Eq.(Al)] and

is of general positivity. We have thus completed the proo

that the quantum Fokker—Planck formulation, E(9—(6),
is of the general positivity.

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

Q.E.D.

R.(7,t)=R3(7,) +RS(7,1). (B1)

The sequential contributioRs is given by Eq.(11) and
describes the process in which the actioriprbbe detection
field takes place after that of pump. Once the sequential con-
tribution is determined, the coherent contribution can be ob-
tained via Eq(B1), or RS =R. — RS . Obviously, the coher-
ent response contributes only when the pump and the probe
overlap, while the sequential responRg(r,t) contributes
when the pulses overlap as well as they are separated.

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

Ri(r,t)z(i/ﬁ)e‘f dtzf dt, [e2UE* (t—t,)
0 0

XE(t—t,—t))Ry( 7 tp,t;) +e 1400

XE(t—t) E* (t—t,—t)Rs(7,t5,t1)], (B2a)

[RS(7,t)]* :(i/ﬁ)3Jxdtszdtl[eiAﬂtlE*(t—tz)
0 0

X E(t_tz_tl) Rl( T,tz ’tl) + e_iAQtl

XE(t—=t) E* (1=t~ t)Ra(7,t2,t1)], (B2D)

and
Rg(r,t)Z(i/h)sj dt3J dt, e AOLE(t 4 r—ty)
0 0

XE* (t+ 7—t,—t3)[Ry(ts,ty, 7—to— t3)
+ R4(t3,t2,T_tz_t3)]+(i/h)3

xf dtzf dt, e AU RIE(t+t,)
0 0

XE*(t—t)Ra(7—1t5,t5,14), (B3a)

{RE(T,t)]*=(i/ﬁ)3f dtzf dt, e A0+ 1)
0 0

XE(t+t2)E*(t_tl)R3(T_t2,t2,t1). (B3b)

Here, R, (t3,t5,t1); a=1,...,4, are the four well-known

third-order nonlinear response functions for two surfaces

molecular system$.The conventional third-order response

In this appendix, we shall expand the field-dressed refunction formulations of the pump—probe absorpfithi*?
sponse functiorR. (7,t) [Eq. (9)] in the second-order of can then be recovered via the above equations together with
pump excitation fielcE, and thus establish its relation to the Eq. (16) or (17), the that of time-frequency resolved
conventional material third-order nonlinear response funcfluorescenc®*’~*with Egs.(18) or (19), respectively.
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APPENDIX C: PUMP—-PROBE ABSORPTION: Here, R. was given by Eq(9). Equation(16) can then be
DERIVATION OF EQS. (16) AND (17) obtained by substituting EGC9) into Eq.(C1), followed by
a proper change of integration variables.

For an impulsive probe field, the field-dress function
R.(7,t—7) in Eq. (C9 can be replaced bR. (7,ty). The

Let us start with the standard optical polarization formu-
lation for pump—probe absorption spectroscofi&s,

_ * e ) resultingPy_(t;tq) is transformed int@kT(w,td) [Eq. (C3)],
Salte) = Imjﬁxdt Br (1= to) P (Bita), (€D 4nd then used in EdC2), resulting in Eq(17).  Q.E.D.
a(,tg) =~ I[Py (o,tg)/Ex(w)]. (C2  APPENDIX D: SPONTANEOUS EMISSION:

DERIVATION OF EQS. (18) AND (19)

Spontaneous emission is nondirectional. Its polarization
may however be defined similarly as E&7) but with the
inclusion of the quantum field creation and annihilation op-
erators,al andas. In connection with Eq(C4), let us cast
the quantum field-matter interaction*4$

Here, PkT(t;td) is the optical polarization at the detection
directionky, while

'ﬁkT(w;td)Ef dt @ OWp, (tity), (C3

and Eq(w) is defined similarly. The time argument in the o
probe fieldE(t—t,4) accounts for its center beirg-delayed SHg(t)=—iegD ase 2"+ H.c. (D1)

from that of the pump fields(t). Here, es=€[#ws/(2€,V) ]2 with e being the electron

The key quantity here is the complex polarization func-cparge < the electric permittivity of free space, andthe

tion, Py (titq), which in the weak probe regime, depends qantization volume. The spontaneous emission polarization
linearly on the probe detection fielr at theky-direction  may then be given af. Eq. (C7)]

but not on the complex conjugate pdtf at the opposite e iy
direction? In other words, we shall consider the standard P, (t)=—ie'**$ Tr[D_agdp(t;Awg)]. (D2)

first-order perturbation theory with respect to the following -
system-probe interaction in RWA: The trace, T=Tr- Trg, runs over both the molecular and the

_ quantum field subspaces. The spontaneous emission field is
SHy ()= —D Eq(t—tg)e 40171, (C4)  initially in the vacuum statepg(—=)=|0g)(0g, satisfying
[as,ps(—*)]=—|0g)(1g. Thus, &p in Eq. (D2) assumes

The corresponding first-order density operatka(t;td) the form([cf. Eq. (C8)]

can then be obtain vigcf. Eq. (1)]

. op(t;Awg) = Sp(t;Awg)|0s){1g, (D3)
S (tita) = Lee(t) Spy (titg)] ° S
' where
HIET(t—tg)e AMWID . p(t)], (CH t
. _ —iAwgr,
with the initial conditiondpy (—;tg)=0, and[cf. Eq. (1)] 5p(t’Aw5)_85J_wdTe oGt nIp(1DL ] (DY)
Lepgt)=—i[H(1),...]-R. (Co) Substituting Eq(D3) into Eq.(D2), followed by tracing over

the quantum field subspace, we obtgifi Eq. (C9)]
P,(t)=—ie'**sS TI[D_dp(t;Awg)]

The polarization function can then be evaluated as
Pi(titg) =21 D TID _8py (titg)]. (o)

The above equations constitute the polarization formalism of :£Sf dre2os’R* (7,t— 7). (D5)
pump—probe absorption spectroscopfes 0

To derive the field-dressed response function formalismpote that from Eq(D4), we have[ct. Eq. (C5)]
Egs. (16) and (17), we shall formally integrate Eq.C5),

resulting in Sp(t;Aws)= Lepdp(t;Awg) +ese~ 20s'p(t)D, . (D6)
[t _ The upconversion detection scheme introduces effectively a
5ka(t;td):|f dre AT WE (7 tg) time-frequency window functiow(wsg,t), assumed to be
o centered atw and ty, to gate the dispersed transient
XG(t,)[D p(7)—p(7)D.]. (cg) fluorescencé>*8The resulting upconversion signal can thus

be expressed asf(w,tq)=|w(w—ws,t—tg) @ P, (1)]*.
Here, ® denotes the time-frequency double integration. On
the other hand, the ordinary fluorescence signal detected, for
example with a CCD camera, as the scattered photon flux
can be expressed &g(ws;t)=—ImP,(t), convoluted
with a real time-frequency gate function.

In the ideal case in which the time-frequency gate can be

. considered as a delta function in both time and frequency
X[Ri(rt=1)+RI(7t—1)]. (C9  domains, we have

By using the above equation, together with the identity,
TH{D_G(t,7)[p(7)D. 1}=THD . G(t,7)[D_p(7)]}*, fol-
lowed by changing the integration variable fram 7 to 7,

we can recast EqC7) as

Py (titg) = fo dre 2T Eq(t—7-tg)
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St w,tg)=|P,(ty)]?,
Se=—ImP,(tg) .

(D7)
(D8)

Equations(18) and (19), up to trivial factors, can now be
recovered by substituting the second identity of @p) into
the above two equations, respectively. Q.E.D.
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