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Generalized Redfield Theory and Its Application to Transient Absorption
Spectroscopies of Molecules in Condensed Phases

Chen Yang ( 8 f< ), Feng Shuang ( % ™ )and Yi Jing Yan* ( 8L\ %7 )
Department of Chemisiry, Hong Kong University of Science and Technology, Kowloon, Hong Kong, and
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We present a method of implementing the generalized Redfield theory on the calculation of femtosecond
transient absorption spectrum of molecular systems in condensed phases. Numerical demonstration is carried
out in a model Brownian molecular system involving two Morse potential surfaces. Intramolecular vibrational
relaxation, its relation to the spectral density, its spectroscopic signature, and the temperature effect are ana-

lyzed.

L INTRODUCTION

Molecular dynamics in dissipative media is the center
of interest in quantum statistical mechanics. The key quan-
tity is the reduced system density operator p(t}), whose time
evolution can be symbolically described by the Liouville-von
Neumann equation,

p=—2[H,ol - Ro M

Unlike the Schrodinger equation, there are several non-
equivalent forms of Liouville-von Neumann equation, re-
sulting from different reduction or approximation schemes.
Furthermore, in the presence of a time-dependent external
field, the interplay between time-dependent coherent driv-
ing and dissipation may introduce a dramatic cocperative
effect. It has been demonstrated in the case of quantum
stochastic resonance in which the weak field response theory
breaks down no matter how weak the periodic driving force
is.l—* The combined effect of dissipation and external driv-
ing is most naturally incorporated in the Feynman-Vernon’s
path-integral formalism.5 Here, in particular the develop-
ment of iterative propagation schemes has opened the pos-
sibility to the exact treatment of the system-bath interaction
in the non-Markovian regime.® An alternative approach to
the theoretical formulation of the correlated effect of driving
and dissipation is to establish equations of motion for the
reduced density operator and a set of auxiliary dissipation
operators.” !¢ The number of coupled operator equations is
usually of the order of 50 for molecular systems at room tem-
perature. Both the iterative path-integral formulation® and
the coupled equations of motion approach’~1° are compu-
tational expensive, especialty when further implementations
are made to nonlinear spectroscopies of real molecular sys-
tems.

Fortunately, in most femtosecond spectroscopic measute-
ments, the external light field is either fast compared with the
dissipation dynamics, or weak and operated far from the co-
operative driving-dissipation regime. In this case, the coop-
erative driving-dissipation effect may be neglected, resulting
in a simplified or field-independent dissipative superopera-
tor R in the Liouville-von Neumann equation, eq 1. In this
work, we shall apply a unified Redfield-Fokker-Planck pre-
scription of the Liouville-von Neumann equation!! to study
transient absorption spectroscopies of a model molecular
system in condensed phases. In Sec. II, we outline the
unified Quantum Dissipation Theory (QDT) in which the
field-independent dissipation superoperator R is expressed
in terms of dissipative mode through which the system-bath
interaction occurs. The key step is to introduce a so-called
spectrum conjugation to the dissipative mode, thus the prop-
erties of detailed-balance and translational invariance are
satisfied. Both the dissipative mode and its spectrum con-
jugation are ordinary operators of the reduced system. The
final formulation of QDT relates further to the bath interac-
tion spectral density, which also defines the dissipation rate.
In Sec. III, the unified QDT is exploited to formulate further
the transient absorption spectroscopies of a molecular system
involving two adiabatic surfaces. Numerical application is
made in Sec. IV for a cne-dimensicnal two-Morse-surface
molecular model involving energy relaxation. Finally, we
summarize and conclude in Sec. V.

II. UNIFIED REDFIELD-FOKKER-PLANCK
QUANTUM DISSIPATION THEORY

Consider a molecular system embedded in a dissipative
medium (bath). The total system-bath Hamiltonian in a
stochastic description assumes the form: Hy = H+ Hsp(t).
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Here, H denotes the renormalized molecular Hamiltonian
that is deterministic in nature, and Hgg(t) describes the
stochastic system-bath interaction and is assumed to be of
the form

Hsp(t) = —HQF(t) @)

In this equation, ) is a Hermitian operator in the reduced
system space, while F'(t) is a Hermitian operator in the
stochastic bath space. In the following we shall term the
reduced system operator () as a dissipative mode. It de-
termines the nature of dissipation such as relaxation and
dephasing in either nuclear or electronic degrees of free-
dom. In general, the right-hand-side (rh.s.) of eq 2 should
include a summation over all types of dissipative modes.
We shall be interested in the case in which all dissipa-
tion modes {Q,} are statistically independent; that is that
(Fa(t)For(T)) o< 8aar- In this case, the contribution from
each dissipative mode to the final formulation of dissipative
superoperator is additive: ® = )~ R,. For simplicity, we
shall hereafter omit the subscript and focus on the contribu-
tion of an individual dissipative mode.

In the weak system-bath interaction regime, the effect
of bath on the dynamics of reduced system completely de-
scribes the stationary force-force correlation function, or its
Fourier transform.'?

C(w) = 2Re f " at et (F(£)F(0)) 3)
0

Here, the zero-point energy of the reduced system is chosen
such that {F(t}) = 0. Note that F is an operator and its
time correlation function is generally complex. Its spectrum
C(w) > 0 is however positive and satisfies the detailed-
balance relation.? Iz the widely used independent harmonic
bath model, F' represents a ccllective (macroscopic) bath
mode.1?

F= ZCJ':EJ' ()]
b

In eq 4, T, is the dimensionless coordinate of the 5% micro-
scopic harmonic bath mode with frequency w;. The spectral
density for the system-bath interaction at a given dissipative
mode is defined by!?

Jw) = ‘EZ lei|26(w —wi); w0 (5)
7

Physically, the spectral density of a harmonic bath, with
J(0) = 0, is only defined in the positive frequency re-
gion. Its formal definition can however be extended, with-
out loss of generality, to the negative frequency region via
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J(—w) = —J(w). The bath interaction spectrum C{w)
(eq 3), together with its positivity and the detailed-balance
properties, can thus be conveniently expressed in terms of
the spectral density as follows.’?

Clw) = e®/28(w) = /2 J(w)/sinh(Bw/2) (6)

Here, 3 = h/(kpT) is the inverse temperature. S{w) de-
fined in eq 6 is the detailed-balance symmetrized bath spec-
trum; S{—w) = S{w).

We have recently shown that the commonly used Red-
field theory can be conveniently presented as'!

50) = —3 H.p(0)] - 51Q, 00l —p()Q'] ()

with
Q=C(-L)Q (8)

Here, the Liouvillian £ is defined as the commutator action
of the reduced system Hamiltonian.

L=h"1H,-] &)

Thus, C(—L) in eq 8 is a superoperator defined by the
spectrum function C'(—w) with its frequency variable being
replaced by the Liouvillian operator. The Hilbert-space oper-
ator {) defined in eq 8 can thus b called the spectrum conju-
gation to the dissipative mode Q. The equivalence between
eq 7 and the commonly used Redfield theory'® 14 can be eas-
ily proved by using the H-eigenenergy representation.!! We
have also showed!!-1® that eq 7 recovers a well-established
generalized quantum Fokker-Planck equation for Brownian
oscillators.t8 In this sense, eq 7 may be considered as a uni-
fied Redfield-Fokker-Planck prescription of quantum dissi-
pation theory (QDT).

To conclude this section, let us point out two important
physical properties implied in eq 7: it is ebviously Hermitian
and traceless, Trg = 0, or conservation the total population.
One is the detailed-balance relation in which the reduced
density operator evolves asymptotically toward the canonical
equilibrium of p., o< e™#H, This property in eq 7 can be
proved by showing the following identity:

Qe P = Q! (10)
This is a sufficient condition for the canonical equilibrium
reduced density operator to be the stationary solution to eq
7. The proof of eq 10 can be proceeded by using the first
identity of eq 6 to recast the spectrum conjugation (eq 8) as

Q = e PIS(-L)Q) = e HRIS(- L)@ (1)
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The second identity of the above equation was made by
using the definition of £, eq 9. As S5(—w) = S(w) is a
symmetric function, the quantity in the square bracket in eq
11 remains as Hermitian. Equation 10 can then be proved
by the direct substitution of eq 11.

Another important property of eq 7 can be stated as
follows.'* Two dissipative modes @ and ' = @ + r that
differ only by a trivial real c-number describe the same dissi-
pative dynamics. This property, referred to as the dissipative
mode invariance, can be mathematically proved by noting
that for an arbitrary real c-number #, its spectrum cenjuga-
tion (cf. eq 8), 7 = C(—L)r = C(0)r, remains real. Thus,
7o(t) — p(t}i" = 0, and the dissipation superoperator asso-
ciating with @' = (@ + r is identical to that with Q@ (cf. eq
7). For the dissipative mode ¢ that is linearly proportional
to the coordinate of the reduced system, the above property
becomes the conventional translational invariance.

Finally, we shall point out eq 7 in general is not of
the Lindblad positive semigroup form.'” However, as we
mentioned earlier, if there are multiple dissipative modes, the
second term in eq 7 should be replaced by the sum of their
individual contribution. In this case, it is possible for certain
systems that eq 7 with multiple dissipative modes becomes
the Lindblad positive semigroup form.'> However, as was
shown by Lindblad,'8 the resulting semigroup and detailed-
balance preserving Liouville-von Neumann equation would
have to violate the translational-invariance.

II1. APPLICATION TO OPTICAL NONLINEAR
SPECTROSCOPIES

In this section, we shall show how the QDT, eq 7, can
be used in formulating the resonant nonlinear optical spec-
troscopies such as transient absorption of a molecular sys-
tem involving two adiabatic electronic states. We shall re-
emphasize that eq 7 is only applicable to the case in which
the cooperative effect of dissipation and time-dependent ex-
ternal driving can be neglected (cf. Sec. I). In this case,
we may replace the Hamiltonian in the first term of eq 7
with the total system-field Hamiltonian, while retaining the
field-free Hamiltonian in the second term, or eq 8, for dis-
sipation. For the numerical efficiency in the calculation of
transient probe absorption spectroscopies, we shall be in-
terested in implementing the QDT formulation in the elec-
tronic rotating-wave-approximation (RWA) framework. Fur-
thermore, we shall not propagate the reduced density wave
packet with the total system-pump-probe Hamiltonian as it
should be specified at each individual delay time. We shall
also abandon the third-erder nonlinear response function for-

J. Chin, Chem. Soc., Vol. 47, No. 44, 2000 801

mulation for 4WM-spectroscopies,'? as it requires the den-
sity operator be propagated in a three-dimensional time-grid.

There are two other approaches to the formulation of
transient spectroscopies. Both of them assume the probe
field is weak, while the pump field can be arbitrary. One ap-
proach to the weak probe absorption is via the pump-dressed
response function®®2! that depends on the material system
and the pump field, but not on the probe field. The tran-
sient absorption spectroscopies with the weak probe field of
an arbitrary pulse shape and carrier frequency can be easily
obtained via a two-fold temporal convolution between the
pump-dressed response function and the probe field ampli-
tude profiles.?>?! The pump-dressed response function is
two-dimensional in the time-grid. The involved Liouville-
space wave packet propagation is required at the grip points
that are of the same time-increment A, which is usually
about 1 fs for molecular systems with the RWA, in both
dimensions. This is the main disadvantage of the pump-
dressed response formulation. In order to further reduce the
number of the time-grid points at which the reduced density
wave packet should be evaluated, we present in the follow-
ing an alternative formalism of transient absorption based
on the weak probe polarization.

Consider a resonant optical measurement in a two-surface
motecular system whose adiabatic Hamiltonians are given by
H, and H,. In the electronic RWA, the molecular Hamilto-
nian in the presence of a coherent pump excitation field is
given by?*

H(t) = H — D_Ex ()™t — D, Ey(t)e 4% (12)
with

H =|g)Hy(gl +|e) (He + Aweg) (el (13)

Dy = ple){gl;  D- = plgi{el (14)

Here, H denotes the field-free Hamiltonian of the reduced
system, and D, the electronic transition dipole. In eq 12,
E,(t) is the slowly varying envelop of the pump field.
AQ, = Q, — w, is the difference between the pump carrier
frequency {2, and a reference frequency w, for implement-
ing the electronic RWA, such that |AQ,| is of the order of
vibrational frequency. Awey = wey —w, in eq 13 is defined
similarly fer the shifted potential minimum difference. The
reduced density operator under the influence of both pump
excitation and dissipation is then governed by

5(0) = L H®, o(6)) - Ro(t) as)

Here, the dissipation superoperator R is defined in the sec-
ond term of eq 7 with the field-free molecular Hamiltonian
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H only. Obviously, the correlation between driving and dis-
sipation is neglected. This approximation is expected to be
valid when the pump field is weak and its time scale is short
compared with that of dissipation.

We now turn to the transient absorption signal detected
by a weak probe field with the slowing varying complex en-
velope of E7(t) and the carrier frequency of 7. We denote
also that AQr = Q1 —w,. The calculation of this signal re-
quires propagating the following non-Hermitian density op-
erator in the RWA for each delay time t; for the reasons
that will be stated soon.

§pstta) =~ SHL (D)ol ta)

S HE ), tit] O

—Rbp(t; ta)

Here, 8 H . (¢) represents the interaction with the weak de-
tection (probe) field Er(t) at its forward wavevectar ky-
direction. That is that

§H.(t) = =Dy Er(t)e 20" (17

The transient probe absorption signal is then given by

5(tq) = —21Im / ” dt EF(£)e!297 TY[D_8p (t; ta)]
(18)

Equations 12-18 constitute the final formulation to evaluate
the transient weak prcbe absorption signals. The imple-
mentation of this formulation is as follows. Firstly, eq 15
is propagated in the one-dimensional time-grid whose du-
ration covers the range of interested delay time. The time
t-propagation of eq 16, which contains the previously calcu-
lated p(2+14) in its ithomogeneous term (i.e., the first term
in eq 16), is then carried out for each specified delay time ¢4
as a parameter. As can be seen from eq 18, ¢-propagation of
eq 16 is required only for the duration of probe pulse, and
with the propagation time-step At being the same as that in
eq 15. However, the delay time ¢, as a parameter in eq 16
can be chosen flexibly and sparsely only on the impertant
values in the final transient signal S(t4) (eq 18). The price
paid here, in comparison with the pump-dressed response
function formulation,20-2! is that the propagation of eq 16
should be carried out by using a specific form of Er-(t) and
value of (27 for the probe,

To conclude this section, let us briefly state the construc-
tion of the above transient weak probe absorption formula-
tion. Physically, the term with a trace in eq 18 is the weak
probe polarization at its forward wavevector kr-direction.
Eq 18 is thus the well-known formulation of weak probe
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absorption.'® The total reduced density operator py,(t; t4)
in the presence of both the pump and the ¢;-delayed probe
field satisfies then the same equation of motion as eq 15
with H(t) being replaced by H(t + t4) + dH(t). In con-
structing the formulation in this section, the contributions of
Ppp to the zeroth-order and the first-order in the weak probe
interaction  H, were denoted by g and dp., respectively.
Eqs 15 and 16 were then obtained by applying the standard
first-order perturbation theory to the equation of motion for

Ppp-

IV. MODEL CALCULATION AND DISCUSSIONS

In this section, we shall apply the general formulations
presented in the previous sections to the transient absorp-
tion spectroscopies of a model one-dimensional two-surface
molecular system embedded in a bath. Both the ground
V,(R) and the excited V,(R) potential energy surfaces are
chosen to be Morse and their parameters are given in Table
1. The transition frequency between the two potential min-
ima is we, = 15769 em~1. The reduced mass is chosen to
be m = 32 amu

A single dissipative mode proportional to the vibrational
coordinate €} oc R that is mainly responsible for vibrational
relaxation is used in the following calculation. The spectral
density (eq 5) is chosen to be of the Ohmic form:

I (w) = mw exp(—|w/wei) (19)

The cut-off frequency is set to be w, = 1000 cm™!, Note
that the harmenic frequencies of the ground and the excited
states are 303 and 180 cm™!, respectively. We now turn
to the parameter 1 in eq 19. By examining eqs 6-8, we
conclude that 7 is a dimensionless dissipation parameter if
the dissipative mode @ is chosen to be dimensionless. As
we are interested mainly in the excited state dynamics, the
dimensionless vibrational relaxation mode is chosen as

Q = (muwy/W)/*R (20)

Here, wf, denotes the harmonic frequency of the molecular
system on the excited Morse potehtial V, surface. We shall
further denote

Table 1. Parameters of Morse Potential Surfaces: M(R) =
Dy[1-e )

Dy (em™) o (A Ry(A)
Vg 12550 1.871 2.80
v, 4381 1.876 3.02
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v = Jlwg) @n
For a given value of +, the parameter 7 in eq 19 is also spec-
ified. Physically, v is however a more favorable parameter
than 5 is. It can be shown that - defined by eq 21 would
represent the vibrational energy relaxation rate if the excited
surface was harmonic.! In the following calculation, the
inverse rate is set to be 4! = 265 fs.

The pump field is a 10-fs transform-limited Gaussian
pulse with the carrier frequency of €, = 16912 cm™* that
amounts to the center of the Franck-Condon transition from
the initial ground thermal equilibrium wave packet, The
probe field is a 50-fs transform-limited Gaussian with the
carrier frequency of Qp = 11200 em~!, which is located
at the center of the Franck-Condon transition from the ex-
cited wave packet in the outer turning point region, assuming
there is no vibrational relaxation (see Fig. 1). The transient
dipole z is set to be constant (Condon approximation) and
the intensity of pump field is chosen to achieve about 20%
of total population being excited onto the excited potential
surface. The intensity of the probe is chosen in the weak
(linear) response regime.

Equations 15 and 16 are propagated sequentially in the
energy eigenstate representation. In this representation, Qoo =
C(wpa )Qas (ef. 2q 8).

Fig. 2 shows the relaxation dynamics of the mean ex-
cess energy AE(t) (upper panel) and the mean displacement
AR(t) = R(t) — R,y (lower panel) of the wave packet
Pee(t) being pumped onto the excited potential surface. The
bath temperature is T' = 300 K. The excited wave packet
Peelt) generated by the 10-fs pump field experiences not
only the coherent oscillatory motion but also energy relax-
ation, toward the thermal equilibrium state on the excited
surface. The peaks/valleys of AR(t) (lower panel) denote
the outer/inner turning points of the dissipative wave packet
on the excited potential surface. Note that the vibrational
energy relaxation (upper panel) is not of a simple exponential

=]

v (10'em™)

(1 i " L n " M o
24 26 28 30 33 34 35 38 4.0
R(A)

Fig. 1. Schematic diagram of pump-probe detec-
tion of molecular dynamics on the excited
electronic surface.
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form. The present model in which the vibrational coordi-
nate is taken to be the dissipative mode correspends to a
Brownian oscillator. In the classical picture of a Brown-
ian oscillator, the effective frictional force on the system is
proportional to the momentum, which is zero at the turning
points. As a result, the vibrational energy relaxation curve
(the upper panel of Fig. 2) exhibits plateaus at the tum-
ing point regions. Due to the anharmonic, the plateaus at
the outer turning peint regions, at which AR (cf the lower
panel) are maxima, last longer than those around the inner
tuming points.

As we mentioned earlier, the overall energy relaxation
rate is given by the parameter 7 (eq 21) that is independent
of temperature. We have

AE(t) — AEy(T)

—~ ot
AE(O) A, (T) ~° (22)

Here, AE.,(T) is the thermal equilibrium energy of the
wave packet on the excited electronic states at a given tem-
perature,

Fig. 3 depicts the vibrational energy relaxation dynamics
upon the same 10-fs pump excitation but at two specified
temperatures. Included in this figure are also the simple
exponential energy decay curves (dashed) assuming that eq
22 is an identity. Obviously, the parameter v does represent
the overall vibrationa! energy relaxation rate. Upon the ex-
citation with the same pump field, the initial excess energy
AE(0) at T = 100 K is lower than that at T = 300 K. This
is due to the difference between the thermal equilibrium dis-

1.5 ——r—T T T
£ T=300K
g 1F ]
L)
[~}
= st ]
w
<]

9E t ¢ } t .
=3
e
i o
q .

-2 [ M L i . i

0 400 800 1200 1600 2000

Time (fs)

Time evolution of the vibrational (excess)
energy A E (upper panel) and the mean dis-
placement AR = B — R., (lower panel) of
the wave packet being resonantly pumped
by the 10-fs pulse onto the excited elec-
tronic surface. The overall energy relax-
ation rate is y~! = 265 fs.

Fig. 2.
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tributions p2, (7") in the ground electronic state at two differ-
ent temperatures prior to the pump excitation. On the other
hand, the asymptotic excess energy AE(cc) = A, (T)
is the thermal equilibrium energy of pf (T') in the excited
electronic state.

Fig. 4 presents the transient absorption signals S(¢i)
with the same configuration of pump-probe pulse pair as
specified earlier. The transient beating signal S(t,) at tem-
perature T = 100 K is of higher strength in the first beat
and weaker in others than each of those beats in the signal
at temperature 300 K. This contrast feature can be under-
stood from the thermal equilibrium distributions, the carrier
frequencies of pump and probe pulses, and the underlying
relaxation dynamics. Let us start with the initial thermal
equilibrium density wave packet in the ground electronic
state before the pump excitation. The initial thermal equi-
librium distribution is more localized at 7' = 100 K than it
is at 300 K, and therefore the former is more accessible than
the latter by the resonant pumping processes. In fact, total
populations being pumped onto the excited state surface are
22% at T = 100 K, and 20% at 300 K. The above picture
also accounts for the relative heights of the first beats in the
signals at the two temperatures shown in Fig. 4. If there

1.5 v v r
K
E1
Q
=
o
=
w5
<
ol i i A
0 400 800 1200
Time (fs})

Fig. 3. Time evolution of the vibrational energy
AFE at two specified temperatures. In-
cluded in the dash curve is also the simple
exponential decay (cf. eq 22) with the rate
of y~1 = 265 fs at each temperature.

e
=
@
o 400 800 1200
Delay Time t, (1s)
Fig. 4. Transient weak probe absorption signals

(eqs 18 with 16) at two specified tempera-
tures.
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was no dissipation, the quantum beats of the low tempera-
ture medium would remain stronger than those of the high
temperature medium. The existence of vibrational relaxation
leads the wave packet downward away from the probe de-
tection windew. Two factors contribute to the fact that the
later signal beats stronger in T = 300 K than in 100 K. One
is that the nonstationary excited wave packet in the case of
T = 300 K is of higher mean excess energy than that in the
lower temperature is (cf. Fig. 3). As a result, the former
remains closer to the probe window than its low temperature
counterpart. The second factor relates to the wave packet
spreading (not shown) that increases the chance of the wave
packet dynamics being observed at the fixed detection win-
dow.

V. SUMMARY AND CONCLUSION

In summary, we presented a compact form of Redfield
theory and further developed a methodology to implemented
it to transient probe absorption spectroscopies. In the present
formulation, quantum dissipation was presented in terms of
bath interaction spectral density. Numerical demonstration
was carried out in a model Brownian molecular system in-
volving two Morse potential surfaces. Analyzed in detail
were the intramolecular vibrational relaxation dynamics on
the excited electronic surface, its spectroscopic signatures,
and the temperature effect. Applications of the present for-
mulation to molecular systems in the presence of electronic
dephasing, vibrational relaxation and vibrational dephasing
will be published elsewhere.

ACKNOWLEDGMENTS

Support from the Research Grants Council of the Hong
Kong Government and the Naticnal Natural Science Foun-
dation of China is gratefully acknowledged.
Received February 8, 2000,
Key Words

Quantum dissipation; Transient absorption; Vibrational
relaxation.

REFERENCES

1. Gammaitoni, L.; Hinggi, P.; Jung, P.; Marchesoni, F.



Generalized Redfield Theory/Transient Spectroscopies

10.

11.

12.

Rev. Mod Phys. 1998, 70, 223.

. Makarov, D. E.; Makri, N. Phys. Rev. B 1995, 52,

R2257.

. Makarov, D. E.; Makri, N. Phys. Rev. E 1995, 52,
5863.

. Shuang, F,; Yang, C.; Zhang, H. Y; Yan, Y. J. Phys.

Rev. E 2000, 61, 7192,

. Feynman, R. P.; Vernon, F. L. Ann. Phys. 1963, 24,

118.

. Makri, N. J Phys. Chem. A 1998, 102, 4414.

. Tanimura, Y.; Wolynes, P. G. Phys. Rev. 4 1991, 43,
4131.

. Tanimura, Y.; Wolynes, P. G. J. Chem. Phys. 1992,
96, 8485.

. Yan, Y. I. Phys. Rev. A 1998, 38, 2721.

Meier, C.; Tannor, D. J. J Chem. Phys. 1999, [11,
3365.

Yan, Y. J; Shuang, F.; Xu, R. X.; Cheng, J. X;; Li,
X.Q; Yang, C.; Zhang, H. Y. J Chem. Phys. 2000,
113, in press.

Weiss, U, Quantum Dissipative Systems; World Sci-

13.
14,

15.

16.

17.

18.

19.

20.

21.

22,

J. Chin. Chem. Soc., Vol. 47, No. 44, 2000 805

entific, Singapore, 2nd edition, 1999, Series in Mod-
ern Condensed Matter Physics, Vol. 10.

Redfield, A. G. Adv. Magn. Reson. 1965, 1, 1,
Pollard, W. T.; Felts, A. K.; Friesner, R. A. Adv
Chem. Phys. 1996, 93, 77.

Shuang, F.; Yang, C.; Yan, Y. . J Chem. Phys.
(submitted).

Yan, Y. J; Mukamel, S. .J Chem. Phys. 1988, §9,
5160.

Lindblad, G. Commun. Math. Phys. 1976, 48, 119,
Lindblad, G. Rep. Math. Phys. 1976, 10, 393,
Mukamel, S. The Principles of Nonlinear Optical
Spectroscopy, Oxford University Press: New York,
1995,

Tanimura, Y.; Maruyama, Y. J Chem. Phys. 1997,
107, 1779.

Shen, Z. W.; Yan, Y. J; Cheng, J. X.; Shuang, F;
Zhao, Y.; He, G. Z. J Chem. Phys. 1999, 110,
7192.

Krause, J. L.; Messina, M.; Wilson, K. R.; Yan, Y. J.
J Phys. Chem. 1995, 99, 13736.



