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Quantum coherence and its destruction (dephasing) by coupling to a dissipative environment plays an
important role in time-resolved nonlinear optical response as well as nonadiabatic transitions and tunnel-
ing processes in condensed phases. Generating functions of density-matrix elements and multitime coor-
dinate and momentum correlation functions related to these phenomena are calculated using a path-
integral approach by performing functional integration. The dissipative environment is assumed to be an
ensemble of harmonic oscillators and is taken into account by using Feynman-Vernon influence func-
tional. Closed-form expressions for generating functions in terms of the bath spectral density are de-
rived. The present theory generalizes earlier calculations of these quantities to arbitrary temperatures,
any dependence of the transition coupling on coordinates (non-Condon effects), and arbitrary order in
the interstate coupling. Conditions for factorizing the Liouville-space generating functions that allow a
reduced description based on the classical Langevin equation are established. Possible applications to
four-wave-mixing spectroscopy and nonadiabatic rate processes are discussed.

PACS number(s): 05.40.4j, 42.50.Lc, 82.20.Db, 82.20.Kh

I. INTRODUCTION

Dephasing processes are crucial in the dynamics of op-
tical processes and curve crossing (nonadiabatic transi-
tions) in condensed phases. Dephasing takes place when-
ever a quantum system is prepared in an off-resonant ele-
ment of the density matrix which carries a phase (coher-
ence). That phase can be affected by coupling to other
degrees of freedom, which may result in the loss of coher-
ence (dephasing) [1-4].

In this article we consider a model Hamiltonian com-
monly used in the description of nonlinear-optical
response [5—7], nonadiabatic transitions [8~15] tunneling
[16,17], Josephson junction [18], etc. We derive closed-
form expressions for Liouville-space generating functions
which represent the density matrix of the reduced system,
and are essential in the theoretical description of these
phenomenon. The primary quantum system in taken to
be a two-level system with a ground state |g ) and an ex-
cited state |e ), and its Hamiltonian is given by

Hy=H,+E()H,; , (1.1)
where
Ho=|g)H, (g|+|e)H, el , (1.2)
with
Hg=-§lf+Ug(q) )
(1.3)

2
He=-2%q+Ue(q),

and p, ¢, and M represent the momentum, the coordinate,
and the mass, respectively. The interaction consists of
the time-dependent function E (¢} and the operator H,,
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which is given by
H;=|g)V(p,g)el+le)V*(p,g){gl,

where V(p,q) is any function of the coordinate and the
momentum. In nonadiabatic curve crossing problems,
E(t)=1 and V(p,q) represents the nonadiabatic interac-
tion between the two states |e ) and |g ). In optical prob-
lems E(t) and V(p,q)=pu(q) represent the radiation field
and the dipole interaction between the two states, respec-
tively. The potentials of the excited and ground states
are assumed to be harmonic (see Fig. 1):

Uy (@) =1Mawjq*,

(1.4)

! 2 2 (L.5)
U (9)=3Mwj(q +D) +Hw,, .

This system is a direct product of a two-level system and
a single harmonic coordinate. The choice of harmonic
potentials in this paper allows the incorporation of a gen-
eral model of the dissipative medium with an arbitrary
spectral density and temperature. By restricting the
model for dissipation it is possible to treat general anhar-
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FIG. 1. Potential surfaces of the linearly displaced
harmonic-oscillator system. The lower state is denoted by |g ),
the upper by [e). The equilibrium coordinate displacement and

the energy difference between two potential are expressed by D
and fiw,,, respectively.
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monic potentials. This will be discussed in Sec. V1. Since
the potentials of the system are harmonic, we may easily
study its dynamics by expanding the wave function per-
turbatively in the interaction. However, if the system is
further coupled to a dissipative environment, such as
phonons, the solvent, polarization fluctuations, etc., its
dynamics should be described using the density matrix in
Liouville space rather than the wave function. The densi-
ty matrix allows a proper description of quantum coher-
ence and dephasing processes which play an important
role in the presence of dissipation.

Yan and Mukamel have developed a semiclassical
Liouville-space generating function procedure for the
propagation of the density matrix with dissipation
[19,20]. Applications were made to four wave mixing
spectroscopies. Semiclassical approximations were ob-
tained by expressing the density matrix using the Wigner
representation. In a pump-probe measurement, for ex-
ample, the approach allows the introduction of a door-
way state and a window state which are wave packets in
Liouville space and provide a physical picture for the
process. Another application to electron transfer in a po-
lar medium resulted in an expression for the rate that in-
terpolates between the adiabatic and nonadiabatic limits
[12]. Quantum tunneling via superexchange was also
treated using the same approach [21]. The potentials U,
and U, used in the work of Yan and Mukamel are in gen-
eral anharmonic and the dissipation was incorporated us-
ing a Langevin equation, generalized to include quantum
coherence (off-diagonal elements of the density matrix).
Although the system was treated quantum mechanically,
the inclusion of a classical Langevin force necessarily lim-
its the applicability of this procedure to high tempera-
tures. This could be seen by calculating the linear ab-
sorption line shape and comparing it with the exact ex-
pression obtained using the fluctuation-dissipation
theorem [see Eqgs. (C7)-(C9)]. Both expressions agree at
high temperatures and differ at lower temperatures. The
difference at low temperatures may be attributed to the
classical Langevin approach. If we use the quantum
Langevin force [22], the low-temperature behavior of the
line-shape function may be improved; however, this is not
enough. The system and the environment interact and
the environment carries the memory of the interaction.
This effect often denoted the “memory effect” or the
“correlated effect” of the environment [3] is particularly
important at low temperatures where thermal fluctua-
tions get smaller and the reaction of the heat bath to the
system becomes important. To take this effect into ac-
count, we must explicitly consider the environment de-
grees of freedom instead of introducing them via the ran-
dom force. There are several ways to treat the environ-
ment. For a harmonic system, the path-integral method
is a powerful approach. The environment is assumed to
be an ensemble of harmonic oscillators which may be el-
iminated using the Feynman-Vernon influence functional
[23]. Numerous studies have been carried out using the
real-time path-integral formalism and the influence func-
tional [2,24-26]. A comprehensive study of a harmonic
system was performed by Grabert, Schramm, and Ingold
[3]. They evaluated the functional integral of the system

using the minimal path of the action including the corre-
lated effect of the environment. The density matrix, as
well as coordinate and momentum correlation functions
were obtained, and the time evolution of a factorized ini-
tial state was studied as an example of the relaxation of
nonequilibrium initial states.

In this paper we use real-time path integrals to develop
a fully microscopic closed-form expression for dynamical
variables related to the evolution of the density matrix for
the system described by Egs. (1.1)-(1.5) coupled to a
dissipative medium. We extend the results of Grabert
et al. which were restricted to a single-harmonic-
oscillator potential, to the present problem by introduc-
ing a phase force, which is associated with the quantum
coherence between the excited state and the ground state.
We derive Liouville-space generating functions (LGF’s)
which allow us to evaluate the density matrix as well as
coordinate and momentum correlation functions to arbi-
trary order in the interaction. The limitations of the clas-
sical Langevin approach are precisely specified. In addi-
tion to the microscopic treatment of dissipation which
applies to all temperatures, our results generalize the ear-
lier work of Yan and Mukamel in other important as-
pects. Our generating function applies to an arbitrary
dependence of the nonadiabatic coupling on coordinates
and momenta, i.e., non-Condon effects in optical line
shapes and a coordinate-dependent nonadiabatic cou-
pling. In addition, we provide closed-form expressions
for multitime correlation functions of arbitrary order.
The work of Yan and Mukamel involved the Condon ap-
proximation and considered second- and fourth-order
correlation functions. On the other hand, that work is
more general in other respects, since it provided a semi-
classical description for arbitrary anharmonic potentials,
and in the absence of damping resulted in an exact ex-
pression for the LGF for general harmonic potentials
where the U, and U, potentials have a displaced equilib-
rium position as well as a different frequency.

The organization of this paper is as follows: In Sec. II,
we develop the concept of the phase force after introduc-
ing the influence functional for the effect of the environ-
ment, and evaluate the density matrix of the system. In
Sec. III we calculate the LGF which can be used to study
the time evolution of the system with an arbitrary coordi-
nate and momentum dependence of the nonadiabatic cou-
pling, and evaluate multitime coordinate-momentum
correlation functions. In Sec. IV we calculate generating
functions of the density matrix to even order in the in-
teraction H;. These quantities are also relevant for spec-
troscopies with non-Condon dipole interactions. In Sec.
V we connect our results to these problems. In Sec. VI
we discuss the conditions for factorizing the LGF and the
density matrix, and establish the relation between our re-
sults and the semiclassical Langevin equation. Section
VII is devoted to discussion and concluding remarks.

- II, LIOUVILLE-SPACE PATHS
FOR A COORDINATE-INDEPENDENT
NONADIABATIC COUPLING

Let us assume that the system [Egs. (1.1)-(1.5)] is
coupled to an environment consisting of a set of harmon-
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ic oscillators with coordinates x,, and momenta p,. The
interaction between the system and the nth oscillator is
assumed to be linear with a coupling strength c,. The to-
tal Hamiltonian is then given by

H=H+H', 2.1
where
2 2 2
pn mna)n cnq
"= + — - .
H % 2m, 2 [x,, m,w? @2

We have followed the common notation of Grabert,
Schramm, and Ingold [3]. The total system is assumed to
be initially at equilibrium in the ground electronic state:

J

p(t)=n§6 fo‘qfh fo"dT,,_l_f . fo Zd'rlE('r,, )E(T,,_,)-

where

n

Trg | exp

i

i
P(n)(t’Tn'Tn—l”"’Tl)= (_”‘ #

XH,*...H ™ exp

In the above we used the superoperator notation X
defined by

AXB=AB—BA ,

i . . (2.7)
AXB*C=A(BC—CB)—(BC—CB)A ,

and so forth, where A4, B, and C are ordinary operators.
Since each H;* can act cither from the left or from the
right, and since p'® contains nH, > factors, Eq. (2.6) nat-
urally separates into N =2" terms denoted Liouville-space
paths [1]. In practice we need to evaluate only half of
these terms, since they always come in Hermitian conju-
gate pairs, and p'™ are Hermitian. We thus have

N/2
,)=3 pM()+H.c. ,

a=1

p(")(t,'rn,'rn_,, . (2.8)
where a labels the paths. The function p{*(¢) represents
the contributions of the ath Liouville-space path to the
density matrix evaluated to nth order in H;, and will be
]

-+ E(7 )p(")(t,T",’l‘n_l, R

— Lt~ N Hy+H)

_lgXglexpl —B(H,+H")]
P ™ "Tr{expl —B(H, +H)]}

(2.3)

where B=1/kpT is the inverse temperature. Since we
are not interested in the dynamics of the environment, we
trace over its coordinates. We thus introduce the re-
duced density matrix

P=Trp[pt)] - (2.4)

Here, Trp[ ] represents the trace over the environment
(the bath) degrees of freedom and p,(¢) is the total (sys-
tem plus bath) density matrix. By expanding the reduced
density matrix of the system p(t), in orders of the interac-
tion H,, we have

, 1), 2.5)

— (1 — Ty NHo+H")

H,; X exp P

[ '
_—Z(TZ—T‘)(HO_*-H )X Hprg (2.6)

denoted the Liouville-space generating functions. In Sec.
III we shall generalize this definition to allow for several
interruptions of the paths by other perturbations [see Eq.
(3.1)]. Note that the LGF, p{”(z), depends on all time
variables 7, and not just on #. The 7, dependence is in-
corporated in the a subscript, since each path «
represents a specific choice of the time arguments. For
n =2, for example, there are two possible Liouville-space
paths plus their Hermitian conjugates. These can be
represented using double-sided Feynman diagrams, as
shown in Fig. 2., and are defined as

PP = Trg[GP (8, 7)) V(p,g)GP (1, 7y)
XV*(p,q)GP (11,0)p,] (2.9
=Trp[ G (£,7)V(p,q)G (75,7
XV*(p,q)Gyy(71,0)p, ]

and

PPN =Trp{ G (5,1, [G (3, 7)V*(p,q)G T (71,000, 1V (p,q)}}

=TrB {Gee(t’TZ){ [Geg(TZ’TI)V*(p7q)Ggg(Tl’0)pg]V(P,q)_} } ’

2.10)

where G{”(7,7') refer the propagation operators corresponding to the paths shown in Fig. 2, and G,,,(7,7') is defined

by

Gy (TT YA =exp| —ilr—7'NH,+H')/#] 4 explilrt—7')H,,+H")/#] .

2.11)

For clarity hereafter in this section we consider the simple case whereby V{(p,q)=const, which does not depend on the
coordinate or the momentum. This assumption will be relaxed in Sec. IV.
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In the path-integral formalism, each of the Liouville-space paths can be expressed as

, , (90=45 q'(8) q} , , ,
piNas.q,',t)= [ dg; [ dg] fq(o,% Dlqlf  IDIq'1pS%q.q"q1a)

7'(0)=g;

X exp | 25.1951,0] |Flg,q'st,0]exp | ——Sklq’i1,0] | . .12

The actions S; and Sy are defined by
S.1g31,0)= [ ds[1Mg* = Uy (g,9)] ,

¢ (2.13)

Skla's,01= [ ds[3Mg™*—Ur(q',)],
respectively, where Uy and Uy are the potentials of the left-hand side (ket) and the right-hand side (bra) of the density
matrix. The various Liouville-space paths simply differ by the specific choices of U, and U, r- As an example, the po-
tentials for the paths corresponding to Fig. 2 are given in Table I. By introducing these potentials, we can derive a sin-
gle formal expression which will hold for all paths. The Feynman-Vernon influence functional F [g,9";0,¢] is written as
[23]

e iM e oy d s _ (u)+q'(u)
Flg,q";t,0]=exp ——ﬁ—fodS[q(s) q(s)lzfoduy(s u) 9——9——]

2
—ﬁfotdsfotdu K'(s—u)[q(s)—q’(s)][q(u)~—q'(u)]] , (2.14)
I
where with the spectral distribution function of the coupling,
2 redo J(w) 2
= — , 2.15 c
y(s) Mo 7 o cos(ws) (2.15) J@)=r'S, zmn¢ Slo—0,) . 2.17)

and
The initial condition and the initial correlation between

wfi the system and the environment are incorporated into the

2 Jcos(wS) » (216 function p™(q,4';9;,9;), where CS stands for the corre-
lated state [3]. This is not only a function of ¢; and g¢;,
but is also a functional of the trajectories ¢ (¢) and g'(t)
and is presented in Appendix A.

K'$)= [ " 421(0) coth

?1 1::2 We now introduce the center and the difference coordi-
: 1 nates
= . ]
+ !
(]) 8 e & . rE-q——q—z . xEq—‘q' . (2.18)
S
g

The initial and the final coordinates x;,7; and e Xy are
defined similarly. Then the density-matrix element Eq.
(2.12) is rewritten as

— |

—- [}
-4

TABLE 1. Potentials of the left- (ket) and right- (bra) hand
sides of the density matrix corresponding to the Liouville-space

FIG. 2. Double-sided Feynman diagrams in second order. paths given in Fig. 2.

The lines denoted by L and R represent the time evolution of ‘ <
the left- (ket) and the right- (bra) hand sides of the density ma- & Ulg,s) 0-7y =T . Tt
trix, respectively. The thin and thick lines denote the ground

state [g ) and the excited state |e). Path 1 corresponds the tran- ! g’“ ((q’,s;) g‘ qu) geiqz) Zg qu )
sition from g to g, whereas path 2 corresponds the transition R a g9 s'q

from g to e. Two other paths, which are the Hermitian conju-

gates of the above paths, are not shown. These conjugate paths 2 gLi%’S;) g"?‘]?} Zeng) ge;qz)

can be obtained by interchanging L and R. RS Yeld)  Gelg)  Ulg)
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x(t)=xf r(t)= rr 1
Py 1y t) = fdx fd, f w0r=x, D["]fr(o,— ‘D[r] exp ﬁz [x,7,t;%;,7;,0] |exp ——ﬁ—zﬁ(xi,ri) , (2.19)
where the subscript 8 implies that this quantity depends on temperature and
Spx;,r)=M Elxr2+9'—x , (2.20)
and
t . i t t ,
2,[x,r,t;x,-,r,.,0]=Mfods[r,.CI(s)—tx,-Cz(s)]x(s)-i-3Mfoa’s fodu R'(s,u)x (s)x (u)
+fotdsM x(s)i'(s)—a)%x(s)r(s)—x(s)% fosdu y(s —u)r(u)
Aot [y B'(s — ot (n) (n)
+ fodsfoduK (s —u)x (s)x (u)+ fods[F; (s)x(s)+ £l (s)rFs)—I-CDa" ()] . 2.21)

In the above equation, K'(s —u) is defined by Eq. (2.16),
and C,(s), C,(s), and R’(s,u) are related to the correlat-
ed state and are given by Egs. (A3) and (A4) in Appendix
A. The temperature-dependent parameters A and ) are
expressed in the Matsubara frequency v, =2wn /#f3 as

-1 3 1
AT 2 At v e

w3+ 1v. |91, ) (2.22)
9,——— s -

el a>0+v2+]v 9w, D) 7
respectively, where $(z) is the Laplace transform of y(s),
Plz)= f “ds vis)exp(—zs) .

The functions F(s), £{(s), and ®!"(s) depend on the
path «, and are deﬁned by

(2 23)

FM(s)=— [%[UL(r +x/2,8)

—UR(r"‘x/Z,S)] b3
x=pr=0
Flsy=— | LU, (r+x/2,5)
@ dr- t ’
—UR(r—x/Z,s)]l ;224
X=r=

M (s)=—[U,(r+x/2,s)
—Ugp(r—x/2,5)]|,=r=0

As an example, we present the functions corresponding
to the paths of Fig. 2 in Table II. In Eq. (2.21), because
of the quantum coherence between the bra and the ket of
the density matrix, we have not only the contribution
from the real force F (”’(s), but also the phase force
£ (s) and the phase (I)(")( ). In spite of the existence of

the phase force, our system is still harmonic, and only the
minimal path of the action contributes to the functional
integration of Eq. (2.19). The minimal path is the solu-
tion of the equation of the motion:

drs - 2
+ds foduy(s ulr(u)+ogr

ﬁ%FL’”(sH——i—ftdu K'(s —u)x (u)

R L LT[ Cs)—ix; Cy(s)]
+zf du R'(s,u)x(u), (2.25)
where x (s) is the solution of
. d 1
i—— [lduyu—sixw) ol =——fs),  226)

and C,(s), C,(s), and R'(s,u) are auxiliary functions re-
lated to the correlated state and are given by Eqgs. (A3)
and (A4) in Appendix A. The above equations are readily
obtained from the phase Eq. (2.21) by taking the variation
of x(s) and r(s). Equation (2.25) with Eq. (2.26) extend
the quantum Langevin equation [22] to incorporate the
correlated state and the phase force f{(s). Except for
the phase force f{"(s), the following procedure is paral-
lel to Ref. [3] and we obtain the propagation function in
the form

TABLE II. Functions F2(s), f?(s), and ®2)s) for the
paths given in Fig. 2, where we introduced A=MD%w}/2% and
E=MDuaw}/%.

a functions . 0-7y =T - =t

1 FP 0 —HE/2 0
FEs) 0 . —HE 0
@2(s) 0 — ey +A) 0

2 FP(s) 0 —#E/2 —#E
f(s) 0 —#E 0
ONs) 0 —#i(we +A) 0




x(t)=xf rit)= =rs

i
exp Ezz(xf’rf’t;xi’ri’o) = fx(0)=x‘

=71
N(t)

D x]fr(o) . D[r]exp
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ZZ [x,r,t;x;,r;,0)

explialt)r;x; +iB(t)rx+i8(t)r; —e(t)x,-2+i¢(t)x,.rf

Fip(e)x,x, +8(0)x; Hr(t)xp+io(Orp+iT(t)xprp+c'(8) +ic"(1)], (2.27)
|
where the functions and the outline of calculations are  (7,){"= f tdt'X(t —t")F"(t")
given in Appendix B. The propagation function in Eq. °
(2.19), which was defined in terms of a functional of x (¢) +~l—ftdt’S(t—t')f§x")(t’) (2.33)
and r(z), is now a function of x,, r;, x;, r;, and t. Then, fido
by integrating Eq. (2.27) over x; and r;,, with (p‘t)ﬁ;":Mf’dt'/\'g(t—t')}?gz")(t')
exp[ —Zg(x;,r;)/#], we can recast the density matrix in 0
the Gaussian form: -+ l—jﬁu—ftdt'S"(t —t')fM () (2.34)
172 0
(’”(x,r,t) _12_ ; ,
2m(q?), sz"’(t)=;fodt' Q')+ £ (e")
1
Xexp | =5 (r—(7)")? .
2<q >g Xfotdtux(tl__tu)Ffzn)(tu)
1 1
—_(p2>8x2+—<ﬁt >:1n)x 1 L tan (n)y oy pln)g o0 ' ”
21 # 2 Joar [ reungPunse =iy,
+Qf,”’(t)] . (2.28) (2.35)
. ) and
The position and the momentum expectation values are #
defined by (g®);=-—A=5(0),
M (2.36)

(7)W= Te[ppl(8) ]/ Tr[pM(1)] ,
(P)e"=Telpp(0)]/ Trlpi(1)]

respectively. These time-dependent parameters and the
overall phase Q" (¢) can be expressed in terms of the an-

(2.29)

tisymmetrized position correlation function (the response

function) and the symmetrized position correlation func-
tion of the ground equilibrium state:

x(¢ E%(q(t)q qq(1)),

1 ro do oP (@) . '

—Hf—w? @— ot o ie) sin(wt) , (2.30)
and

S(t)E—;—(q(t)q-i-qq(t))g

=% = do op(@)
MY~ 27 (0} —0?)P+oPHw)
X coth ng cos(wt) , (2.31)

with

Plo)=P(—ioV(w)/o , (2.32)
in the form

(p?),=AMQ=—M25(0) .

Note that x(z) is related to S(z) by the fluctuation-
dissipation  theorem and y(—t)=—x(t) and
S(—1t)=8(z). The first terms of Egs. (2.33) and (2.34)
represent the contributions from the real force F{"(z)
and satisfy a linear-response relation with F{")(¢) and the
response function y(¢) or its time derivative y(¢) [3]. The
second terms of Egs. (2.33) and (2.34) are imaginary and
represent the contributions from the phase force F\™(t).
The second terms have similar form to the linear-
response relation, except that the response function y(z)
is replaced by the symmetrized function S(z). Note that
(F)W=3 (7)) and (p,)"=3,(p, )" are real, since
they represent the expectatlon values of Hermitian opera-
tions. If we set £\ (t)=®"(¢)=0, Eq. (2.28) reduces to
the density matrix of a harmonic system driven by the
external force FU"(¢). When the force F(¢) and the
phase ®{"(¢) are added, the above result still retains the

':harmomc form, and the widths of the wave packet ( qz)

and {(p?), are 1ndependent on time. The function Q“’)(t
depends on FiP(), f7(t), and ®Y(z). This function
remains in Eq. (2 28) even when we take a trace; i.e.,

fdrp(")(O,r,t)
=exp[Q§z"’(t)] -

TrlpM(x,r,t)

(2.37)

In the Wigner representation defined by
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1 )
= ipx /#%
Wip,q,t)= o fdxe 'o(x,q,1) , (2.38)
Eq. (2.28) becomes
1 172
wir(p, ,t)—— -
P4 (p¥. (g,
1 = V(n)y2
x —_—— —_—
exp 2(q2) (g—<(g, ")
( 2) (P <pt>(n))2
+Q"M (1) (2.39)

The Wigner function is not positive definite, however, it
is extremely useful for comparison with results based on
the classical density matrix in phase space and for devel-
oping semiclassical approximation for anharmonic sys-
tems.

III. LIOUVILLE-SPACE GENERATING
FUNCTIONS AND CORRELATION FUNCTIONS
WITH ARBITRARY NONADIABATIC
INTERACTIONS

A. Liouville-space generating functions

V(p,q)=const. Here we generalize these results for a
coupling of the form V(p,q)=pl(g)n(p), where u(q) and
n(p) are any functions of g and p, respectively. Our goal
is to calculate the LGF [Eq. (2.8)] for this model. In fact
we shall generalize the definition of the LGF to the form

oM (x,rt)=Trg[ « - - (g P (r)n(p P (7,,)) - - -

Xpg - *(p""’wm,))

Xu*(q'(”) -1, (3.1)

which is more general than the LGF introduced previ-
ously, since it allows the introduction of arbitrary cou-
plings at any point during the time evolution of the densi-
ty matrix. Since the derivation requires the introduction
of many auxiliary quantities, we shall hereafter proceed
gradually. We first evaluate simple quantities including
only a single V(q) operator. The generalization to Eq.
(3.1) is then straightforward.

Consider a LGF with a coordinate-dependent interac-
tion acting on its ket which is defined by

o x,n ) =Trp[u(g'M(1)p, ]
=Trg[GP (6, T@)G(7,00p,], (3.2)

where G L")(t,O) is the Green function of the total system
corresponding to the nth order path labeled o [see Eq.

In the previous section, we derived expressions for den-  (2.10)]. In the path-integral formalism, this is expressed
sity ~matrix elements for constant coupling as )
J
x(t)=x rit)=r ’ :
(n) — f s X ape .._i
oy (xf,rf,t)—fdxifdri fx(0)=x, D[x]fr(o)zri D[riu[r(t)+x(7)/2]exp ﬁE,[x,r,t,x,.,ri,O] ﬁEB(x,-,ri)]

x(t)=xf

= ‘u(a/aa)fdx,-fdri fx(o)=x'D[x]fr:::_ D[rlexp

a f ds 8(s —7)[r(s)+x(s)/2]

a=0

(3.3)

i 1
+ ZE,[x,r;t;xi,ri,O]— ;Eﬂ(xi,r,-) ] ’

where the functions are given in Eqgs. (2.19)-(2.24). By comparing with Eq. (2.21), we find that the terms proportional

to a can be included in the forces by replacing

ia#h

F{M(s)>F" (s )—Ta(s —7), ) —>fM(s)—ia#dls—1) . (3.4)
Thus, by substituting the above functions into Eq. (2.28), we obtain
(n) = -—(n)
o (X, /)= | | = (x,r,t,a) ) 3.5)
* da a=0
where the generating function Z\")(x,r,t,a) is expressed as
Em(x,rt,a)= 1 1/zexp L [r—(F )(”’—aC(t—T)]z-—l(pz) x?
a LA ] 21r(q2>g 2(q2>g t'a 2ﬁ 8
) 2
+ 2B +aMClt —1)]x + QP (+alg,(n) +£-C(0) (3.6)



In which (7)™, (5", Q{" (1), etc. are given in Sec. II
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Note that the last two terms of Eq. (3.8) are the contribu-
tion from the phase force, and if we set £\ (¢)=0, Eq.
(3.8) simply expresses a linear response of the real force

C(t)ES(t)—i—j—x(t)=<q(t)q Yg s (3.7)  F(¢). By definition, we have (7, ){"={(g,(¢)){".
We next consider a density matrix with a momentum
and ket interaction, i.e.,
= )= REPVAY - ) FTRSE Y ’
(@i(n))q _IOX(T PIF g (¢')dt o' x,r, ) =Trg[n(p M (1))p, ]
4 ! ! n !
—yfrdt X(r—t")f (') =Trp[GP (6, Tm(PIGE (1,0)p,1.  (3.9)
i t ’ 1 1
+;f Odt Str—t")f(") . B8 Inthe path-integral formalism, this is expressed as
]
- N x(0=x, Ho=r, -
o'y (xf,rf,t)—fdxifdr,- fx(0)=x,. D x]fr<0)=r, D[r]lexp zzt[x,r,t,xi,r,-,f] n[9/9r(7)+2d/0x(7)]
X ¢Xp %E,[x,r,ﬁxi,r;,o]—%Zg(xi,ri) ] . (3.10)
Since the momentum operator reduces to M [#(7)+%(7)/2], we may rewrite
J d d ' t, o« bM rt, &
=|— —bM — —— &(s — ) 3.11
P +2 ax(n) {Bb exp |—b fods (s —7)r(s) ) fods (s —7)x(s) oo (3.11)

where we performed the partial integration. Thus, the generating function of the density matrix Eq. (3.10) can be ob-

tained from Eq. (2.28) by replacing

F;"’(t)—»Fg,”(t)nL’—b%@S(t—r) y ) f 1)+ iBMAB(t —7) . (3.12)
The result is
3 _
n) — L El(n) .1
o' Hx,rt)=|n 3 |5 (x,r,t,b) ieo’ (3.13)
where
. 1 (7= bMC(t—1) P = (p?) 2
= x,rtb)= | ——— ex r—{7 YW —bMC(t —7)P—— x
x, [2ﬂ<q2>g p 2<q2>g[ 1 F=oz{p™2
2 e
+%[<p,>5;’+bM2é(t—¢>]x+Q§,"’(z)+b<ﬁ,(f>>§,"’+%MZC(O) , (3.14)

with
(BUr)P=M [ Jr—t)FP)dr’

M ’ 1. ’ n 1
—TITdt Y=t ) ()

ﬂ_ L sty eln)gpr
o [arSe—irPun . gas)

In the same way we can evaluate the LGF with a coordi-
nate and a momentum bra interactions, which are defined
by

U"&")(x’r’t)ETrB[Pg#*(t]'fz")(T))]
=Trp(Ge (66 (0 @)

(3.16)
0", )= Teg[pg*(p'y (7))

=Trp(G Y (1, {[GP (1,000, In* (9)])

|
respectively. We may calculate these LGF’s by simply
changing the signs of the second terms of F{")(¢) in Eqs.
(3.4) and (3.12). The results are obtained by replacing the
functions C(¢), {(g,(7)){", and {B,(r)){" in Egs. (3.6)
and (3.14) by

C*(t)ES(‘t)+%x(t)=(qq(t)>g , 3.17
(@@= [ Hr—tFPar
+1 [ larxr—e )P
i ¢ ’ ’ n ’
+o [arsa—orian, (3.18)

and
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= W= [ r—t \FM (¢)dt' The above results can be easily extended to LGF’s with
{Pi(n)d f AT e ) general bra and ket interactions similar to Eq. (3.1). The
L girsr oy pn) g generating functions for this can be obtained from Eq.
+7f dt'ylr—1')f (") (2.28) by replacing
. . : (n) (n)
+ [larStr—riPu, (3.19) Fgl(D—Fg"(1)+hy(1,{a,b}) 5201
-8 +h,(t,{a,b}),

respectively. where

h(t,{a,b})=——

zala(t_'T])_ Eall'S(f'“TI')_MEbMS(l—Tm)+M2b,'nv8(t—7'm')] ,
! ! m m'

. . (3.21)
h(t,{a,b})=—ifi [T a8t —7;)+ 2a[:8(t—rp)—MszS(t—'r,)—Mzb{,B(t—Tp)] .
1 ] 1 r
Here {a,b} represents a set of parameters {...,a;,...,d},...,b,,...,b5...}. Then, from Egs. (2.33)-(2.35), we
have
=0t b )= | | exp | (70—t 0 Pk (P
2m{g?), 2(q%), 24
—[(p,)‘"’+p‘“’(t {a,b)x+QM () +X\"(¢,{a,b}) (3.22)
where (7, )" and {5, )™ are given in Egs. (2.33) and (2.34), respectively, and ) o
(”)(t{ab})—za,C(t—T,)-i- Ea,C*(t—TIH-MZb Clit—r, )+M§_;b CHt—1,), (3.23)
p"(t,{a,b})= M[Ea,C(t—T,)+ S a,C* (t—'r,f)+M2b Clt—r, )+M2b CHt—7,, )] (3.24)
and
(n) _itlt, ”" t__an ' (n) (400 "
Xa"(t,{a,b})—ﬁfodt fo dt"x(t'—t" ), (', {a,b)[FM (t")+ (", {a,b})]
L. L T 1ty pln) g "
+ [l [ ey =) f P (@b )
2 WY 1 Ln (n) 41 ' "
_?fodt fodt S(t'—t"N2f (') +h, (¢, {a,b} )}k, (t",{a,b}) . (3.25)
By using these generating functions, the density matrices Eq. (3.1) are expressed as
oy x,r,t)=[ - - - q*(3/3by. )u*(3/3a,, ) - - - Wd/3a,, M(8/3b)) + - - 1EGNx, 7,8, {a,b ) (4,51 =0 - (3.26)
I
Equation (3.26) allows us to evaluate the LGF’s (g (M))G=Tr[G(1,7)9G ﬁ,’”(r,O)pg] s
pi(x,r,1) [Eq. (2.8)] with interactions ¥ (p,q)=p(g)n(p) (3.27)

(n)ET (n) Ay (n)
to any order by specializing to a specific choice of the in- {pi(r))q G (£, mpG " (7,0)pg ] -

teractions. In Sec. IV we calculate the density matrix . . ) ) .
with the interaction ¥(p,q)=pu(q) to second and fourth ~ Since these quantities are defined by acting with g during
orders in H,. the process at time 7, (0 <7<¢), they involve two propa-
gation periods and cannot be evaluated from Eq. (2.28).
B. Correlation functions However, they may be evaluated using Egs. (3.5) and
(3.13) by setting x =0, and integrating over ». We then
Experimental observables can usually be expressed in  have
terms of multiple-time correlation functions of the coor-

(M= (7 (n) (n)
dinates and momenta. Equation (3.26) also allows us to (g (m)'=(g.(r)" exp[ Q5 (1)] , (3.28)
calculate arbitrary multitime correlation functions. (p,()) fzn)= (p.(1) )Ezn) eXp[Qi,, n()], ’

Consider a coordinate and a momentum expectation
value of a ket defined by where
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Y=(q ()P / Te[plM(1)] ,
N/ Tr[pl(1)],

‘oo (3.29)
(P AP ={p,(r )

and are given by Eqgs. (3.8) and (3.15), respectively, and
the phase function Q! (¢) is defined by Eq. (2.35). Note
that we defined {g,(7))” and {p,()){" for any time
0 <71 <t; these results also hold for 7=t or 7=0.

In the same way we can calculate a coordinate and a
momentum expectation value of the bra as

(g (P =g/ (r)Pexp[QP(1)],
(p/ (TP ={p,(1))Pexp[QP(1)],

where (7;(7))'" and (p,(7))!" are given by Egs. (3.18)

and (3.19), respectively, and ¢’ and p’ refer to the coordi-

nate and the momentum acting on the density matrix bra.
Two-time correlation functions such as

(g()g )= Tr[9G " (£,009p,] ,
(g'q" ()= Tr[gG P (1,0)(p,2)] ,
etc., can be similarly evaluated from Eq. (3.22):
{(g()g Y =[C(t)+(7,(£))(g,(0)) P lexp[ Q" (1)] ,

(3.30)

(3.31)

(3.32) the LGF for a position-dependent interaction
s Vip,q)=u(q). We start with Eq. (2.5) recast in the form
(p()g )P =[MC(t)+(p,())"(g,(0) )] S . , a
Xexp[ @ (0], (3.33) plund=3 pxnt) . @.1)
n=0
(g(t)p)=[—MC(z )+ (7, ())7p,(0)) ] We shall be interested in electronic populations (as op-
(n) posed to coherences) and therefore consider even order
Xexp[Q,"(1)] » (3'34)1 terms of the expansion, i.e.,
2
PP rn=|—-—| [ _dm f _dTE(n)E(m) z pm(x,r,t) , (4.2)
px = |— E(73)E())E(T)) 2 pPx,mt), 4.3)
a=1
and
1Y "k+1 N
PV (x,r,t)= {—% H f I Etro) z P2 (x,r,1) , (4.4)
k=1 a=1 .
where
A 0 ! 172
2
(x,nt)= | ———
x ﬁ# 9 p —l————[r—('r‘ YN _ 2N (4 {c})]z___l__<pz> %2
k=1 |9Ck 2(q2)g e “ ’ 2% 4
[<p,>‘2N’+p‘2N’(r {e}) ]x+Q;2N’(t)+X£3N’(z,{c})J ” , @.5)
G=

(p()p Y P=[—M2C(t)+{p,(1))P{(p,(0))"]

Xexp[@QM(1)], (3.35)

and
(q'q"(1))M={qgq(t))"
' =[C*n)+ ()" (g/(0)) M ]exp[ Q" (1)] ,
(3.36)

etc., where C(t) and C*(¢t) are the coordinate ground
correlatlon functlons glven by Eqs. (3.7) and (3.17). The
functions (g,())%, (g, ()P, (B, (1))'™, etc. are the
prefactors of the posmon and the momentum expectation
values of the bra and the ket and are given by Eqgs. (3.8),
(3.15), (3.18), and (3.19). If we set these terms, as well as
QM(1), to zero, the above expressions reduce to the re-
sults of the ordinary harmonic oscillator [3].

IV. DYNAMICS OF ELECTRONIC POPULATIONS

By introducing the virtual forces Eq. (2.24), we were
able to recast our results in a compact and general form
without alluding to a particular order (n) or Liouville-
space path a. Here, we present explicit expressions for
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T 5 TR BT Auxiliary parameters to calculate LGF to fourth
1y 42 13 ) . 1 % .tz. t-3 R = . N - ) ) ) . '_7
TR ; i oy
] e [ £ T - P
(1) f —r (8) . G € &
i € L £ ¢ ; iemtzor SLixd. D oman e s £
- L : : ; : ' i _
(2) 8 e K;. ) . (6) i _'_K.‘ . .:{-_ B i PR —
2 € & R | ga I3 F3 3 - _-'T,_i_, ~ —
VL' g : \ = T
(3) | ]I Pt (7) ¥ R
7T g il I 7 o - - .
- wL TS LS R - -
- - -t . - ':_:2: P PP N . .
ORI NN ge 8 T T . OIN(s)=—Hw+A)I €, _4[O(s — Ty )—O(s—1y)],
F - g < ) i=1
FIG. 3. Doubled-sided Feynman diagrams in fourth order. =~ where O(t) is the step function and «a now refers to the
The paths 1-4 correspond to the process g to g, whereas 58 set {Gj} ={€,,€6,...,6y} and
correspond to g to e. The Hermitian conjugate paths of 1-8, 2 2 2
which can be obtained by interchanging L and R, respectively, — MD D9 — MD @p
A= , &€= . 4.7)
are not shown here. 24 #i

and « indicates the Liouville paths such as the ones given
in Figs. 2 and 3 and their complex conjugate. To write
the result in compact form, it is convenient to introduce
sign parameters €; =% for a time period 7;<f<7;4,
[18]. We chose €,;;=+ (—) for the eg (ge) state for an
odd time period where a density matrix is in a coherence.
We further chose €,;=+(—) for the ee (gg) state for an
even time period where a density matrix is in a popula-
tion. As an example, parameters of the fourth-order
terms corresponding to a=1-4 in Fig. 3 are shown in
Table III. Functions in Eq. (2.24) are then expressed as

N
Favs=—25 |14 3 {0ls—m)= 00 —ry1)] | »
]=

N
fgzzN)(s)=-s—ﬁ§ > ezj_l[e(s_’rzj—l)_e(s_TZJ')] ?

Inserting the above functions into Eqgs. (2.33)-(2.35), we
can calculate the coordinate, momentum, and phase func-
tions in Eq. (4.5) as

N-1
- . ie—1 . ,
(FIGN=—ig jgo E2j+1€ ey ey, 1 T T21)

N
- 2 EZj—lgE Eqs (t_TZj) y (4.8)
= 272 —1

N—1

j§0 €j+18¢,6,4,(t T T2j+1)

(P =—iMe™!

N
> 52j—1§ezjezj_l(t_7'2j)] ,
j=1 '

4.9)
j=1
(4.6) and
] . o
N) , N N
Qa (1) = —ilogg +k)j§1 €2j-1(T2j = Tp-1)— '21 8ey, 16y, T2 TT2j-1)
= s
N N-1
- 1=§+1 kgl €-1€%-1l€e, e (71T )"8e, ey, (7o)~ Tk
—gfzk—lfzk_z(TU—l_T2k—l)+g52k_152k_2(72j_Tzk—l)] ) (4.10)
I
where €,=— and we introduced the auxiliary functions _if w
which create the line-shape function defined by (see Ap- he(t,{c}) 2 kél €k 1681 — 7 ),
pendix C) 4.12)

gi(t)Eé-Zfoldt,fotldtu ‘S(tu)j:%x(tu)

{4.11)

Using €;, we can express the generating forces, Eq. (3.21),
in the form

2N
h,(t,{c})=—iﬁ E ckﬁ(t—rk) .
k=1

Then the generating coordinate, momentum, and phase
functions defined by Egs. (3.23)—(3.25) can be evaluated
as
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2N 2N
ra (e D=6 3 liee, (t—Ti) 4.13) XM= 3 e g ({r}NY
k=1 k=1
_2 2N—1
2N +§ 2 2 ckcmge € (Tk_Tm)
pg.N)( tic })=M§"'2 S Ck'g"skek_l(t_’fk) , 4.14) k= m+;m 1
k=1 2N ¢
+E2S = 50), 4.15)
k=1 2
and with
J .
_ N o1 k>2m+1 . k>2m
(@l{r}Ng"=—ig 20 Em+18e, e Tk Tam+) ™ X €rm—18e,,, 60,1\ Tk~ T2m)
m= m=1
m=N-—1 m=N
- E €2m+]gsksk I(TZm—H Tk)+ 2 €2m—1gekek I(TZm Tk) (4'16)
2m+1>k 2m>k

The above result allows us to study dynamics of electron-
ic distribution functions in the displaced harmonic poten-
tial coupled by the interaction u(g). In the next section,
we apply these results to calculation of the nonlinear-
optical response in condensed phases.

V. NONLINEAR-OPTICAL RESPONSE
WITH NON-CONDON INTERACTIONS

The results of the previous section can also be applied
to study the nonlinear-optical response by substituting
V(p,q)=pulq) as a non-Condon dipole moment and tak-
ing E(z) to be the external electric field. The optical
response can be expressed in terms of the optical polar-
ization

P(r,t)= Trlu(g) e gl +Ig ) {el)p(1)]

in which p(¢) involves the interaction between the driving
field and the system. If the interaction between the sys-
tem and the electric field is weak, we may expand p(¢)
and consequently P(r,z) in powers of the electric field.
For our model, the second-order polarization vanishes, so
that the lowest nonlinear contribution is third order. We
thus have

(5.1

P(r,t)=3 PN =U(rg),

Pm(r,t)=—%fowdt1E(r,t—tl)R%l’(tl)-l—c.c. ,  (5.3)
POr,1)= 3f diy [ "ty [ “dt,E(r,t—1;)
XE(f,t“t2_13)E(l',t—‘tl_tz_‘t:;_)
X 2 R (ts,t5,t)Fcc. ,  (5.4)
and
BT A P
— i
PN D)= | —— n f dtk]
2N -1 ok
Il E(r,t— 3 ¢t,)
k=1 m=1
N
X 3 RPN V(g D+c.c., (5.5)
a=1
where we introduced the time variable t, =7,  ;—7, and

R2N=V({t,1) are the (2N —1)th-order response func-
tions for the specific Liouville path a. As examples, here
we write down the first- and third-order polarizations as

N=1 5-2) RV ()= plq(rplg(r—t )P, (5.6)
-vhere and
J
RP(t3,25,1,) =<y(q(1-)m(q(r—tl—tz—z3))u(q'(f—rz—r3))u(q'(r—t3)>>‘1“,
RPU(t5,t5,t )= {pulg(rlg(r—t, —t;plg (r—t; —t, — 13 pulg ' (T—13)))5Y 5
R )(t3»t2» ={ulg(M)ulg(r—t;))pu(g (r—t,—t, —t: Dpulg'(r—1,— 1)), '
RPN (t5,15,1)={pq(rlg(r—t3))ulg(r—t, —t;pulg(r— 1, —t,—13)))§

where subscripts refer to the Liouville paths given in Figs. 2 and 3.
By integrating the generating function Eq. (4.5) over x and r, we have the (2N — 1)th-order response functions in the

form
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2N
RAN=V(eh=| | IT w(d/3c;) exp[Qf,ZN)({t})+X2N)({t};{c})]J ) (5.8)
= fe}=0
where
(2N) = S o ;
Qq ({t})=—"wegj§1€2j ltli-l_jglgfzj—lfzj—z(tlj—l)
N N-1 2j—2 ) 2j—1
—j=§'+1k§1 27 —1€2k —1 g52k52k . I=22ktl “8eper s 1=22kt1
) 2j—2 ) 2j—1
T8y 16— 1=%_1t1 +g€2k—1€2k—2 1_%_1t1 (59
and
m—1 2N I?
XE(D= 3 elg () +e2 3 s kCmbe,e, , | 2 0| TET? 3 ¥ 5.10)
k=1 k=m+1 m=1 1=k k=1
with
(2 - k>2m+1 . C k-1 Ck>2m
<§k({t})>a =—i§ 2 Ezm'*'lgeszzmﬂ 2 €om — 1g€2m€2m—] 2 g
m=0 I=2m+1 =1 1=2m
m=N—1 m=N 2m—1
- 2 €2m+1geksk -1 2 4|+ 2 €2m—1geksk_1 2 i (5.11)
2m+i>k 2m >k 1=k

In the above, the label a refers to a set of sign parameters {e} ={¢,,¢,, . . ., €51} and wy; =w,, +A. The second- and
the fourth-order response function are then expressed as -

R{P()={1(3/3c,)u(d /3¢, ) exp[ @2 (¢ )+ X (¢, {c) Y ey=o0 » : (5.12)
and

Rt3,85,,)=(1u(3/8c, )u(3/3c3 (3 /3c, a3 /3 ) expl @ Py 1 (1)) +X P 4 ((2)5£e 1) Do) mo »
R (t3,15,2,)=(u(8/3c, (/33 )u(d /3¢, )u(d/dc, ) exp[ @4, +{EN+FXE (e {e D=0 »
B
3

v (5.13)
RPN t5,15,1)=(u(d/3c, ) (8/9c3)u(8/3c, )u(d/3c, Yexp[ QM ({2 tH+XY_ L ({}; C})])I{c§=0’
R (t3,8,)=(1(8/8,)(3 /33 u(3/3,)u(8/3c ) expl QP . ({t )+ XD, ({1} (e Dljer=o»
where
Q1)) =—iw,t;—g_(1), , o " A V)
XP(t,,{c) =—ig-1g_(t1)(cl+c2)+§_-2[g'_(t1)c,c2+%(c%+c§)g<0)], (5.15)
Q(sﬁze:‘ I3,89,1 )=_im'eg(eltl+63t3)_g—el(tl)_geze3(t3)
_6163[g€162(t2)_g5152(t2+t3)_g—el(t1+t2)+g—61(t1+t2+t3)] ’ (5.16)
X(s‘:lﬁ(tpfz,tl,{c})=01(71(f3:t2”1»glzez’*‘cz(?z(fs’tz,tl))(efé,es’*‘cs(?s(fs»’z’h)>(s‘:éze3+c4<‘74(f3’t2’f1))(e‘rlzea
+§—2[C1C2§_51(t1)+CIC3§_E](ti+t2)+C2C3gel€2(t2)+C1C4§_El(tl+i2+t3)
+c2c4g'6152(t2+t3)+c3c4g'5253(t3)+%(c%+c§+c§+cﬁ (0)], ' (5.17)

with
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(ql(tl,tz,t3))(512253=—i§_‘[61§_51(t1 )_€3g_51(t1 +t2)+€3g-_el(t] +t2 +t3)] 3

<§-2(tl:t2at3))LTLZE3=~i§—I[61g—sl(tl )+63g6162(t2+t3)_6326162(t2)] H

<63(t1:t2»t3)>(€Tl253=;i§_l[elgl—el(tl +‘t2)‘“€1g'€1€2(12)+E3§‘€2’53(t3)] ’

(5.18)

(Gult) 15,1308 e = =167 [eg ¢ (11 1y H 1) —€ge o (1 F13) ek (13)]

Numerous applications to frequency-domain and
time-domain ultrafast techniques have been made to Eqs.
(5.3) and (5.4) using R{"(¢,) and R} (1;,1,,¢,) with the
Condon approximation. The present results provide a
generalization to non-Condon interactions and to optical
processes of any order. One technique where non-
Condon effects are important is impulsive Raman spec-
troscopy. It has been analyzed in detail for resonant exci-
tation within the Condon approximation [1(c), 20]. For
off resonance, the non-Condon contribution is dominant
and the signal can be written in terms of a response func-
tion of a nuclear coordinate, originating from the coordi-
nate dependence of i [5]. Our results provide a useful ex-
pression which interpolates between these limits.

As a simple application of these results, we have calcu-
lated the linear absorption spectrum of a model system
which includes a single vibrational mode in a medium.
The absorption line shape is given by

1(w)=fo‘”dth“(tl)exp(icot)+c.c. (5.19)

We have allowed for the variation of the transition dipole
with the nuclear coordinate (non-Condon effects) and as-
sumed

1,12

wl@)=potpog +3p09° (5.20)

where
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FIG. 4. Absorption spectrum [Eq. (5.19)] with Condon and
non-Condon dipole interactions for a weak damping case,
¥ =0.05w,. The fundamental 0-0 transition (not shown) is 230
times more intense. The solid line (u'=0.1,u" =0.01) indicates
the non-Condon interaction, whereas the dashed line indicates
the Condon approximation. The difference between these two
{ines is shown by the dotted line.

o d%u(g)

q=0
(5.21)
We assume a frequency-independent damping, 7(w)=v,

where analytical expressions of symmetrized and an-
tisymmetrized correlation functions are known [3]. The

‘auxiliary function is then given by

g (t)=g'(t)xig"(t), (5.22)
where
AR iBAA
g (=1 | — (e "+ 2 —1)coth il
S
A2 iBAL
- 22(e k‘t+klt—1)coth Bt
28wy
4yl = e "y t—1
. = 2,222 (5.23)
Bﬁ n=1"Yn (0)0+Vn) Y Va
and
2/2_ 2
g (=i |72 | L0 ey
§ay
+—Z;cos(§t) +t—12— (5.24)
e ) @5

In the above we deﬁnéd‘vn =2mn /#B and
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FIG. 5. Absorption spectrum for a strong damping ¥ =5w,,.
Other parameters are the same as in Fig. 4.
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x1=3£-+ig, x2=32’———ig, E=(d—y2/a 2 . (5.25)
Figure 4 compares the absorption spectrum for this
model with the spectrum in the Condon approximation
(u'=p""=0) for an underdamped mode (y =0.050,) with
©o=500 cm™!, D =0.1Y#/Mw, T=300 K, u,=0.1,
and py=0.01. This model can represent a high-
frequency intramolecular optically active mode or an im-
purity in a crystal. In the figure we show the vibronic
sideband 0-1 transition. The fundamental 0-0 transition
(not shown) is 230 times more intense. In Fig. 5 we show
J

L

exp

éE,(xf,rf,t;xi,r,-,O) ]=fdx,fdrrexp

Such factorization implies the existence of a reduced
description whereby the bath degrees of freedom are al-
ways in equilibrium and we can follow explicitly just a
single degree of freedom x and r. The classical Langevin
equation is a common example of a reduced description.
When such a level of description applies, we can describe
each segment of the Liouville-space path in terms of a
conditional probability and an accumulating phase factor
[5,20].

In order to find conditions of the factorization Eq. (6.1)
to hold, we substituted Eq. (2.27) into both sides of the
above equation and compared the terms in the exponent.
The following conditions need to be satisfied for Eq. (6.1)
to hold:

ﬁLAS(z>=5(<t) : 6.2)
Xty ey o< (e () +x(2 %2, (6.3)
and
X —x (=M% or ¥(1P—x()¥(1)=0,  (6.4)

where the last condition was found from the x} factor.
As seen from the definition Egs. (2.30) and (2.31), the first
condition can be met provided the temperature of the en-
vironment is sufficiently high, i.e., coth(#ifw /2)~2 /#Bw.
The second and third conditions are satisfied only when

y(t)= A;a’)—'—sin(a)t) (6.5)
or
x(t)=Ce ™™, (6.6)

where C and a are the constants. As seen from the
definition, Eq. (2.30), Eq. (6.5) corresponds to the simple
case of an isolated system with no damping,
Plw)=y <<w,. Equation (6.6) corresponds to the Ohmic
dissipation with strong damping, 7(w)=v >>aw,, so that
when the oscillator motion is overdamped, then
C=M/y and a=w}/y. Using the high-temperature
condition 2 /7w, << 1, we may replace all S(¢) and g, (¢)
in the previous sections by

7 ZUXpyr s t3X 50 T) ]exp [ﬁ Z(x 7 TX;,1;,0) ] .

the absorption for an overdamped mode y =5, in the vi-
cinity of the origin. This can represent a solvent coordi-
nate related, e.g., to macroscopic dielectric fluctuations in
a polar medium.

VI. APPLICABILITY OF THE SEMICLASSICAL
LANGEVIN EQUATION

Because of the correlation between the system and the
environment, it is not generally possible to factorize the
propagator in the form

L

6.1)
[
1
St M'(t), 6.7)
)_>M w3
and
t
g4+(r)—gli(t)==iA [t—fodt’M'(t’)]
2.0 t AL ot
M , .8
+a* [ ar' [ e M) (6.8)
respectively, where A2=2A./B# and
’ — t ’ ’
M (t)=1—Mco(2)f0dt x(t)
© o ()
= da o7 cos(at) (6.9)

—o T (p3—a?)?+oP o)

(see Appendix C).

We are now in a position to define precisely the range
of validity of the semiclassical Langevin equation ob-
tained in Ref. [20]. When the following three conditions
are met: (i) Ohmic dissipation [7(w) independent on w],
(ii) strongly overdamped motion y >>ag, and (iii) high-
temperature B#iwy << 1, the equation of motion, Eq. (2.25)
with Eq. (2.26), reduces to the semiclassical Langevin
equation derived by Yan and Mukamel,

Fyh ol — L FW () =£(1) ,
M

where the noise f(z) results from Eq. (2.26) and
(f()f(t'))=y8(t—1t')/B. The above equation with
condition (ii) is equivalent to the Smolchowski equation.
Under these conditions, the Wigner function
W' (p,q,t), the response functions R ¥~ ({z}), etc.
agree with our results. When either of these conditions is
not satisfied, then the solution of the Langevin equation is
in general different from the path-integral result.

6.10)

VII. CONCLUDING REMARKS

The present results provide an exact expression for the
Liouville-space generating function which includes a bath
with any temperature, to multitime correlation functions
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and to include non-Condon effects. The latter are partic-
ularly important in, e.g., off-resonant Raman-scattering
measurements where the coordinate dependence of the
transition dipole proceeds the dominant mechanism
[5,27].

In curve-crossing problems, the nonadiabatic coupling
is often taken to be localized in the crossing region. Con-
sider a double-well system connected by a nonadiabatic
interaction u(q). The function u(q) is often localized in
the crossing regions [9,14,28]. We assume that the rate
process is described by a master equation,

dW,(t)
dt

Here we denote the population of |g) by W,(¢) and of
le) by W,(t), and K and K’ are the rate constants for the
forward (g to e) and reverse {e to g) processes. We shall
focus here on the forward rate K. The reverse rate K’
can be simply obtained by changing the indices g and e.
This rate can be expressed by using the response func-
tions as [12,20]

=—KW, ()+K'W, (1) . (7.1)

K=K2_K4+ ctt (7.2)
where
=1 re (1)
Kz——ﬁ;-z—fo dt, RV (1)) +c.c. (1.3)
and
1 po © © 4
—-ﬁ;fo dt3f0 dt2f0 dt; 3 (R3Uts,t5,20)
a=1
—R3(t5,0,t;))+cc. , (7.4

in which R{"(¢,) and R{}(¢3,¢,,¢,) are given by Eqgs.
(5.12) and (5.13), respectively. By using the results of the

previous section for R{!(z,) and R 3(¢t3,2,,¢,), we have
generalized these results to include the coordinate depen-
dence of the nonadiabatic coupling u(q).

We also note that the extension to incorporating
several system modes is straightforward. The generating
function and density matrix is simply the product of the
present expressions. This is the basis for the multimode
Brownian oscillator model, which was applied successful-
ly to many systems [1(c),5]. Another extension is to in-
clude a general anharmonic potential of the system. The
Langevin equation

'r‘+7/r'—ﬁF;(")(r,t)=f(t) , (7.5)
with the force defined by the anharmonic potentials U;
and Uy,

"n — d
Fii (p,5)=— E;[UL(r+x/2,s)
-—UR(r—x/Z,s)]l (7.6
x=0
and the noise f(£)[{ f(t)f(¢'))=y8(t—t')/B] may pro-

vide a useful semiclassical approximation in this case.
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APPENDIX A: THE CORRELATED STATE

The correlated state pg*(q,9";9;,9;) used in Eq. (2.12) is
studied in Ref. [3] and is expressed as

o M| 1 (g+g))P ,
Pa,'sana) = oxp | =7 | STt Shg,—gi P |+ L [ dslg(s)—g'(s)]
( i+ ,‘,) ' 1
%Cl(s)—i(qi—q[)cz(s)+éfotdu R'(s,u)q(u)—q"(w)] (AD)
[
where the functions and the constants are expressed in and
the Fourier transformation form of the Matsubara fre- , _
quency, v, =2mn /ﬁB) as R'(s,u)= '—'ACI(S)C (u)
o ©  &nls)g,(u) (s)f,(u)
a=L 3 1 , o 8 [a M) gy
#B 2= 02+ v, 19w, ]) B2 Gt vE+Iv, 19U, ])
(A2)
g=_1 i o3+ v, |9(v,]) Wlth i -
B 22 af+vi+Iv, Py, D)’ gnls)= —fw dw 2a)v2 cos(ws) ,
C,(s)= i 515) A (AS5)
§)=— . B .
1 ﬁBA nm 03+ VE v, [P0, D) A3 £.0s) foe T(o)—22_ Ghws)
W)= — s) .
£l @ e,
Cz(s)_

3,2 A A

In the above expression the functions J(w) and 9(z) aré
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given by Egs. (2.17) and (2.23), respectively. Note that if
we set J(w)=0, the above correlated initial state reduces
to the factorized  initial state, pgs(q, ,qi)

=(g;lexp(—BH,)lg; ).

APPENDIX B: DERIVATION
OF THE PHASE FUNCTION

In this appendix we evaluate the propagating function
in Eq. (2.19):
I

S, t53,7,01= [['ds M x(s)ﬂs)'—mgx(s)r(s)—x(s)i Jduyts —wirt)

+f ds[r;C (s)—ix;Cy(s)]x

with

R(s,u)=R’(s,u)+K'(s —u)/M , (B3)

in which R'(s,u) and K'(s —u) are given in Egs. (A4) and
(2.16). Despite the existence of the phase force f{"(s
our system is still a harmonic system, and only the
minimal path of the action contributes to the functional
integration of Eq. (B1). We can thus evaluate Eq. (B1) by
obtaining the minimal path of the action, which is the
solution of the equation of motion

v, d s
r+zfodu y(s —u)r(u)+oir

=il_ﬁ R Wy t
MF“ (s)+i MF“ (s)+f0duR(s,u)x(u)
(B4)
5= [y ptu —six (w) ol =L £ (s) (B5)
dS s M @ ’
where
FM(s)=F" (5)+Mr,C,(s) ,
(B6)

iF7™ (5)=ix,C,(s)] .

The above equations are readily obtained from the phase
Eq. (B2) by taking the varlatlon of x (s) and r(s). Except
for the phase force f"(s), the following procedure is
parallel to that of Ref. [3] We split the minimal action
path r(s) into the real and the imaginary parts
r'(s)+ir"(s), where r"(¢)=r"(0)=0 and r'(s) and r(s)
satisfy the real and imaginary part of the equation of
motion (B4), respectively. With a help of the integration
by part, substituting Eqs. (B4) and (BS5) into (B2) yields

zt(xf’rfrt;XI,ri:0)=M('xf"-f,‘ _x'rl,)+l ftds x(s)
F"(")(SH' f ds R(s,u)x(u)

)r'(s) +f ds ®{(s) .
(B7)

+ [ ds f0s)

x(s)+ f ds[FI2 (51 (5)+ 7 ()r(s) + s ,

exp LZt(xf,rf,t;xi,ri,O)

fi
= :Z:::D[x] f,:::,:’mr]
X exp %E,[x,r,t;xi,r,.,OI],' (B1)
where

+iMftdsftdu R(s,u)x(s)x(u)

(B2)

The solutions of the realrprart of Egs. (B4) and (BS) are
written as

1=r! |64 ()~ )
i |5+ Gy *
G.(s) 1 G (s) —
TG0 MG, (t)fd"G““t WFS™ W)
1 s Ty
+M~f0du G, (s —u)F ™ (u)
and
G (t—s) . L(t—s) .
x(s)=x,-T(t')+xf G+(t—-s)——m—G+(t)
— 1 G+(t_ 5) (n)
MG, fduG ()f ' (w)
1 pt n
+ﬁfsdu G:+V(u- —s)f " (u) , (B9)

where G (s) is expressed by using the Fourier transfor-
mation of y(s) as

= do op(@)
—o I (w(z)_wz)z_*_wZ?Z((o)

G (s)= sinlws) .  (B10)

Note that the function G, (s) relates to the antisym-
metrized correlation function at the ground equilibrium
state in the form

X(5)=14a(s)g = 4a(s))y =G . (5) . (B11)

By substituting the solutions (B8) and (B9) into (B2), and
after a straightforward though tedious, calculation, we
recast the phase function in the form

®8)
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exp %2,(xf,rf,t;x,~,r,-,0) = Nl(rt) explia(t)rx; +iB(rx ;+id(tr, —e(t)x}+ig(t)x;ry
+ig(t)x;x +E(0)x; Hr(t)xp +io(Orp+iT(txpry+c'(t)+ic”(8)] , (B12)
where the auxiliary functions are expressed as
a(t)=£z—4x% , (B13)
M? .
B(t)y= PAxD) X()S()—x(nS()], (B14)
8(0)= ﬁ?ﬁ(r) [ autx s —x sl ) , (B15)
e(t)= 2ﬁM/;2(t) —ﬁﬁl;zs%t) ~22, (B16)
Bo=—- X(lt) , E (B17)
1’0(”:%]‘% [ﬁz 2X(l)+x(t)S(t)S(t)—X(t) Y1) (B18)
-—S(t)S(u)—S(t—u) Fi(u

+ﬁM’;2(t) ﬁif:z f du X, (B19)

k(t)=— ¥(t —u)—x()y(t —u)]FM (u)— Y= (St —w)1f " (u)
+gﬂ(t)fodu s<u)f£,"’(u)—¢(t>fodu x(u)ff,"’(u) , (B20)
ol)= ﬁxlm Jlauxwrpw (B21)
n==2% o~ #Zm[x(z)s —x(t)S(t)]2+Alz—§‘—)] . (B22)
ﬂt)=%‘§%, - B23)
ic'(t)=if‘ds [q>g,"’<s>+f§:’<s)f’du X(s—u)F(a")(u)] 7 (t fdsf du (Xt —u)f POF P () (B24)

"(t)"—~———fd fduS(s—u)f<">(s)f5,"’(u)+m[fodu[x(t)S(u)—S(z)xm)]ff:’(u)
— ey Jos [ st~ Qs w + 21) Jds [ du s f P s 0w, (B25)
and \[;vhere g-(t)=g% (¢t)and
2.2

N(n)=2m#|x(t)] 2—"5’“— " (B26) A= Mlz)ﬁwo, §=Mzmg . (2

APPENDIX C: THE AUXILIARY FUNCTIONS
The function Eq. (4.11) is given by

(=g [ ar [ "dt" |S(

t"):t%x(t”)] , ()

and the antisymmetrized and symmetrized position
correlation functions of the ground equilibrium state are
given by

X(t——~(q g —qq(t)),

-1 I do @7 (o)
MY-w 7 (k-0 +0P0)

sin(wt) (C3)



136 YOSHITAKA TANIMURA AND SHAUL MUKAMEL 47

and
S()=L{q(t)g+qq(t)),
_ffedo_ . o7 | -
M < ~= 21 (0f—0?P+oPH o)
X coth lB go) cos(wt) , (C4)
respectively.
If we introduce
_ S L e
M(t)M—S(O) S . (C5)
and
M'(t)El—Ma)(z)fotdt'X(t')
© 2p(w)
do wopte coswt),  (C6)

o T (0j—0?)+o*PHw)

Eq. (C1) can be rewritten as

gatoy=id [= [laraw) | +a2 flar [ “armur

(C7)

~* Where we put and A?=2AM w}S (0) /4.

As is well known, the antisymmetrized correlation
function is related to the symmetrized function by the
fluctuation-dissipation theorem. If we denote the Fourier
transform of S(¢) and y(¢) by S[w] and y[w], we have
[3]

ofif

Slw]=#coth 5

X'lo], (C8)

where Y''[w] is the imaginary part of y[w]. For the
Fourier transforms of M (¢) and M’(z), which are denoted
by M[w] and M'[w], the fluctuation-dissipation theorem
assumes the form

DB \pp1e] .

A’M[w]=Aw coth 2

(C9)

This result can be obtained from the cummulant expan-
sion method [5]. At high temperatures, #ifw <<1, we
“have A*=2)/B% and M(t)=M'(¢).
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