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Semiclassical description of quantum coherence effects
and their quenching: A forward—backward initial value
representation study
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The forward—backwar@B) version of the semiclassicéC) initial value representatiodVR) is

used to study quantum coherence effects in the time-dependent probability distribution of an
anharmonic vibrational coordinate and its quenching when coupled to a thermal bath. It is shown
that the FB-IVR accurately reproduces the detailed quantum coherent structure in the weak coupling
regime, and also describes how this coherence is quenched with an increase of the system—bath
coupling and/or the bath temperature. Comparisons are made with other approximations and the
physical implications are discussed. Z01 American Institute of Physics.
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. INTRODUCTION Cap(t) =tr[ AgHViBe-1HUA], (1.1)

An accurate description of quantum effects in poly-
atomic molecular system is a challenging task in chemicabperatorA typically involves the Boltzmann operator of the
reaction dynamics. Though considerable progress has be@dmplete molecular system, aBdoften only a few(perhaps
made in the recent years on rigorous quantum-mechanic@bjlective variables. A semiclassical approximation for
methods, they are at present only applicable to relatively ¢, .(t) can be obtained by using the IVR for the time evo-

small molecular systems. One is thus necessarily interestqgtion operatore "t the Herman—KIukor coherent state
in developing and applying useful approximations to treaR/ersion of which is given by

more complex systems, i.e., those with many degrees of free-

dom. SemiclassicdSCO) initial value representation$VR),> A

provide an approximate way of including quantum effects e“H“ﬁ=(21-rh)‘Nf quJ dpeCi(po, Qo) €' SiPo-do)/%

into classical molecular-dynami¢sD) simulations, and are

currently undergoing a rebirth of interest in this regartf A X | PeGe ) Podol (1.2

number of recent applicatiotis>have shown the SC-IVR to

be of good accuracy for a wide variety of phenomena. ThavhereN is the number of degrees of freedonp,(q,) are

primary remaining challenge is to make SC-IVR approachesnitial momenta and coordinates for classical trajectonigs,

practical enough for application to complex molecular sys-=p;(pg,do) and g;=a:(pg.qe) are the classically time-

tems. evolved phase space variabl&py,qo) is the classical ac-
Essentially all dynamical quantities of interest in a com-tion integral along the trajectory, ar@(py,qo) is the pre-

plex molecular system can be expressed in terms of a timexponential factor determined by the following combination

correlation function of the forit of the monodromy matrix elements:
1 g _ _ 12 9Pt . Jq .
— _ 1/2 1/2 1/2 1/2__ 1/2 12, 1/2 1/2
C(Po,q0) \/Ole{2 ( Y aa? Y apgY YT YT RY T ag.” : 13

In the above expressiopdenotes aN-dimensional diagonal coherent state of thith degree of freedom. The coordinate
matrix, with elementy; being the width parameter for the space representation of an N-dimensional coherent state is
the product of N one-dimensional minimum uncertainty
wave packets
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Since the Heisenberg time evolution in EG.1 involves  photoelectron spectroscopy of, ,° molecular energy
two time evolution operators, use of the IVR for the propa-transfer’ thermal rate constant calculation using flux corre-
gators, Eq.(1.2), leads to the followingloublephase space lation function?® and diffraction through a two-slit coupled

average for the time correlation function to a thermal batft—have shown that it is capable of describ-
ing quantum coherence effects quite accurately.
CAB(t)=(27Tﬁ)_2Nf d%f dpof dqaf dpg In this paper we apply the FB-IVR to the study of a
generic vibrational relaxation process of a diatomic molecule

coupled to a cluster or condensed phase environment, mod-
eled here as a bath of harmonic modes. These processes,
Al o\ o | B which are of fundamental importance for many chemical re-
*(PodolAlPodo) (Pt d | BIPGy- (19 actions in solution, have been intensively studied in the re-
The practical difficulty with the above formulation is cent years, both experimentally and theoreticéfbr some
that the integrand in the double phase space average is highlgcent reviews see, for example, Refs. 25-28any of
oscillatory and amplified by pre-exponential factorsthese investigations have focused on the calculation or mea-
Ci(po,qo) and Cy(ps,dp) that can become large. To side- surement of vibrational relaxation rates. With the availability
step this problem, a linearized approximation to the SC-IVRof ultrafast spectroscopy techniques, however, more specific
expression in Eq(1.5), the LSC-IVR, was introducetf, dynamical information can be obtainddee, for example,
whereby all the relevant quantities in the integrand are exRefs. 29—-32 Within this context, the question of the ob-
panded to first order in the difference variabfgs-p, and  servability of quantum coherence and interference effects in
do—dg- The integration over these difference variables cara complex system is of interest. In this article, we will study
be carried out analytically, which yields the following much the extent to which quantum coherencelinterference struc-
simpler classical-looking expression for the correlation func-ture, present in the wave-packet dynamics of an isolated di-

X C{ (Pg,do) Ce(Po, o) €'t 3P ) ~SPo o)1

tion, for Eq.(1.1: atomic molecule, is quenched when the molecule is coupled
to a thermal environment.
CAB(t)Z(ZTFﬁ)*NJ d%f dpeA™(Po,do)BY(Py,ay), (1.6 The quantity of interest for this purpose is the time-

dependent density for a vibrational coordinateoupled to a

whereA" andB" are the Wigner transforms of operatdks thermal bath

andB. That is, this linearization of the SC-IVR leads to the
“classical Wigner” model that has arisen before from a va- Qg

riety of different approaché$. Application of this approxi- . I I :
ma}c?on to several ?r?teresting cgr?densed phase p?opb’l_’éﬁ]s where|®,) is the initial state for the vibrational coordinate,
was quite successful: it is in general good for short time an(iandHB is the Hamiltonian for the thermal bath with partition

P(r)= - e BBl D) (ole ¥ 58— r)e 1], (17

has, therefore, been useful in defining an approximate qual unction Qg ; note thatPy(r) is the correlation function of

tum version of transition state thedfyfor which Cagis the ~ Ed. (1.1) with A=e#1e[®o)(dg| and B=&(5—r). The
flux-flux autocorrelation functioff). A more thorough Structure ofP,(r) can revealvide infra time-dependent in-
analysis?® however, showed that the LSC-IVR is incapable formation of quantum coherence for the vibrational coordi-
of describing quantum coherence effects in the longer tim&ates. . _ .
dynamics. This motivated the development of fhevard— The purpose of the present work is to investigate the
backward (FB) IVR?! that goes beyond the linearized ap- 9eneric character of quantum coherence effects in the prob-
proximation, yet is still more efficient than evaluating Eq. @bility distribution functionP(r) and the extent to which
(1.5 this is quenched by a bath in various parameter regimes. We
The FB-IVR approach for time correlation functions Will discuss in some detail the accuracy of classical MD
utilizes an idea introduced by Makri and Thompson for nu-Simulations which are widely used to study such processes.
merical evaluation of influence functionals in path integralSection Il summarizes the FB-IVR approach for calculating
calculations?? namely to combine the forward and backward time correlation functions, and Sec. IlI gives the specifics of

time evolution operators intone semiclassical time propa- Our model and the calculational procedure. Section IV pre-
gation. In the FB-IVR, the operator prodwﬁ‘/ﬁée‘iﬁ“h sents the results obtained via FB-IVR and their comparisons

in Eq. (1.1) is represented by aingle Herman—Kluk-type with other methods. Section V summarizes and concludes.

IVR, i.e., Eq.(1.2), where the trajectories evolve from time
0—t (the action of the operata '""#), undergo momenta

and/or coordinates jumps at tinéthe effect of operatoB),
and then evolve backward frota-0 (the action of operator In order to cast the correlation functio@ag(t), EQ.

M), The benefit gained from the FB-IVR, besides reduc-(1.1), into the form for the FB-IVR, operatds must first be
ing the dimensionality of the phase space integral, is thatvritten in exponential form. IB is a local function(more
there is a partial cancellation of the phase of the integrandeneral operators can also be tre&tedf the single variable
and the magnitude of the pre-exponential factor, thus greatlg(q), which itself may be a function of many of the dynami-
improving the numerical properties of the integrand. Appli- cal coordinates, then this is accomplished by Fourier trans-
cation of the FB-IVR to several problems—femtosecondform, i.e.,

II. SUMMARY OF THEORY
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R R % ~ ipos(@)/h The FB-IVR trajectory involved in Eq(2.4) begins att=0
B=B[s(q)]= f_mdpSB(ps)e R (218 \ith initial condition (pg, o) and evolves to time under the
_ molecular HamiltonianH; at time t the momentum is

whereB(p) is the Fourier transform oB(s) changed according to

B(po) = ifm dse PsY"B(s) (2.1b

s 27Th —oo ' ’
el . as(q)
For example, foB(s)= 8(s—r) as in Eq.(1.7), one has Pi— P+ Ps —a , (2.5
a |-
~ 1 . a=0q;
— —ipgr/h
B(ps) 57 © . (2.2

The correlation function Ed1.1) then becomes and the trajectory is then evolved back to time 0 via the

" doB Al molecular HamiltonianH, (pg,q)) being the final phase
- B A 2. . o N
Cas(t) J,xd PsB(P)UTAU(L) ], (2.33 point. The action integraB, has contributions from these
where three time steps
U(t):eilrit/ﬁeipsﬁ(q)/ﬁe—iizlt/h. (2.3

The three operators in E€R.3b describe, sequentially from [ .
right to left, propagation from 0 tb, a momentum jump at So(Po.Go:Ps) = OdT[pT' G-~ H]+pss(a)
timet, and then propagation fromback to 0. The Herman-—

Kluk IVR for operatorU(t) thus has the same form as Eq. i fodr[p’.q’—H] (2.6)
(1.2), so that the FB-IVR for the correlation function is t T ’ '

Castt)= |~ anBipar2mi) ™ [ dpo [ dao
. _ . and the pre-exponential fact@y(pg,do) has the same form
X (PoColAlPada) ColPo, o ; Ps)e'SolPo-d0:Ps)/%, as Eq.(1.3)

(2.4)

1 00%% 1p 100 1p o, 1% a0
. — - 1/2 1/2 1/2 1/2_ 1/2 12, 1/2 1/2
Co(Po.do;Ps) \/de{z(v 0”7 ap? ihy ae? Y Y : (2.7

At time t when the momentum jump occurs, Hg.5, the  phase space integral. Therefore, the FB-IVR provides one of
monodromy matrix(used to calculate the pre-exponential the simplest ways to capture quantum effects via classical
facton is changed according b MD simulations.

I 9P op dp S

Ipe g’ 900 90 | P ac?
Po o ddo  ddo e Ill. DETAILS OF THE CALCULATION
(2.8

o o aq aq This section defines the specific model we use to study
e SN | St NN coherence effects(and their quenching in the time-
dPo  IPo 9o Do dependent density of a vibrational coordinate, 7). Spe-

) ) _ ) ) cifics of the FB-IVR calculation are also discussed.
It is clear that ifs(q) is a linear function ofg, then the

monodromy matrix remains the same during the momenturf The model
jump. We consider a single vibrational degree of freedom
The forward—-backward nature of the trajectory induces(which can either describe the vibration of a diatomic mol-
to a great extent, partial cancellation of the phase in thecule or a collective coordingteoupled to a thermal bath,
integrand, thus making the calculation much more feasibleepresenting the environmef.g., a cluster, a liquid, a sur-
for complex systems. In situations where operdBoonly  face, a protein, etg. The thermal bath is modeled by a col-
depends on a few collective coordinaf@gich is typically  lection of harmonic oscillators, each linearly coupled to the
the case for dynamical calculations of complex sysyems vibrational coordinate. The total Hamiltonian is thus given
there are only a few more integrals than {emgle classical by
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Np 1 1 C: 2 11 . | )
= —1pPgr
H:Hs(pls)—"_;l [EP]Z'F ijz Qj+w_]j2(s_se)) }, (313 Pt(r)_Q_BZf_mdpSe Ps WJ deJ dqo
o’ X Co(Po,0o; Ps)€'S0(Po-b0:Ps)
Ha(P.8) = 5P+ V(S), (3.1

, . X {Podole™*"'8[® o) (Dol poao)- 3.7
wheres and p are coordinate and momentum of the vibra- o . _
tional degree of freedom, respectively, af@; ,P;} are the The initial wave function for the-degree of freedom is cho-
mass-scaled coordinates and momenta for the bath. A Mor$€n as a coherent state
potential is used for the vibrational coordinate y

o

1/4
_ — )2 Aipi(s—aq
V(S)=De[1—e*a(5*3e)]2, (3.2) (S|<I>0)=(—> e~ (%/2(s—a) giPi(s—di) (3.9

aa
where m=1.165<10°a.u. (reduced mags D.=1.2547
x10fcm™?, s,=2.6663 A, andx=1.8576 A1, which cor-
respond to the ground-state potential of molectijaf® The
essential property of the harmonic bath is its spectra

whereq; andp; denote the average position and momentum
of the initial wave packet, ang, is the width parameter of
}he coherent state. In this wonl=0, g;=2.4A, andy,
=Mmwg are used, wherey is the harmonic frequency of the

34
density Morse oscillator
T C

J(cu)=52j e Cal (3.3 0= a2D,/m=213.7 cm . 3.9
which is chosen in the Ohmic form with an exponential cut-Coherent state matrix elements of various operators are
off straightforward

_ —owlo ALl ! It

Jo(w)=nwe” e, (34 (podolAlpodo) = (PoSol P o) (Pl PoS
Here w, is the characteristic frequency of the bath, which is Ng R
chosen asv,=20cnmi . 7 is the coupling strength between X H <PjOQj0|e_.3HBj|PJ.’OQJ.'O>, (3.103
the bath and the vibrational coordinate, and is varied in this =1

paper in order to investigate the effect of the bath on the
coherence of the vibrational motion. (PoSol Po)
The continuous bath spectral density of E8j4) can be

_ ) X : — o= (v (50— i) 2 ( L4y (Po—Pi)2alif2) (Pt Pi) (So—di
discretized to the form of Eq3.3) via the relation =e (7o) g™ (145 (Po P ell2)(PoPi)(so 1),

(3.10b
2 Jy(w;)
2 ol Wj ~
Ci=—wi————, 3. B
oa ™ p(w)) 39 (Pjodjole™P"vi[p/od;o)
wherep(w) is a density of frequencies satisfying :efujef(yj/4)(q1-20+qj'g)ef(l/4yj)(pjzo+ pj'g)e(ilz)(pjoqjofpj'oqj’o)
O] .
f dop(w)=j, j=1,... Ny, (3.63 1 . .1 )
0 xXexp 5€ 7 yiGjoljo T 7jpj0pj0
here chosen as
Jo(w) +i(p/oQio— Pi -’)J, (3.109
p(a)):a ofu 1 (36b) p]OQJO ijq]O
with whereu;= Bw; /2, and the width parameters of the FB-IVR
coherent states are chosen as
N, 1
a= nw. 1_e—wm7wcl (36Q Ys= Yo= Mwg, 'yl=wJ . (31])

wherew,, is the largest frequency of the bath modes consid—C Initial condition and time propagation
ered in the calculation. With the above scheme of discretiza-"
tion, we found that 20—40 modes with,= 5w, is adequate In the present work, the sampling function of initial
to describe the continuous spectral density for the parametephase space variablgp,,qo} is taken as

considered in this paper. 1
W(Po,%):5|<poso|q)o>|H (Pjodjole™ P il pjodio).

B. FB-IVR for P,(r) (3.123

The FB-IVR expression foP,(r), Eq.(1.7), is straight- Where D is the proper normalization factor, and
forwardly obtained by applying the procedure described ir\(pjoqjo|e*/3HbJ|pj0qjo) is the diagonal part of Eq3.100,
the previous section for the general time correlation functioni.e., the Husimi distributiof? for the bath Boltzmann opera-
It is given by (hereafter we sef=1) tor
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- dioleBPoilp g t 1
{Piotole™ ! Ipiotio) #olPo.Go3P0)= | drlp,-,~ HI+ 5 (Po o b0

- 1
=e Y ex;{—%(1—e‘2“i)qj20—T(l—e‘zui)pfo : 0
7 +psst+f drlp;-a;—H]
(3.12h t

CEET . . 2 t . 1
One may also use the Husimi dlstrlbut|b(rposo|d>0)| f'or' =f drp,-q,—H]+ E(poﬂo—pt‘ch)
the s-degree of freedom so tha(py,qo) is the Husimi 0

distribution for the overall systefif. This, however, turns out

to be less efficient for the present application. + 3PsStt (P -G —Po-do)
For the additional integration over the momentum jump 0
variable,pg, the integrand is oscillatory. However, this is a +f drlp.-q.—H]
one-dimensional Fourier transform, which is easily carried t
out by a standard quadrature. t [1 9V 1
Time propagations of the phase space variables and the = fodr > aqf—V(qT) + Epsst

monodromy matrix(including the momentum jumpgollow
the standard procedure for classical equations of motion. 0
Reference 23 gives the specifics and some variants in this + j dr
regard, so they will not be repeated here. On the other hand, !

we would like to discuss a few useful technical points whichyyhere the integrand is given in E8.17). In the above ex-

1 9V (g a1
Ea'qf (q.)|, (3.18

!
T

have not been mentioned previously. pression, the extra term besides the action intedréo
The first technical point is related to the action integral,.q —p!.q!), is actually present in the coherent state matrix
which is defined in differential form as elements in Eq(3.10. Therefore, not only isp easier to
) integrate, but it also incorporates terms in the FB-IVR phase
Si=p-ai—H, (3.13 so that they need not be collected in the final expression.

. . L ) _ The next technical point is related to the evaluation of
i.e., the time der'lvatlve o8 has a magnitude similar to the pre-exponential fact@, , Egs.(1.3) and(2.7), where the
total energy, which can be large for a complex system. In & a6 root of a complex quantity needs to be evaluated. The
mass-weighted Cartesian coordinate system with Hamilgi 4414 way of keeping track of the correct branch of the

tonian square root is to evaluatg, at sufficiently small time inter-
2 vals to make sure that it is continuous. This, however, be-
H= %+V(q), (3.14 comes increasingly more difficult as the number of degrees

of freedom increases, which can be understood from analysis

. . . of a system consisting dfi-harmonic oscillators
a new quantityp, can be integrated instead 8f y 9

N
$=Si+ 3(Po- o~ Pr Q). (3.19 H=2, P+ 0]Q). (319
with the initial conditiongo=0 and time derivative given by

If the width parameters of the coherent states are chosen as

19V ¥j=wj, it is easy to show that Eq1.3 gives

¢t:§&_'Qt_V(Qt)- (3.16 N
0t

cfzexp( —it>, wj). (3.20a
It is easy to see tha#,=0 for a harmonic system. For a =
general anharmonic system, all the second-order terms in thene correct value of the square-root is of course
Hamiltonian disappedithus no kinetic-energy terms appear

in Eq. (3.16]. Specifically, for the present Hamiltonian, Eq. . N
(3.0), b, is given by C,=ex —|tj21 ;12 (3.20H
.1 aV(sy) 1 Cj2 but numerically tracking the correct branch of the square root
=2 s, S~ V(s)+ 521_: —25e(St7Se) would require a very small time interval for many degrees of

! freedom. In fact, for a system consisting many degrees of

1 freedom(such as considered in this papehe usual way of
+§§j: CQjSe. (3.17 tracking the phase requires a time interval that is smaller
than the propagation time step. On the other hand;ifs
whereV(s) is the Morse potential of Eq3.2). It is obvious ~ re-expressed as
that ¢, varies much more slowly tha§, . N
For the FB-IVR approach of the present problem, this Ct=exp< —it> w; 12
=1

; o= D;, (3.21a
new variableg has three parts, that are similar to Eg.6),
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IS——— T T 1 L 15 i T T
— =0 H — FB-IVR
..... t=1321fs E r H ---- quantum
- t=641s 7 N
- t=96fs
o e E: 128 %5 7 10
T< — t=1601fs 's
s =
~ sl : i A S
ol N T e % 23 26 238 3.0
22 24 26 28 30 32 34 36 38 ' ’
r (A) (a) r{A)
FIG. 1. P(r) for the one-dimensional vibration at short time. T T B T T
6k : — FB-IVR i

--- quantum
-—-— LSC-IVR

whereD; is defined by

|

L |

-~ ;

N '< 4r g

D= \/cf exp(itZ wj), (3.21h = §
i=1 P ]

then the phase dd, is much easier to track.
For harmonic systemd$),=1, so its phase need not be

l' i 1", i

Ao Al

' TR LU .| R LLM) v ‘A'um\m
tracked at all. For a general anharmonic system, one can 3.2 24 26 28 30 32 34 .6 3.8
defineD;, Eq.(3.21b, using the normal mode frequencies (b) r(A)
so that the major part of the phase ©f is canceled before
taking the square root. Our tests show that by utilizing Eq. 6— — T T T
(3.22), the time interval needed to keep the phas€pton- sk R
tinuous can be quite large, and it is rather insensitive to an - — LSC-IVR

increase in the number of degrees of freedom.

P(r) (A7)

IV. RESULTS AND DISCUSSION

A. One-dimensional vibration

To access the accuracy of the FB-IVR and various other
approximations, we first investigate the behavioPg(fr) for
the one-dimensional Morse oscillator, where comparisons (c)
can be made with the exact quantum mechanical result. Fig-
ure 1 showsP,(r) within approximately the first vibrational FIG. 2. Py(r) for the one-dimensional vibration at longer tim@&) t
period (the harmonic vibrational period is 156 fs for the 02 1S (P) 1=6401s:(0) t=1600"s.
present parameter set 6f), obtained via the FB-IVR. As

described in the previous section, the initial coherent statgne exact quantum results. The LSC-IVR/classical Wigner
|®o)=pia;).pi=00;=2.4A is placed left to the equilib- model, on the other hand, fails to capture such interference/
rium position of the Morse oscillatos,=2.6663 A, i.e., the  coherence, which is expected from previous stuffles.

oscillator is initially compressed. At=0, the wave function In the above calculation, 50 000—100 000 trajectories are

starts traveling to the right until reaching the first tuming needed in order to achieve numerical convergence. Another
point, then returning to the left. Since the potential is anhargemiclassical approximation, which is widely used in dy-
monic, Py(r) does not retain the Gaussian form as time in-

creases. However, within the first vibrational period, the
structure of the densitlp,(r) is fairly simple and can be well ' ' '

approximated by the LSC-IVR. 40
Figure 2a) showsP,(r) att=192fs, i.e., right after the 0 ]

. k . . . . ~20

first vibrational period. At this time very prominent quantum T

coherent structure appears. Compared with the exact § NARAWARANS

quantum-mechanical result, the FB-IVR does an excellent = |

job in reproducing all the detailed coherent structure, 20

whereas the LSC-IVR completely misses it. More impressive I

results are shown in Figs(d and Zc), for t=640fs andt _40 \ . .

=1600fs, respectively, where even more complicated coher- 22 2.4 26 28

ent structure is developed. Though this structure seems r{a)

“noisy,” it represents true quantum interference effects, asrig. 3. comparison oP,(r) obtained from the single trajectory calculation
seen from the excellent agreement between the FB-IVR anghd the FB-IVR for the one-dimensional vibrationtat192 fs.
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10 ne=0.05 — 10—
= T 1 £ 7

5+ — 50

0 —1 0 !

15 T T I T I T 15 T H T | T
_ 10— _ 10— n,=015 ]
= + = + 4
~ A~ -

5 5+ .

0 ) 0 L | T —- —

15 T T T I T 15 T T T T

f— — 1 — —

= T n=025 = T =025 |
= &

5 . 5 -

0 L 1 | T — b T L

22 2.4 2.6 2.8 3.0 22 2.8 3.0
(a) r(A) (©) r(A)

15 T T T | T

10—
E |-

5 —

O L

FIG. 4. Effect of the coupling strength.= n/mwg, on the dynamics of

15 . ] . T I T P.(r). The results are obtained via FB-IVR for a bath of 40 modes and at
= g t=192fs. The bath temperatures af@) T=0K; (b) T=100K; (c) T
10— 1 =015 =300K, the dash—dotted line is the LSC-IVR result.

P(r)

P(r)

(b) r(A)

namical simulations for complex systems, is gingletra-  tion not only introduces more spurious coherent peaks, but
jectory approximation. In this approach, ofm a few that also makes a large part & (r) negative, which is clearly
can represent the initial wave functiofrozen Gaussian is unphysical. Thus caution must be taken in interpreting the
propagated via classical mechanics, instead of carrying ouesults obtained from such single trajectory calculations. The
the complete phase space integralr2fdp,fdg,. The  structure they show may not be true quantum coherence phe-
initial conditions of the classical trajectoryp{,do), are set nomena.

to the corresponding average values obtained from the initial

wave function, e.g., for the present case _— S
9 P B. Vibrational relaxation in the presence of a thermal

Po=Pi, Jo=0;. (4.7 bath
Unlike the LSC-IVR/classical Wigner model, this approxi- The coherent structure of the molecular vibration, which
mation often exaggerates the coherence. Applying it in thevill persist for infinitely long time if the molecule is isolated,
context of the FB-IVR causes even more serious problemsyill however, be quenched if the vibrational coordinate is
as shown in Fig. 3. The result obtained from this approxima<oupled to a thermal bath. The extent of this quenching is
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investigated here as a function of the bath temperature anglident. Figure &) showsP,(r) at T=300K, where the
the coupling strength between the vibrational coordinate an?emperature is sufficiently high that at strong coupling

the bath. =0.25, all the coherent structure disappears. The LSC-IVR/

Figure 4 shows the effect of the system-bath couplingc . . . .
: . lassical Wigner model is in good agreement with the FB-
strength onPy(r) for t=192fs, obtained via the FB-IVR IVR result atgthis classical degoherengt limit.

approach. Figure (4 is for zero bath temperature, where . .
bp gure (& P Figure 5 illustrates the effect of the bath temperature on

almost all the coherent structure Bf(r) for the previous ~ » :
one-dimensional vibration is retained, though slightly P.(r), at »,=0.15. The transition from coherent to incoher-

quenched at a stronger coupling strength. The effect of th§Nt behavior is apparent as temperature increases. At lower
coupling strength orP,(r) is more profound af=100K, temperatures, there is appreciable quantum coherence/
Fig. 4b), where a coherent to incoherent transition is ob-interference even with a reasonably large system—bath cou-
served as the effective coupling strength= 7/mwg in-  pling (.=0.15), which is consistent with the general obser-
creases. This temperature is still too low, however, to inducwation that quantum effects are important for low
complete decoherence, and quantum effects are still quitemperatures. Decoherence is achievedaB00K, where
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the FB-IVR results can be well approximated by the LSC-also satisfactory, one does not haeriori information of
IVR/classical Wigner model. In this regime, classical me-when this is the case. The FB-IVR can be applied to deter-
chanics is adequate in describing the dynamics of a complemine if a certain problem meets such criteria, and thus serves
system. as a more reliable tool in dynamical studies of large systems.
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