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The semiclassical initial value representation~SC-IVR!, which has recently seen a great deal of
interest for treating nuclear dynamics on a single potential energy surface, is generalized to be able
to describe electronically nonadiabatic~i.e., multisurface! processes. The essential idea is a
quantization of the classical electron-nuclear Hamiltonian of Meyer and Miller@J. Chem. Phys.70,
3214 ~1979!# within the SC-IVR methodology. Application of the approach to a series of test
problems suggested by Tully shows it to provide a good description of electronically nonadiabatic
dynamics for a variety of situations. ©1997 American Institute of Physics.
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I. INTRODUCTION

Although the Born–Oppenheimer approximation, i.
the motion of atomic nuclei on one potential energy surfa
is the theoretical basis of much of chemical/molecular
namics, there are many situations that involve coupling
transitions between different potential energy surfaces~adia-
batic electronic states!. The purpose of this paper is t
present and test a new theoretical model for carrying
calculations for such nonadiabatic processes.

For the collisions of two atoms, or equivalently, nucle
motion in a diatomic molecule, it is usually possible to tre
the coupled electronic-nuclear Schro¨dinger equations with-
out significant approximation. Semiclassical approximat
for the atom–atom motion, such as the Landa
Zener–Stuckelberg1 approximation and its refinements,2 are
well known and useful for the insight they provide, but th
are actually not necessary as a computation/simulation t

The situation is quite different for molecular dynami
involving more than two atoms, where the number of nucl
degrees of freedom, and the many vibrational/rotatio
states associated with them, typically precludes an e
quantum mechanical treatment of the combined electro
nuclear dynamics. Indeed, the rigorous quantum treatmen
the nuclear dynamics for more than three atoms on onlyone
potential surface is itself a challenging task,3 so that even in
this simpler one surface case, classical mechanics~i.e., clas-
sical trajectory simulations! is often used to describe th
nuclear dynamics.4 It is thus natural to try to treat electron
cally nonadiabatic processes by using classical mechanic
describe the nuclear dynamics while still retaining a quant
description of the electronic degrees of freedom~i.e., the
several adiabatic electronic states involved in the proces!.

There are several ways this mixed ‘‘classical nucle
quantum electronic’’ idea has been implemented. The s
face hopping model introduced by Tully and Preston5 may be
thought of as a polyatomic generalization of the Landa
Zener approximation~though Tully’s latest version of the
model is able to treat more than simple curve cross
problems6!. In this model the nuclei move on one adiaba
6346 J. Chem. Phys. 106 (15), 15 April 1997 0021-9606/97
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potential surface at a time with localized~instantaneous!
transitions from one potential surface to another. The pr
ability of such ‘‘hops’’ is determined by an electronic tran
sition probability obtained by integrating the time-depend
electronic Schro¨dinger equation simultaneously with th
nuclear trajectory.~Miller and George7 upgraded this mode
by using a classicalS-matrix description of the nuclear de
grees of freedom, but this has not seen much applica
because of practical difficulties in applying it.!

Another popular mixed quantum-classical approach
the Ehrenfest model,8 in which the classical equations o
motion for the nuclear coordinates are also integrated sim
taneously with the time-dependent Schro¨dinger equation, but
the nuclear potential energy function which determines
trajectory in this case is the expectation value of t
electronic-nuclear potential energy with respect to the e
tronic wave function,

V~R,t !5E dxCel* ~x,t !V~x,R!Cel~x,t !, ~1.1!

where x and R denote electronic and nuclear coordinate
respectively, andCel the electronic wave function.~The
Ehrenfest model maybe thought of as a semiclassical ver
of the time-dependent self consistent field~TDSCF!
approximation.9! SinceCel is a linear combination of the
various adiabatic electronic wave functions involved in t
dynamics, the nuclear potential energy surface in Eq.~1.1! is
a combination of all the adiabatic potential surfaces, so t
this approach is quite a different situation from the surfa
hopping model described above.

A more rigorous mixed quantum-classical model is th
put forth by Pechukas,10 whereby the nuclear trajectory i
determined by a semiclassical evaluation of the electro
nuclear path integral representation of the time evolution
erator. The effective nuclear potential energy surface in
case turns out to be nonlocal in time, and because of
practical difficulties associated with this it has not seen mu
/106(15)/6346/8/$10.00 © 1997 American Institute of Physics
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6347X. Sun and W. H. Miller: Semiclassical representation for molecular dynamics
application~but see Websteret al.11!. The Pechukas model i
discussed in more detail at the end of Sec. II B in its relat
to the present model developed below.

A very different approach to the problem of nonadiaba
dynamics was taken by Miller and co-workers.12 Here the
several electronic states~and the coupling between them! are
replaced by classical degrees of freedom, yielding a class
Hamiltonian in terms of the nuclear coordinates and m
menta, and coordinates and momenta for the~collective!
electronic degrees of freedom. Classical trajectories for
combined electronic and nuclear degrees of freedom are
computed with the standard ‘‘quasiclassical’’ treatment
initial and final conditions.4 In the ‘‘classical electron ana
log’’ model of Meyer and Miller,12~c! the equations of motion
for the electronic-nuclear system are the same as in
Ehrenfest/TDSCF model, but the way the boundary con
tion are interpreted and applied makes the models quite
ferent.

These various models all have their advantages as
as their shortcomings, a detailed analysis of which would
lengthy. In brief, the Ehrenfest/TDSCF approach is b
when there is weak~and diffuse! coupling between many
electronic states for which the nuclear forces are similar,
the surface hopping model is better when the coupling
tween the different adiabatic states is localized~though pos-
sibly strong!. The ‘‘classical electron’’ model was con
structed to provide a more even-handed description of
nuclear and electronic degrees of freedom, but it achie
this by reducing the rigor in the description of both sets
degrees of freedom to that of the quasiclassical model. Th
are also a variety of semiclassical treatments13 based on a
perturbative ~i.e., ‘‘golden rule’’! approximation for the
nonadiabatic coupling that are often very useful, but we
concerned in this paper with approaches that are, in princ
at least, not restricted to the perturbative regime.

The new model we present here for treating nonadiab
dynamics is based on the semiclassical initial va
representation14 ~SC-IVR! applied to the Meyer–Miller ver-
sion of the classical electron model. In essence, it is a c
sical model of nuclear and electronic degrees of freedom
is quantized semiclassically via the IVR prescription. T
SC-IVR approach has seen considerable interest recen15

for treating nuclear dynamics on a single potential surf
where it has been shown to provide a good description
quantum interference and, to some extent, tunneling effe
The present work may be viewed as a generalization of
SC-IVR methodology to multi-electronic state problems.
will also be seen to have an interesting relation to some
the other models mentioned above.

Section II first reviews the Meyer–Miller version of th
classical electron model and then quantizes it via the SC-
methodology. The relation of it to other models for treati
nonadiabatic dynamics is also discussed. Section III then
scribes the results of application of the approach to the th
test problems suggested by Tully which cover a variety
nonadiabatic coupling situations. The SC-IVR model is se
to provide a reasonably good description of the electronic
nonadiabatic dynamics for all of these examples. Section
J. Chem. Phys., Vol. 106
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then concludes with a discussion of practical aspects of
model for interesting applications.

II. THEORETICAL DEVELOPMENT

A. Review of the classical electron analog model

Meyer and Miller12~c! ~MM ! began by considering a
N3N time-dependent electronic Hamiltonian matr
$Hk,k8(t)%, k,k851,...,N, with the time-dependent elec
tronic wave function expanded in the~diabatic! electronic
basis,

uCel~ t !&5 (
k51

N

ck~ t !uk&. ~2.1!

They noted that if the complex amplitudesck(t) are written
in terms of the real variables$nk(t),qk(t)%,

ck~ t !5Ank~ t !e2 iqk~ t !, ~2.2!

and the classical electron analog Hamiltonian defined as~\
being 1 throughout this paper!,

Hel~n,q;t !5^CeluĤeluCel&

5 (
k,k851

N

ck*Hk,k8~ t !ck8

5 (
k,k851

N

Anknk8 cos~qk2qk8!Hk,k8~ t !, ~2.3!

then the classical equations of motion generated by
Hamiltonian,

q̇k~ t !5
]Hel~n,q;t !

]nk
, ~2.4a!

ṅk~ t !52
]Hel~n,q;t !

]qk
, ~2.4b!

are equivalent of the time-dependent Schro¨dinger equation
for the complex amplitudes,

i ċk~ t !5 (
k851

N

Hk,k8ck8~ t !. ~2.5!

This correspondence has been noted before.16

In molecular systems, however, the electronic matrix
actually a function of nuclear coordinateR, $Hk,k8(R)%. @It
becomes a time-dependent electronic matrix ifR is assumed
to follow a given trajectoryR(t).# With this realization, Eq.
~2.3! defines the classical electronic Hamiltonian as a fu
tion of nuclear coordinates,

Hel~n,q;R!5 (
k,k851

N

Anknk8 cos~qk2qk8!Hk,k8~R!,

~2.6!

and the classical Hamiltonian for the complete electro
plus nuclear system is obtained by simply adding the nuc
kinetic energy to it,

H~n,q,P,R!5
P2

2m
1Hel~n,q;R!. ~2.7!
, No. 15, 15 April 1997
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6348 X. Sun and W. H. Miller: Semiclassical representation for molecular dynamics
Here, we have assumed for simplicity that the nuclear co
dinatesR are Cartesian-like, scaled to have a common m

Looking ahead to the initial value representation of S
II B, it is useful to make a canonical transformation from t
electronic action-angle variables (nk ,qk) to the correspond-
ing Cartesian-like electronic variables (xk ,pk) which are de-
fined in the standard way,17

xk5A2nk cosqk , ~2.8a!

pk52A2nk sin qk . ~2.8b!

In terms of these variables, the classical electronic Ham
tonian of Eq.~2.6! becomes,

Hel~x,p;R!5 (
k,k851

N
1
2 ~pkpk81xkxk8!Hk,k8~R!

5 (
k51

N
1
2 ~pk

21xk
2!Hk,k~R!

1 (
k,k851

N

~pkpk81xkxk8!Hk,k8~R!, ~2.9!

where it has been assumed in the last line that the diab
electronic Hamiltonian matrix is real and symmetric. T
reason the Cartesian electronic representation is usef
readily apparent: For fixed nuclear coordinatesR, the Hamil-
tonian of Eq.~2.9! is that ofN harmonic oscillators for which
the semiclassical IVR is exact! The SC-IVR treatment is a
exact for the time-dependent harmonic Hamiltonian that
sults if R is a given nuclear trajectoryR(t). The full
electronic-nuclear Hamiltonian is of course not harmonic
the full coordinate space~x,R!, but the fact that part of the
problem is harmonic is expected to help the accuracy of
SC-IVR approach of the next section.

Still following MM’s arguments,12~c! there is one final
modification to the classical electron Hamiltonian of E
~2.9!, namely to subtract from it the term,

1
2 (
k51

N

Hk,k5
1
2 tr~Hel!. ~2.10!

The classical electron Hamiltonian then becomes,

Hel~x,p,R!5 (
k51

N
1
2 ~pk

21xk
221!Hk,k~R!

1 (
k,k851

N

~pkpk81xkxk8!Hk,k8~R!. ~2.11!

MM argued for this modification based on a ‘‘Langer mod
fication’’, but it is perhaps more convincingly justified b
Stock and Thoss’18 version of the development whereby E
~2.11! is viewed as a quantum Hamiltonian operator forN
oscillators,
J. Chem. Phys., Vol. 106
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Ĥel~R!5 (
k51

N
1
2 ~ p̂k

21 x̂k
221!Hkk~R!

1 (
k,k851

N

~ p̂kp̂k81 x̂kx̂k8!Hk,k8~R!. ~2.12!

Since theN electronic states correspond to theN oscillator
states that each have one quantum of excitation in one m
and zero quanta in all the other modes—i.e., the wavefu
tions of theN oscillator states are,

Fk~x!5f1~xk! )
k851
k8Þk

N

f0~xk8!, ~2.13!

where $fn(x)% are the standard 1-d harmonic oscillator
wave functions—it is easy to show using standard harmo
oscillator matrix elements that,

^FkuĤeluFk8&5Hk,k8 . ~2.14!

Thus, it is necessary to subtract the term in Eq.~2.10! ~which
is the zero-point energy of theN oscillators! so that the ma-
trix of the oscillator Hamiltonian of Eq.~2.12!, with theN
oscillator states of Eq.~2.13!, reproduces the given diabati
electronic Hamiltonian matrix.

The final form of the electronic-nuclear Hamiltonian
then obtained by adding the nuclear kinetic energy to
electronic Hamiltonian of Eq.~2.11!,

H~x,p,R,P!5
P2

2m
1 (

k51

N
1

2
~pk

21xk
221!Hk,k8~R!

1 (
k,k851

N

~pkpk81xkxk8!Hk,k8~R!.

~2.15!

We also note that one can express the classical electro
nuclear Hamiltonian of Eq.~2.15! in theadiabaticrepresen-
tation. Following MM, if ~x̄,p̄! are the adiabatic~Cartesian-
like! electronic variables, then in terms of them the classi
electronic-nuclear Hamiltonian is,

H~ x̄,p̄,R,P!5
uP1F~ x̄,p̄,R!u2

2m

5 (
k51

N
1

2
~ p̄k

21 x̄k
221!Ek~R!, ~2.16!

whereEk~R! are the adiabatic potential energy surfaces@i.e.
the eigenvalues of the matrixHk,k8(R)#, andF is a vector
potential,

F~ x̄,p̄,R!5 (
k,k851

N

~ x̄kp̄k82 x̄k8p̄k!Tk,k8~R!, ~2.17!

whereTk,k8(R) is the skew-symmetric nonadiabatic couplin
matrix,

Tk,k8~R!5K F̄kU ]F̄k8
]R L , ~2.18!

uF̄k& being the adiabatic electronic eigenfunction
, No. 15, 15 April 1997
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6349X. Sun and W. H. Miller: Semiclassical representation for molecular dynamics
B. Semiclassical initial value representation

Various dynamical quantities of interest are given qu
tum mechanically as matrix elements of the time evolut
operator,

^x2Fk2
ue2 iĤ tuFk1

x1&

[S2,1~ t !5E dx1dR1E dx2dR2x2* ~R2!Fk2
* ~x2!

3~x2 ,R2ue2 iĤ tux1 ,R1&Fk1
~x1!x1~R1!, ~2.19!

where x1~x2! is the initial ~final! nuclear wave function,
Fk~x! are the ‘‘electronic’ oscillator wave functions of Eq
~2.13!, andH is the electronic-nuclear Hamiltonian of Eq
~2.15!. As has been described in detail several tim
recently,15 the semiclassical initial value representation~SC-
IVR! of Eq. ~2.19! is obtained by making the semiclassic
~Van Vleck! approximation for the coordinate matrix of th
propagator and then using the IVR trick of changing t
integration variables from the initial and final coordinates
the initial coordinates and momenta. This gives the SC-I
for the amplitude in Eq.~2.19! as,

S2,1~ t !5E dx1dR1E dp1dP1

3A]~xt ,Rt!

]~p1 ,P1!
/~2p i !F1Nx2* ~Rt!Fk2

* ~xt!

3Fk1
~x1!x1~R1!e

iSt~x1 ,p1 ,R1 ,P1!2 ipn t/2,, ~2.20!

where xt~x1,p1,R1,P1! andRt~x1,p1,R1,P1! are the coordi-
nates at timet that evolve along classical trajectory with th
indicated initial conditions,St is the corresponding actio
integral, andn t is the number of zeros experienced by t
Jacobian determinant in the interval (0,t). The classical tra-
jectories here are for the full set ofN electronic andF
nuclear degrees of freedom~in the MM spirit! obtained from
the classical Hamiltonian of Eq.~2.15!. It is also possible to
calculate explicitly the nuclear wave functions on the vario
electronic surfaces by projecting out the electronic wa
functions,

xk2←k1
~R,t !

5^R,Fk2
ue2 iĤ tuFk1

x1&

5E dx1dR1E dp1dP1A]~xt ,Rt!

]~p1 ,P1!
/~2p i !F1N

3d~R2Rt!Fk2
* ~xt!Fk1

~x1!x1~R1!

3eiSt~x1 ,p1 ,R1 ,P1!2 ipn t/2. ~2.21!

It is of course not possible to obtain this quantity via t
usual mixed quantum-classical surface hopping methods

It is interesting to note the relation of the present S
IVR model, Eq.~2.20!, to that of the Pechukas approach.
the latter one writes a Feynman path integral expression
the time evolution operator in Eq.~2.19!,
J. Chem. Phys., Vol. 106

Downloaded¬19¬May¬2005¬to¬169.229.129.16.¬Redistribution¬subject
-
n

s

s
e

-

or

^x2 ,R2ue2 iĤ tux1 ,R1&5E
R1

R2
D@R#E

x1

x2
D@x#eiS@x~ t !,R~ t !#,

~2.22!

and imagines first evaluating~exactly! the path integral over
the electronic degrees of freedom, whereby Eq.~2.19! be-
comes

S2,1~ t !5E dR2E dR1x2* ~R2!x1~R1!

3E
R1

R2
D@R#ei*0

t dt8
1
2mṘ~ t8!2K2,1@R~ t !#, ~2.23!

whereK2,1@R(t)# is the electronic transition amplitude as
functional of the nuclear pathR(t). Up to this point the
formulation is exact, but one now evaluates the nuclear p
integral semiclassically via the functional version of the s
tionary phase approximation. This determines the nuc
classical trajectory.~The Miller–George7 approach corre-
sponds to the further approximation that the electronic tr
sition amplitude functionalK2,1@R(t)# is also obtained semi
classically via the generalized Stuckelberg~complex
crossing time! procedure.! As noted in Sec. II A, however
the SC-IVR treatment of the time-dependent electronic pr
lem is exact for a given nuclear path. The SC-IVR mod
thus givesK2,1@R(t)# of the Pechukas approach exactly.
also effectively makes a semiclassical approximation to
nuclear path integral but evaluates the integral overR1 and
R2 exactly rather than via stationary phase. The present
IVR treatment of the MM classical electronic-nuclear Ham
tonian may thus be viewed as a practical way to implem
the Pechukas model, with the further advantage that it tre
the nuclear degrees of freedom within the SC-IVR fram
work.

The present approach is also seen to be of the same s
as the original MM model in that it treats the electronic a
nuclear degrees of freedom on the same dynamical foot
except here the treatment is via the SC-IVR descript
rather than the more primitive quasiclassical procedure.~We
note that MM and others19 did carry out semiclassical trea
ments of the classical electron model within the classi
S-matrix formulation, and that the results were in fact exc
lent. Applications to more general situations, however, w
difficult.!

III. APPLICATIONS TO TEST SYSTEMS

To gain some indication of how well the present SC-IV
quantization of the classical electronic-nuclear model wo
in practice we have carried out applications to the ‘‘Tu
canon,’’ i.e., the three model problems suggested by Tu6

for testing a variety of situations in nonadiabatic dynami
These scattering problems involve one nuclear degree
freedom ~e.g., an atom–atom collision system! and two
‘‘electronic states,’’ so the classical Hamiltonian of E
~2.15! takes the specific form,
, No. 15, 15 April 1997
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6350 X. Sun and W. H. Miller: Semiclassical representation for molecular dynamics
H~x1 ,p1 ,x2 ,p2 ,R,P!5
P2

2m
1
1

2
~p1

21x1
221!H11~R!

1
1

2
~p2

21x2
221!H22~R!

1~p1p21x1x2!H12~R! ~3.1!

for various forms of the 232 diabatic electronic matrix
$Hk,k8(R)%. The two ‘‘electronic’’ wave functions of Eq
~2.13! are,

F1~x1 ,x2!5A2

p
x1e

21/2~x1
2
1x2

2
!, ~3.2a!

F2~x1 ,x2!5A2

p
x2e

21/2~x1
2
1x2

2
!. ~3.2b!

The specific forms of the 232 diabatic electronic matrix
$Hk,k8(R)% correspond to a single avoided crossing, a dou
avoided crossing, and an extended coupling problem.
adiabatic potentials for the three cases are shown in Fig
The nuclear mass ism52000 a.u., about the mass of an
atom. As with Tully’s calculations, the initial nuclear wav

FIG. 1. The adiabatic potential curves~solid! and the nonadiabatic couplin
~dash! for the three systems considered.~1! Single avoided crossing.~2!
Dual crossing.~3! Extended coupling.
J. Chem. Phys., Vol. 106
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e
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function is a Gaussian wave packet~coherent state! located
in the reactant asymptotic region~to the far left in Fig. 1!,

x1~R!5S fp D 1/4e2~ f/2!~R2R0!21 iP0R, ~3.3!

whereR0 is far from the interaction region, andP0 is the
initial momentum.f is taken to be 1. The total wave functio
at t50 is therefore,

C1~R,x1 ,x2,0!5x1~R!F1~x1 ,x2!. ~3.4!

This wave function is then propagated in time to the prod
asymptotic region (R→`) using the SC-IVR formalism de
scribed in the previous section. The nuclear wave- functi
on each surface are found by projecting out the electro
part as described before. The quantities Tully calculated
the various transmission and reflection probabilities on eit
surface. We obtain these by integrating the final nucl
probability density in the asymptotic regions,

Pk
trans5 lim

t→`
E
0

`

dRuxk~R,t !u2, ~3.5a!

Pk
refl5 lim

t→`
E

2`

0

dRuxk~R,t !u2. ~3.5b!

Because the initial wave function is narrow in momentu
the final transmission and reflection probabilities are
proximately the scattering probabilities as a function of i
tial translational energyP0

2/2m.
The specific IVR we used for the calculation is th

Herman–Kluk IVR,14~f! the generic form of which is,

^C2ue2 iĤ tuC1&5E dq1dp1
~2p!F

CqptC1
g~q1 ,p1!

3C2
g* ~qt ,pt!e

iSt~q1 ,p1!, ~3.6!

where $Cn
g% are the coherent state transforms of the t

wave functions,

Cg~q,p!5^guC&

5E dq8C~q8!S g

p D F/4e2g/2~q2q8!21 ip•~q2q8!, ~3.7!

the Jacobian factorCqpt is

Cqpt5AdetS 12 S ]pt
]p1

1
]qt
]q1

2 ig
]qt
]p1

1
i

g

]pt
]q1

D D , ~3.8!

andg is an adjustable parameter. When applied to the cur
specific problem, the time-dependent nuclear wave func
on surfacek is,
, No. 15, 15 April 1997
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6351X. Sun and W. H. Miller: Semiclassical representation for molecular dynamics
xk←1~R,t !5E dRdPdx1dp1dx2dp2Cxptx1
g~R,P!

3F1
g~x1 ,p1 ,x2 ,p2!g~Rt ,Pt ;R!

3Fk
g* ~x1t ,p1t ,x2t ,p2t!

3eiSt~R,P,x1 ,p1 ,x2 ,p1!2 ipn/2, ~3.9!

where

g~Rt ,Pt ;R!5^Rug&5S g

p D 1/4e2g/2~R2Rt!
21 iPt~R2Rt!.

~3.10!

The integration over the initial conditions is done wi
weighted Monte Carlo sampling. A typical number of traje
tories required for convergence is 43 104. From the wave
fuctions, transmission probabilities, and reflection probab
ties are calculated for both electronic states. Quantum
chanical calculations are also performed for comparison p
poses with the standard split operator technique.

A. Case 1, avoided crossing

This example of an isolated avoided crossing of ad
batic potential surfaces is the most elementary and m
common situation. The diabatic potentials in the case ar

FIG. 2. Case 1, single avoided crossing. Upper panel, transmission p
abilities on the first diabatic state~upper adiabatic state!. Lower panel:
Transmission probabilities on the second diabatic state~lower adiabatic
state!. Solid lines are the quantum mechanical results. Filled circles are
SC-IVR model.
J. Chem. Phys., Vol. 106
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H11~R!5H V0~12e2aR! R.0,

2V0~12eaR! R,0,
~3.11a!

H22~R!52H11~R!, ~3.11b!

H12~R!5V1e
2bR2. ~3.11c!

The parameters used here are the same as used by T
V050.001, V150.005, a51.6, andb51.0, all in atomic
units. The transmission probabilities in state 1 and 2 vs
initial momentum are shown in Fig. 2. The quantum resu
are plotted also. The semiclassical results are essent
quantitative for higher initial energies. For lower energi
though, the results are not as well reproduced compared
the quantum answers. The reason we believe is due to
long time problem of the semiclassical IVR formalism. It
well known that the accuracy of the semiclassical IVR a
proximation to the time-dependent propagator diminishes
time becomes long.14~e! The Herman–Kluk IVR used here is
no exception. Since at lower energies, it takes longer for
wave packet to go from one asymptotic region to another,
final probabilities are not very accurate. In fact, for time
longer than 5000 atomic units, the system becomes cha
and the IVR expression gives unstable results. This is one
challenges of SC-IVR calculations where chaotic dynam
of the problem can give unphysical answers.

In addition to the probabilities, with this method, we ar
able to obtain also the wave functions on each surface. Th
wave functions and their time evolution are shown as co
tours in Fig. 3. Compared with the quantum mechanical
sults, they are in excellent agreement.

B. Case 2, double crossing

This example is more challenging in that there is qua
tum mechanical interference between the two crossings, g
ing Stuckelberg oscillations.20 The diabatic potentials in this
case are,

b-

e

FIG. 3. Case 1, avoided crossing. Contours of the absolute value of
nuclear wave functions squared on each of the diabatic states, quan
~upper two panels! vs SC-IVR~lower two panels!. The initial momentum is
P0518.0.
, No. 15, 15 April 1997
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H11~R!50, ~3.12a!

H22~R!52V0e
2aR21E0 , ~3.12b!

H12~R!5V1e
2bR2, ~3.12c!

with V050.1, E050.05,V150.015,a50.28, andb50.06.
Again, comparisons between quantum and semiclassica
sults are shown in Fig. 4. The present SC-IVR model rep
duces the oscillatory transmission probabilities at higher
ergies very well. At lower energies, we have the sa
problem of long time accuracy of the semiclassical propa
tion.

C. Case 3, extended coupling

This case is a still more difficult test for the semiclassi
method. Here, the coupling between the diabatic states
not go to zero in the asymptotic region. The diabatic pot
tials are,

H11~R!52V0 , ~3.13a!

H22~R!5V0 , ~3.13b!

H12~R!5HV1e
bR R,0,

V1~22e2bR! R.0,
~3.13c!

with V05631024, V150.1, andb50.9. Since the diabatic
states are very close in energy, the transmission and re
tion probabilities are essentially identical for both states. T

FIG. 4. Case 2, dual avoided crossing. Upper panel, transmission prob
ties on the first diabatic state. Lower panel, transmission probabilities on
second diabatic state. Symbols are the same as Fig. 2.
J. Chem. Phys., Vol. 106
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adiabatic states show a barrier for the upper state, thus
would expect some reflection for energies below this barr
These effects are all observed in the quantum and the s
classical calculations. Their comparison is again very go
Tully in his calculations observed unphysical oscillatory e
fects with the surface-hopping model. We do not obse
this in the transmission and reflection probabilities as sho
in Fig. 5. However, the probabilities as a function of time
show some small oscillations around the correct value in F
6. These oscillations are of course due to the extended
pling in the asymptotic region. The extend to which th
effect the final answer however is small.

IV. CONCLUDING REMARKS

It has been shown how the semiclassical initial va
representation methodology can be generalized to incl
electronically nonadiabatic dynamics. The basic idea is
quantize the classical electronic-nuclear Hamiltonian
Meyer and Miller within the SC-IVR framework. Electroni
and nuclear degrees of freedom are thus treated on the s
dynamical footing, in the original spirit of MM, except th
treatment is now via the SC-IVR description rather than
more primitive quasiclassical one.

Application of the approach to a variety of test problem
shows it to provide a good description of nonadiabatic tr
sitions in essentially all these cases. The only difficult
were seen at low energies, where the SC-IVR approach
had difficulties in the past for treating nuclear dynamics ev

ili-
he

FIG. 5. Case 3, extended coupling. Upper panel, transmission probabi
for both of the diabatic states. Lower panel, reflection probabilities for b
of the diabatic states. Symbols are the same as Fig. 2.
, No. 15, 15 April 1997
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6353X. Sun and W. H. Miller: Semiclassical representation for molecular dynamics
on one potential surface. We believe that this model ha
great deal of potential for providing a realistic description
electronically nonadiabatic dynamics in a variety of situ
tions, though like any model, there will be cases where i
not accurate.

Perhaps more serious is the question of applicability
the SC-IVR approach. The computational task is to evalu
a rather high dimensional integral~a phase space averag
over initial conditions! with an oscillatory integrand. The
various filtering, or smoothing, procedures provided by
Herman–Kluk approach, or the stationary phase Mo
Carlo methods,21 help to make the integral approachable
Monte Carlo methods. It is clear, though, that one need
make further progress in this regard to make the SC-I
methodology truly practical.
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FIG. 6. Transmission probability as function of time for the extended c
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diabatic state. Solid line, SC-IVR. Dashed line, quantum mechanical.
J. Chem. Phys., Vol. 106

Downloaded¬19¬May¬2005¬to¬169.229.129.16.¬Redistribution¬subject
a
f
-
s

f
te

e
e

to

is
by
-
-

e

1~a! L. D. Landau, Physik. Z. Sowjetunion U.R.S.S.2, 46 ~1932!; ~b! C.
Zener, Proc. Roy. Soc.~London! A 137, 696 ~1932!; ~c! E. C. G. Stuck-
elberg, Helv. Phys. Acta5, 369 ~1932!.

2See, for example, H. Nakamura and C. Zhu, Comments At. Mol. Phys.32,
249 ~1996!.

3See, for example,~a! D. C. Clary, J. Phys. Chem.98, 10678~1994!; ~b! F.
N. Dzegilenko and J. M. Bowman, J. Chem. Phys.105, 2280~1996!.

4~a! L. M. Raff and D. L. Thompson, inTheory of Chemical Reaction
Dynamics, edited by M. Baer~CRC, Boca Raton, Fl, 1984!, Vol. III; ~b!
edited by W. L. Hase,Advances in Classical Trajectory Methods~JAI,
Greenwich, CT, Vol. 1, 1992, Vol. 2, 1993!.

5~a! R. K. Preston and J. C. Tully, J. Chem. Phys.54, 4297~1971!; ~b! 55,
562 ~1971!; ~c! M. F. Herman,ibid. 76, 2949~1982!.

6~a! J. C. Tully, J. Chem. Phys.93, 1061~1990!; ~b! See also, D. F. Coker
and L. Xiao,ibid. 102, 496 ~1995!.

7~a! W. H. Miller and T. F. George, J. Chem. Phys.56, 5637~1972!; ~b! W.
H. Miller, Adv. Chem. Phys.25, 69 ~1974!.

8~a! G. D. Billing, Chem. Phys.9, 359 ~1975!; Chem. Phys. Lett.30, 391
~1975!.

9~a! R. B. Gerber, V. Buch, and M. A. Ratner, J. Chem. Phys.77, 3022
~1982!; ~b! V. Buch, R. B. Gerber, and M. A. Ratner, Chem. Phys. Le
101, 44 ~1983!.

10P. Pechukas, Phys. Rev.181, 181 ~1969!.
11F. Webster, E. T. Wang, P. J. Rossky, and R. A. Friesner, J. Chem. P
100, 4835~1994!.

12~a! W. H. Miller and C. W. McCurdy, J. Chem. Phys.69, 5163~1978!; ~b!
C. W. McCurdy, H. D. Meyer, and W. H. Miller,ibid. 70, 3177 ~1979!;
~c! H. D Meyer and W. H. Miller,ibid. 70, 3214 ~1979!; ~d! 71, 2156
~1979!.

13See, for example,~a! E. Neria and A. Nitzan, J. Chem. Phys.99, 1109
~1993!; ~b! R. D. Coalson, D. G. Evans, and A. Nitzan,ibid. 101, 436
~1994!.

14~a! W. H. Miller, J. Chem. Phys.53, 3578~1970!; ~b! E. J. Heller,ibid. 94,
2723~1991!; ~c! W. H. Miller, ibid. 95, 9428~1991!; ~d! E. J. Heller,ibid.
95, 9431~1991!; ~e! K. G. Kay, ibid. 100, 4377, 4432~1994!; 101, 2250
~1994!; ~f! M. F. Herman and E. Kluk, Chem. Phys.91, 27 ~1984!; E.
Kluk, M. F. Herman, and H. L. Davis, J. Chem. Phys.84, 326 ~1986!.

15~a! B. W. Spath and W. H. Miller, J. Chem. Phys.104, 95 ~1996!; ~b! S.
Garashchuk and D. J. Tannor, Chem. Phys. Lett.262, 477 ~1996!; ~c! F.
Grossman and E. J. Heller,ibid. 241, 45 ~1995!; ~d! X. Sun and W. H.
Miller, J. Chem. Phys.106, 916 ~1997!; ~e! A. R. Walton and D. E.
Manolopoulos, Mol. Phys.87, 961 ~1996!; ~f! A. R. Walton and D. E.
Manolopoulos, Chem. Phys. Lett.244, 448~1995!; ~g! M. L. Brewer, J. S.
Hulme, and D. E. Manolopoulos, J. Chem. Phys.~to be published!.

16F. Strocchi, Rev. Mod. Phys.38, 36 ~1966!.
17H. Goldstein,Classical Mechanics, 2nd ed.~Addison-Wesley, 1980!.
18G. Stock and M. Thoss~unpublished!.
19R. Currier and M. F. Herman, J. Chem. Phys.82, 4509~1985!.
20E. E. Nikitin, Theory of Elementary Atomic and Molecular Processes
Gases~Clarendon, Oxford, 1974!.

21~a! V. S. Filinov, Nucl. Phys. B271, 717 ~1986!; ~b! N. Makri and W. H.
Miller, Chem. Phys. Lett.139, 10 ~1987!; ~c! J. D. Doll, D. L. Freeman,
and T. L. Beck, Adv. Chem. Phys.78, 61 ~1994!.

-

, No. 15, 15 April 1997

¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp


