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The semiclassical initial value representati@C-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 nonadiabatice., multisurfacg processes. The essential idea is a
guantization of the classical electron-nuclear Hamiltonian of Meyer and NMilleEhem. Physz0,

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. @997 American Institute of Physics.
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I. INTRODUCTION potential surface at a time with localizeéhstantaneoys
transitions from one potential surface to another. The prob-

Although the Born—Oppenheimer approximation, i.e.,ability of such “hops” is determined by an electronic tran-
the motion of atomic nuclei on one potential energy surfacesition probability obtained by integrating the time-dependent
is the theoretical basis of much of chemical/molecular dy-electronic Schrdinger equation simultaneously with the
namics, there are many situations that involve coupling anéuclear trajectory(Miller and Georgé upgraded this model
transitions between different potential energy surfde@a- by using a classicab-matrix description of the nuclear de-
batic electronic stat¢s The purpose of this paper is to grees of freedom, but this has not seen much application
present and test a new theoretical model for carrying oubecause of practical difficulties in applying)it.
calculations for such nonadiabatic processes. Another popular mixed quantum-classical approach is

For the collisions of two atoms, or equivalently, nuclearthe Ehrenfest modél,in which the classical equations of
motion in a diatomic molecule, it is usually possible to treatmotion for the nuclear coordinates are also integrated simul-
the coupled electronic-nuclear Schimger equations with-  taneously with the time-dependent Satirmer equation, but
out significant approximation. Semiclassical approximationthe nuclear potential energy function which determines the
for the atom-atom motion, such as the Landau—trajectory in this case is the expectation value of the
Zener—Stuckelberfgapproximation and its refinemerft@ire  electronic-nuclear potential energy with respect to the elec-
well known and useful for the insight they provide, but theytronic wave function,
are actually not necessary as a computation/simulation tool.

The situation is quite different for molecular dynamics
involving more than two atoms, where the number of nuclear
degrees of freedom, and the many vibrational/rotational
states associated with them, typically precludes an exact
guantum mechanical treatment of the combined electronic-
nuclear dynamics. Indeed, the rigorous quantum treatment afhere x and R denote electronic and nuclear coordinates,
the nuclear dynamics for more than three atoms on only  respectively, and¥,, the electronic wave function(The
potential surface is itself a challenging tasgp that even in  Ehrenfest model maybe thought of as a semiclassical version
this simpler one surface case, classical mechaies clas- of the time-dependent self consistent fieldDSCPH
sical trajectory simulationsis often used to describe the approximatior?) Since ¥, is a linear combination of the
nuclear dynamic8.It is thus natural to try to treat electroni- various adiabatic electronic wave functions involved in the
cally nonadiabatic processes by using classical mechanics tlynamics, the nuclear potential energy surface in(Ed) is
describe the nuclear dynamics while still retaining a quantuna combination of all the adiabatic potential surfaces, so that
description of the electronic degrees of freed@ie., the this approach is quite a different situation from the surface
several adiabatic electronic states involved in the process hopping model described above.

There are several ways this mixed ‘“classical nuclear- A more rigorous mixed quantum-classical model is that
quantum electronic” idea has been implemented. The surput forth by Pechuka¥® whereby the nuclear trajectory is
face hopping model introduced by Tully and Prestoray be  determined by a semiclassical evaluation of the electronic-
thought of as a polyatomic generalization of the Landau-nuclear path integral representation of the time evolution op-
Zener approximatiorithough Tully’s latest version of the erator. The effective nuclear potential energy surface in this
model is able to treat more than simple curve crossingase turns out to be nonlocal in time, and because of the
problem§). In this model the nuclei move on one adiabatic practical difficulties associated with this it has not seen much

V(R,t)=f dxP (X, ) V(X,R)Wo(X,1), 1.1

6346 J. Chem. Phys. 106 (15), 15 April 1997 0021-9606/97/106(15)/6346/8/$10.00 © 1997 American Institute of Physics

Downloaded-19-May-2005-t0-169.229.129.16.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://jcp.aip.org/jcp/copyright.jsp



X. Sun and W. H. Miller: Semiclassical representation for molecular dynamics 6347

application(but see Webstest al!'). The Pechukas model is then concludes with a discussion of practical aspects of the
discussed in more detail at the end of Sec. Il B in its relatiormodel for interesting applications.
to the present model developed below.
A very different approach to the problem of nonadiabatic“' THEORETICAL DEVELOPMENT
dynamics was taken by Miller and co-workéfsHere the A. Review of the classical electron analog model
several electronic'stateéand the coupling betyvegn themre . Meyer and Millef2© (MM) began by considering a
replaced by classical degrees of freedom, yielding a classic@l x N time-dependent electronic Hamiltonian matrix
Hamiltonian in terms of the nuclear coordinates and MOYH, (1)}, kk'=1,...N, with the time-dependent elec-
menta, and coordinates and momenta for (bellective  tronic wave function expanded in theliabatio electronic
electronic degrees of freedom. Classical trajectories for thgggjs
combined electronic and nuclear degrees of freedom are then
computed with the standard “quasiclassical” treatment of
initial and final conditiond. In the “classical electron ana-
log” model of Meyer and Miller*2® the equations of motion ) , )
for the electronic-nuclear system are the same as in thghey noted that if the gomplex amplitudeg(t) are written
Ehrenfest/TDSCF model, but the way the boundary condil trms of the real variables(t), ax(t)},
tion are interpreted and applied makes the models quite dif- ¢ (t)= \/n (t)e "%, (2.2
ferent. . _— .
These various models all have their advantages as we‘ﬁn_d the classical elec_tron analog Hamiltonian defineas
as their shortcomings, a detailed analysis of which would bé)emg 1 throughout this pager
lengthy. In brief, the Ehrenfest/TDSCF approach is best He|(n,q;t)=<‘1’e|||:|e||‘1’e|>
when there is weakand diffuse coupling between many
electronic states for which the nuclear forces are similar, and — S FH,w(be
the surface hopping model is better when the coupling be- koty X Kk AE k!
tween the different adiabatic states is localizdtugh pos- ' N
sibly strong. The “classical electron” model was con-
structed to provide a more even-handed description of the :kkgzl VNN €08 A= ) Hicwr (1), (2.3)
nuclear and electronic degrees of freedom, but it achieves - ) . )
this by reducing the rigor in the description of both sets ofthen the classical equations of motion generated by this
degrees of freedom to that of the quasiclassical model. Thefdamiltonian,

N
|we|<t>>=gl c(D)]K). 2.0

N

are also a variety of semiclassical treatm&htsmsed on a . IHe(n,q;t)

perturbative (i.e., “golden rule”) approximation for the ax(t)= o , (2.439
nonadiabatic coupling that are often very useful, but we are k

concerned in this paper with approaches that are, in principle dHe(n,q;t)

at least, not restricted to the perturbative regime. == (2.4b

The new model we present here for treating nonadiabatic . i L .
dynamics is based on the semiclassical initial value?r® €quivalent of the time-dependent Sciinger equation

representatiod (SC-IVR) applied to the Meyer—Miller ver- for the complex amplitudes,

sion of the classical electron model. In essence, it is a clas- N
sical model of nuclear and electronic degrees of freedom that ic,(t)= E Hy wCr (1), (2.5
is quantized semiclassically via the IVR prescription. The k=1

SC-IVR approach has seen considerable interest re¢entlyThis correspondence has been noted before.
for treating nuclear dynamics on a single potential surface In molecular systems, however, the electronic matrix is
where it has been shown to provide a good description ohctually a function of nuclear coordinal {Hy \(R)}. [It
quantum interference and, to some extent, tunneling effecthecomes a time-dependent electronic matriR i assumed
The present work may be viewed as a generalization of theo follow a given trajectoryR(t).] With this realization, Eq.
SC-IVR methodology to multi-electronic state problems. It(2.3) defines the classical electronic Hamiltonian as a func-
will also be seen to have an interesting relation to some ofion of nuclear coordinates,
the other models mentioned above. N

Section Il first reviews the Meyer—Miller version of the Py — [ — _
classical electron model and then quantizes it via the SC-IVR He|(n,q,R)—k]kZ:1 MM 0% A=Ak Hiwe (R
methodology. The relation of it to other models for treating (2.6

nonadiabatic dynamics is also discussed. Section Ill then degng the classical Hamiltonian for the complete electronic
scribes the results of application of the approach to the threg ;s nuclear system is obtained by simply adding the nuclear
test problems suggested by Tully which cover a variety Ofiinetic energy to it

nonadiabatic coupling situations. The SC-IVR model is seen
to provide a reasonably good description of the electronically
nonadiabatic dynamics for all of these examples. Section IV

P2
H(n:an:R):ﬁ*—Hm(n,q;R). (27)
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Here, we have assumed for simplicity that the nuclear coor- N
dinatesR are Cartesian-like, scaled to have a common mass. Hg(R)= E 3 (p§+x§— 1)H(R)
Looking ahead to the initial value representation of Sec. k=1

Il B, it is useful to make a canonical transformation from the N
electronic action-angle variables,q,) to the correspond- + D (PP + XK ) Hy e (R). (2.12
ing Cartesian-like electronic variables,(,p,) which are de- k<k’=1
fined in the standard way, Since theN electronic states correspond to tNeoscillator
states that each have one quantum of excitation in one mode
X= 2Ny cosq, (2.8a  and zero quanta in all the other modes—i.e., the wavefunc-
tions of theN oscillator states are,
Px=— /2N, sin g. (2.8 N
O ()= 103 T1 do(x0), (213
In terms of these variables, the classical electronic Hamil- k=1
tonian of Eq.(2.6) becomes, K7k
where {¢,(x)} are the standard @l- harmonic oscillator
N wave functions—it is easy to show using standard harmonic
Ho(,P;R)= 2 3 (pkPr + Xk ) Hi i (R) oscillator matrix elements that,
kk'=1 -
N (Dy[Hel Py =Hy o - (2.14
= gl 3 (PE+x2)H (R Thus, it is necessary to subtract the term in 410 (which

is the zero-point energy of the oscillators so that the ma-
N trix of the oscillator Hamiltonian of Eq(2.12), with the N
+ 2 (PePw + XX ) Hi 0 (R), (2.9 oscillato_r state; of I_Eq.z.ls’),.reproduces the given diabatic
K<k =1 ' electronic Hamiltonian matrix.

The final form of the electronic-nuclear Hamiltonian is
where it has been assumed in the last line that the diabatihen obtained by adding the nuclear kinetic energy to the
electronic Hamiltonian matrix is real and symmetric. Theelectronic Hamiltonian of Eq(2.11),
reason the Cartesian electronic representation is useful is P2 N
rea@ly apparent: For fixed nuclear c_oordlnateshe Ham!l- HX,p,R,P)=s—+ > = (p2+xi— DHy e (R)
tonian of Eq.(2.9) is that ofN harmonic oscillators for which 2m =1 2
the semiclassical IVR is exact! The SC-IVR treatment is also

N
exact _for th_e tlme-_dependent harmpmc Hamiltonian that re- + 2 (PP + XiX ) Hi i (R).

sults if R is a given nuclear trajectonr(t). The full K<k =1

electronic-nuclear Hamiltonian is of course not harmonic in (2.15

the full coordinate spacé,R), but the fact that part of the

problem is harmonic is expected to help the accuracy of théV€ also note that one can express the classical electronic-
SC-IVR approach of the next section. nuclear Hamiltonian of Eq.2.15 in the adiabaticrepresen-

Still following MM’s argumentsl,z(°> there is one final tation. Following MM, if (x,p) are the adiabati¢Cartesian-
modification to the classical electron Hamiltonian of Egq. like) electronic variables, then in terms of them the classical

(2.9), namely to subtract from it the term, electronic-nuclear Hamiltonian is,
P+F(x,p,R)|?
N H(x,p,R,P)z%
> Hy k=73 tr(He. (2.10
k=1 N
, . =2 5 (- DER), (2.16
The classical electron Hamiltonian then becomes, k=1

whereE,(R) are the adiabatic potential energy surfafjes

N . A
the eigenvalues of the matrid, ,(R)], andF is a vector
He|(le1R):k21 %(pE+XE_1)Hk,k(R) potentiaL ok
N __ % _
F y ’R = T ! T ! R y 2-1
+ E (pkpk’+xkxk’)Hk,k’(R)- (2.11) (x,p,R) i (XPxr — Xk Pk) k.k (R) (217
k<k'=1

whereT, - (R) is the skew-symmetric nonadiabatic coupling
MM argued for this modification based on a “Langer modi- matrix,

fication”, but it is perhaps more convincingly justified by _| s

Stock and Thos$® version of the development whereby Eq. T (R)= < D, —k> , (2.18
(2.11) is viewed as a quantum Hamiltonian operator for ' JR

oscillators, |®,) being the adiabatic electronic eigenfunctions.
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B. Semiclassical initial value representation

(Xz,R2|efiﬁt|Xl,Rl>: J'Rz%[R]J’ng[x]eis[x(t),R(t)],
Various dynamical quantities of interest are given quan- R, Xq

tum mechanically as matrix elements of the time evolution (2.22
operator, . . . . .
" and imagines first evaluatingxactly the path integral over
<XZ<I>k2|e*'Ht|CI>le1) the electronic degrees of freedom, whereby Ej19 be-
comes

Esz,l(t):f Xmdef dxzdRzX;(Rz)q):z(Xz)
. 52,1(t)=J dRzJ dRyx5 (Rp) x1(Ry)
X (X2, Ral€™ M |xq ,Ry) Py (x1) x1(R1), (2.19

Ry cet gl 2
where x;(x») is the initial (final) nuclear wave function, X . IRl 2MRK, [R(1)], (2.23
d,(x) are the “electronic’ oscillator wave functions of Eq. !
(2.13, andH is the electronic-nuclear Hamiltonian of Eq. whereK
(2.15. As has been described in detail several timesf

recently,” the semiclassical initial value representati®C- ¢,/ mylation is exact, but one now evaluates the nuclear path
IVR) of Eq. (2.19 is obtained by making the semiclassical integral semiclassically via the functional version of the sta-

(Van Vieck approximation for the coordinate matrix of the tionary phase approximation. This determines the nuclear

propagator and then using the IVR trick of changing theqaqgjcal trajectory(The Miller—Georgd approach corre-
integration variables from the initial and final coordinates tosponds to the further approximation that the electronic tran-
the initial co_ordme}tes and momenta. This gives the SC-IVRsition amplitude functionak , {R(t)] is also obtained semi-
for the amplitude in Eq(2.19 as, classically via the generalized Stuckelber@omplex
crossing time procedure. As noted in Sec. Il A, however,
52,1(t)=f dxldef dp,dP; the SC-IVR treatment of the time-dependent electronic prob-
lem is exactfor a given nuclear path. The SC-IVR model
\/f?(Xn t) CEAN . thus givesK, [R(t)] of the Pechukas approach exactly. It
m/(Zm) X2 (R)Pic, (%) also effectively makes a semiclassical approximation to the
. , nuclear path integral but evaluates the integral deiand
X Dy (Xg) x1(Ry) €SV PLRLPUTITZ (220 B ayactly rather than via stationary phase. The present SC-
IVR treatment of the MM classical electronic-nuclear Hamil-
tonian may thus be viewed as a practical way to implement
the Pechukas model, with the further advantage that it treats
the nuclear degrees of freedom within the SC-IVR frame-
work.
The present approach is also seen to be of the same spirit

nuclear degrees of freedofim the MM spirit) obtained from as the original MM model in that it treats the elec_tronlc ar_1d
nuclear degrees of freedom on the same dynamical footing,

the classical Hamiltonian of Eq2.15. It is also possible to except here the treatment is via the SC-IVR description

calculate explicitly the nuclear wave functions on the various L . .
electronic surfaces by projecting out the electronic Waverather than the more pr|m|t.|ve quasmlassma_l proged(M&e
hote that MM and othefS did carry out semiclassical treat-

24 R(t)] is the electronic transition amplitude as a
unctional of the nuclear patR(t). Up to this point the

where x,(X1,p1,R1,P1) and Ry(x4,p;,R,,P1) are the coordi-
nates at time that evolve along classical trajectory with the
indicated initial conditionsS; is the corresponding action
integral, andv, is the number of zeros experienced by the
Jacobian determinant in the interval ()0, The classical tra-
jectories here are for the full set & electronic andF

functions, ments of the classical electron model within the classical
Xk,—k, (R, 1) S-matrix formulation, and that the results were in fact excel-
. lent. Applications to more general situations, however, were
:(R,q>k2|e—'Ht|q>le1> difficult.)
(X, Ry) .
=f dxldRJ dp,dP; u/(Zm)HN
9(p1,P1) Ill. APPLICATIONS TO TEST SYSTEMS

*
X 5(R= Rt)q)kz(xt)q)kl(xl)X1(Rl) To gain some indication of how well the present SC-IVR

quantization of the classical electronic-nuclear model works
in practice we have carried out applications to the “Tully
It is of course not possible to obtain this quantity via thecanon,” i.e., the three model problems suggested by fully
usual mixed quantum-classical surface hopping methods. for testing a variety of situations in nonadiabatic dynamics.
It is interesting to note the relation of the present SC-These scattering problems involve one nuclear degree of
IVR model, Eq.(2.20), to that of the Pechukas approach. In freedom (e.g., an atom—atom collision systerand two
the latter one writes a Feynman path integral expression fotelectronic states,” so the classical Hamiltonian of Eg.
the time evolution operator in E§2.19), (2.15 takes the specific form,

% @!St(x1.P1.Ry Py —imi/2. (2.21
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FIG. 1. The adiabatic potential curvésolid) and the nonadiabatic coupling
(dash for the three systems considergd) Single avoided crossing2)
Dual crossing(3) Extended coupling.

P2 1,
H(X1:p1,X2ap2:R,P):ﬁ+§(p1+X1_1)H11(R)

1o 2,2
+ > (p2+Xx3—1)H(R)

+(P1P2tX1X)H1A(R) (3.1

for various forms of the X2 diabatic electronic matrix
{Hkk(R)}. The two “electronic” wave functions of Eq.
(2.13 are,

2

D1(X1,X)= \/; Xleillz(xiﬂg), (3.2a
2 2,2

Dy(Xq,X2) = \/; Xpe AT, (3.2b

The specific forms of the 22 diabatic electronic matrix

function is a Gaussian wave packebherent stajelocated
in the reactant asymptotic regidto the far left in Fig. },

1/4
ef(flz)(RfRO)ZHPOR, (3.3

x1(R)=

where R, is far from the interaction region, and, is the
initial momentum f is taken to be 1. The total wave function
att=0 is therefore,

W1(R,X1,X2,0) = x1(R)®1(X1,X7). (3.9

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

Pran= I|mf dR|xk(R,1)]3, (3.59

0
PEl= |im J dRx«(R,1)|%. (3.5

t—ood —

Because the initial wave function is narrow in momentum,
the final transmission and reflection probabilities are ap-
proximately the scattering probabilities as a function of ini-
tial translational energp3/2m.

The specific IVR we used for the calculation is the
Herman—KIluk IVR*® the generic form of which is,

- d.dp
<\I’ |e IHt|\Ifl> f (21 )Fl qut\I’ (qupl)

X WY (g, pyeSiaPy), (3.6)

where {¥'9} are the coherent state transforms of the two
wave functions,

W9(q,p)=(g|¥)

)
- | dq'W(q’)(%) e Aamd) i), (3.9

the Jacobian facto€y, is

Py dq; gy | Ipy
. . ) Copt=\/ de —+ ——iy—+—-——]], (3.8
{H «(R)} correspond to a single avoided crossing, a double 2\ap, 4, Y apy v aa
avoided crossing, and an extended coupling problem. The
adiabatic potentials for the three cases are shown in Fig. ndyis an adjustable parameter. When applied to the current
The nuclear mass i;1=2000 a.u., about the mass of an H specific problem, the time-dependent nuclear wave function
atom. As with Tully’s calculations, the initial nuclear wave on surfacek is,
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06 I FIG. 3. Case 1, avoided crossing. Contours of the absolute value of the

nuclear wave functions squared on each of the diabatic states, quantum
(upper two pane)svs SC-IVR (lower two panels The initial momentum is

Po=18.0.
%03 100 200 30.0 VO(l_eiaR) R>0,

’ ‘ Initial Momentum (a.u.) H 11( R) = _ VO( 1— eaR) R< 07 (3113
FIG. 2. Case 1, single avoided crossing. Upper panel, transmission prob- Hz(R)=—H1(R), (3.110
abilities on the first diabatic stat@ipper adiabatic statelower panel: — BR?
Transmission probabilities on the second diabatic stEieer adiabatic Hiy(R)=V.e . (3.110
statg. Solid lines are the quantum mechanical results. Filled circles are thel_
SC-IVR model. he parameters used here are the same as used by Tully,

V(,=0.001, V,=0.005, «=1.6, and 8=1.0, all in atomic
units. The transmission probabilities in state 1 and 2 vs the
initial momentum are shown in Fig. 2. The quantum results
_ g are plotted also. The semiclassical results are essentially
Xk‘_l(R’t)_f dRAPAxdpdxdp,CapXi(R.P) quan[iitative for higher initial energies. For lower energies
though, the results are not as well reproduced compared to
the quantum answers. The reason we believe is due to the
XCI)E*(XH D1t 1 Xot s Pat) long time problem of the semiclassical IVR formalism. It is
well known that the accuracy of the semiclassical IVR ap-
X @' St(RPX1,p1.Xz,py) —imvi2. (3.9  proximation to the time-dependent propagator diminishes as
time becomes lon&*® The Herman—Kluk IVR used here is

X ®I(X1,P1.%2,P2)9(R;,Pe;R)

where . : Lo
i no exception. Since at lower energies, it takes longer for the
g(R,,P,:R)=(R|g) = Y o 2R-R)2+iP{R-R) wave packet_ to go from one asymptotic region to anoth(_ar, the
T final probabilities are not very accurate. In fact, for times

(3.10 longer than 5000 atomic units, the system becomes chaotic
and the IVR expression gives unstable results. This is one of

The integration over the initial conditions is done with . . ;
challenges of SC-IVR calculations where chaotic dynamics

weighted Monte Carlo sampling. A typical number of trajec- £ th bl . hvsical
tories required for convergence is* 10%. From the wave ° the p(rjca. em car;} give gngll'y'sma gﬂsvr\]/'ers. hod
fuctions, transmission probabilities, and reflection probabili- In addition to the probabilities, with this method, we are

ties are calculated for both electronic states. Quantum meagble to obtain also the wave functions on each surface. These

chanical calculations are also performed for comparison purWaVe _fur;gtmgs gnd thelrdtlm_ehe\r:olutlon are shovrv]n as <I:on-
poses with the standard split operator technique. tours In Fig. - Lompare with the quanium mechanical re-
sults, they are in excellent agreement.

B. Case 2, double crossing

A. Case 1, avoided crossing This example is more challenging in that there is quan-

This example of an isolated avoided crossing of adiatum mechanical interference between the two crossings, giv-
batic potential surfaces is the most elementary and moshg Stuckelberg oscillatior®. The diabatic potentials in this
common situation. The diabatic potentials in the case are, case are,
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FIG. 4. Case 2, dual avoided crossing. Upper panel, transmission probabil
ties on the first diabatic state. Lower panel, transmission probabilities on th
second diabatic state. Symbols are the same as Fig. 2.

or both of the diabatic states. Lower panel, reflection probabilities for both

EIG. 5. Case 3, extended coupling. Upper panel, transmission probabilities
of the diabatic states. Symbols are the same as Fig. 2.

adiabatic states show a barrier for the upper state, thus one

Hu(R)=0, (3.123 would expect some reflection for energies below this barrier.
H,(R)= _VoefaRz_,’_ Eo, (3.12h Thesg effects are all observed in th(_a quantum _and the semi-

classical calculations. Their comparison is again very good.
H 1o R)zvle‘ﬁRz, (3.129  Tully in his calculations observed unphysical oscillatory ef-

fects with the surface-hopping model. We do not observe

with V(=0.1, E;=0.05,V,;=0.015, «=0.28, andB=0.06. o . . L
: . ! ) this in the transmission and reflection probabilities as shown
Again, comparisons between quantum and semiclassical re- _. g ; ,
o in Fig. 5. However, the probabilities as a function of time do
sults are shown in Fig. 4. The present SC-IVR model repro- N g
show some small oscillations around the correct value in Fig.

duc_es the oscillatory transmission probabllmes at higher 15. These oscillations are of course due to the extended cou-
ergies very well. At lower energies, we have the sam

epling in the asymptotic region. The extend to which they

E;?]blem of long time accuracy of the semiclassical propagaéﬁcect the final answer however is small.

, IV. CONCLUDING REMARKS
C. Case 3, extended coupling

Thi . sl difficult test for th iclassical It has been shown how the semiclassical initial value
IS case 1S a still more difficult test for the semiclassica representation methodology can be generalized to include

method. Here, the coupling between the diabatic states dO%?ectronically nonadiabatic dynamics. The basic idea is to

tr;gltsg;)réo zero in the asymptotic region. The diabatic pOten'quantize the classical electronic-nuclear Hamiltonian of

Meyer and Miller within the SC-IVR framework. Electronic
H1(R)=—V,, (3.133  and nuclear degrees of freedom are thus treated on the same
dynamical footing, in the original spirit of MM, except the

H22(R) =V, (3.130 treatment is now via the SC-IVR description rather than the
V,efR  R<O, more primitive quasiclassical one.
Hx(R)= (3.130 Application of the approach to a variety of test problems

Vi2-e ) R>0, shows it to provide a good description of nonadiabatic tran-
with Vo=6x10"*, V,;=0.1, andB=0.9. Since the diabatic sitions in essentially all these cases. The only difficulties
states are very close in energy, the transmission and refleerere seen at low energies, where the SC-IVR approach has
tion probabilities are essentially identical for both states. Théiad difficulties in the past for treating nuclear dynamics even
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