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Recently reported molecular ion/surface scattering experinidn@hem. Phys100, 6791(1994)]
demonstrate that the translational and vibrational energies of incidefit @&®h have a distinct
influence on molecular dissociation for the N@aAg110 system. The detailed analysis of
possible mechanisms suggest that the initial translational, vibrational, and rotational energies, as
well as the molecule’s orientation and point of impact at the surface are important in determining the
dissociation probability. In this paper, a wave packet simulation of KBaAg110) scattering is
performed. The emphasis in the study is on the branching ratio for production of NO, QlGnd

O~ as a function of vibrational and translational energy of the incident NCnovel procedure for
treating the coupling of a molecular state with a band of substrate electronic states is combined with
a mixed classical-quantal treatment of the nuclear motion. The simulations suggest that electron
transfer and collision induced dissociatig@ID) cooperate and form a vibrational coherence
through which the initial vibrational state strongly influences the dissociation dynamick998
American Institute of Physics.

I. INTRODUCTION transfer at surfaces remains a formidable task. This is first
and foremost, because a large number of degrees of freedom
The fundamental interactions between molecules angvithin the molecule and the surface are involved. Lack of
surfaces are made manifest through dynamical studies of tHemowledge regarding the perturbed potential energy surfaces
gas/surface interface. State-resolved experiments have ré&PES describing the molecule/surface interaction makes this
vealed the detailed forces and electronic couplings whichask even more difficult. Finally, there are a special set of
give rise to chemical reactivity. At thermal energies, an inci-conceptual and computational issues which arise because the
dent molecule will often scatter inelastically, physisorb, ormolecular electronic states couple tdand of surface elec-
dissociatively chemisorb upon collision with the surface. Un-tronic states.
der hyperthermal energy conditions, the processes of elec- In this paper, recent experiments of NQcattering on
tronic excitation, sputtering, or dissociative scattering mayGaAg110), leading to NO, NO, O, and O, are modeled.
also occur. Understanding how each form of enefgijgc- Born—Mayer potential energy surfaces are used, while in-
tronic, translational, vibrational, rotationas consumed or cluding the effect of a single mobile surface atom. The dy-
deposited during the reaction event provides a vivid picturdhamics is brought down to manageable size by treating the
of the operative mechanistrRecently, a pioneering study in surface vibration and NO rotation classical while treating the
molecular ion/surface dynamics was reported by Martin(nonadiabatig dynamics in the other degrees of freedom
et al? State-selected molecular ions were scattered on guantum mechanically. Of greatest interest from the method-
well-characterized surface, and the resulting two-electro®logical point of view is a novel procedure for treating elec-
transfer products were state-resolved. Contrary to previouon transfer between a molecule anandof surface elec-
assumptions, initial vibrational and translational energiedronic states. This is accomplished by constructing an
yield dramatically different enhancements in the probabilityeffective Hamiltonian whose dimension is equal to the num-

for dissociative scattering. ber of bare molecular electronic statés our case three,
Classical trajectory calculatiof€TC) have been enor- NO™, NO, and NO). This procedure gives a great deal of
mously successful in simulating energy trandfend colli- ~ flexibility over the Anderson—Newns formalism for atom-—

sion induced dissociatiofCID) for molecules at surfaces, Surface scattering to include internal molecular dynamics.
for example® Newns and Brako utilized semiclassical calcu- The results of the simulation are in quantitative agreement
lations to study electron transfer probabilities in atom/surfacdVith experiment, and provide insight into the origin of a
scattering. Quantum wave packet techniques have been aybrational enhancement for Oproduction; a “quantum”

plied to modeling dissociative chemisorptidrand desorp-  Vibrational coherence is established upon formation of NO,
tion induced by electronic transitiofDIET).”8 and only those portions of the coherence that represent com-

In spite of the flexible set of techniques available, de-Pressed N-O at the time of surface impact assist inp@-

signing a quantitative theoretical model to describe electrofluction. _ _ _
In Sec. Il, the experimental results are briefly reviewed.

Y o Con | ivabeth Section Il provides an overview of the theoretical consider-
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the model. A new procedure for propagating under an asym-  s.oe-0s
metric (hon-Hermitian Hamiltonian is then derived. Finally,

the potential energy functions are introduced and the meth-
odology for performing a mixed classical-quantum wave
packet calculation is reviewed. In Sec. V, numerical results
on the NO/GaAg110 system are provided, which are in
excellent agreement with experiment. A detailed analysis of
the scattering dynamics is provided. Section VI summarizes3
our main findings.
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Il. EXPERIMENTAL OBSERVATIONS

Relative O™ (2P} Yi

A number of ion surface scattering experiments have
been performed to study the effect of collision energy on the
dissociation and electron transfer probabilities at the
vacuum/surface interface. Neutralization and electron attach-
ment proceed via resonant and Auger electron trafisied
molecular ions often demonstrate high threshold energies for
dissociation. As for the role of initial vibrational energy in 0.0E+00 ? T r r
the ion, only the study by Martiet al. has directly measured oo 200 400 800 800 1000
the effect of vibrational excitation on reaction probabifity. Total Incident Energy (eV)

The following surface reactions are explored in Ref. 2:
. 1<+ FIG. 1. Experimental relative yield of scattered @ns as a function of
NO"(X 2", v=0—-6,E;zne=8—80 eV)+GaAg110) initial vibrational energy(squaresand translational energgircles in NO™.

—0O (?P)+N+2h"+GaAq110), )

and not have a dramatic effect on the N33, v =0) yield. The
rimary goal of this paper is to understand the unique origin
NO* (X 13 % ,v=0—6,Eyue=8-80 eV)+GaA{110) primary @ 'S paper1s o u Hnique orig!

of these vibrational dynamics.
—NO (X 337 ,0=0)+2h"+GaAg110). 2
Here h* represents a hole created in the valence band of!- QUALITATIVE THEORETICAL CONSIDERATIONS

GaAs. A state-to-state approach permits incident translational  This section briefly reviews the existing theoretical

and vibrational energies to be systematically and indeperframework relevant to the aforementioned experimental sys-
dently varied, while only the products formed in a particulartem. The important processes involved in Ed$.and(2) are
electronic(vibronic) state are detected. energy transfer between translation, molecular vibration, ro-
The survival probability of NO near the GaAs surface tation, and surface phonons; and electron transfer between
was measured to be less than 1@t 45 eV. This indicates the molecule and the surface resulting in nonadiabatic
that the first electron transfer is extremely efficient in thispyclear dynamics for the molecule. In the following sections,

system. The second electron transferred from G&F® at- e will categorize the initial conditions as being either ener-
taches to molecular or dissociating NO to formN&nd O'. getic or geometric in nature.

To study the effect of NO translational and vibrational
motion on NO and O formation, two sets of experiments A. Energetics
were carried out(i) NO* (v=1) ions were scattered at nor-
mal incidence on GaA%10) across a series of collision en-
ergies from 10 to 80 e\fji) at a fixed collision energy of 45 Associated with Eqgs(1) and (2) is the transfer of two
eV, the initial number of vibrational quanta in incident NO electrons from GaAs. Neutralization of NOand electron
was varied fromv =0 to 6. The product yield and the trans- attachment to NO have been discussed in detail by Jacobs
lational energy distribution of nascent N@®*s~, v=0) and  and co-workerg.Resonant electron transfer can occur when
O~ (°P) were detected. The relative Gjield as a function of an energy state of the neutral molecule is degenerate with a
incident energy is shown in Fig. 1. filled state at the surface. Due to the paucity of NO electronic

Although Eq.(1) is only 4.7 eV endoergic, the observed states degenerate with the G4&K)) density of states, only
collision energy threshold occurs at 25 eV. On the othethe groundX 2II state of NO is likely to be filled via neu-
hand, as the vibrational energy is increased from0 to tralization.
v =6, corresponding to 1.7 eV of vibrational energy, the O Neutralization of atoms and molecules near surfaces has
yield increases by 140%. The same amount of energy in theeen modeled quantum mechanically by several authors.
translational coordinate increases the yield only by 14%0One notable approach developed by Andet8omand
This suggests that vibrational energy is 10 times more effiNewns!! and reviewed by Los and Geerlifgdreats a lo-
cient than translational energy in producing Gcattered calized atomic state coupled to a continuum of bulk states.
products. In contrast, it is found that vibrational energy doesThe one electron Hamiltonian can be written as

2.0E-054

1. Electron transfer process

Downloaded-27-Dec~2000--to~129.74.80.15CN8R(RAYS.VAL 403 NatR4 172 RERMREL 4995 tp://ojps. aip.orglicpoljcpepyrts. html.



10766 Qian, Jacobs, and Tannor: Wave packet description of electron transfer

H(2) =S e+ €a(Z)Na+ 34 Var(2)Cy Ci calculations proceeded on a single diabatic potential energy
. . surface so as to isolate the role of impulsive energy transfer
+Vak(2)¢, Cal. (3 in the dissociation dynamics. These studies demonstrate that

the collision energy transfer depends on the incident transla-
tional energy, the initial NO vibrational quanta, the phase of

the atom—surface distance, a¥g, is the transition matrix molecular vibration prior to impact, the alignment of the in-

element connecting the atomic and surface states. The |evgqrnuclear axis relative to the surface normal, and the surface

1 14-16
width of the atomic state is approximated by Fermi's GoldenMPact site’ _ -
Rule, The CTC model accurately predicts the Ghreshold

5 and suggests that the predominant part of the initial transla-
A=273p(€y)|Vadl?, (4 tional energy(70%—80% is transferred to surface vibra-

Assuming that=1z(t) (i.e., thez-dependence is replaced by the observed correlation between initial vibrational energy

Heren is the number operatog is the energy of the wave
function,c™ andc are creation and annihilation operatpis

we have that the dissociation probability is sensitive to the phase of
molecular vibration. The model predicts that molecules with
Va(2)=Va (1) =Vau(t), ) a compressed phase near the surface may be twice as likely
where u(t) takes into account all thg_dependence of the to dissociate as those Collldlng with a stretched phase.
coupling potential. In this case, E(O) of Ref. 12 can be Rotational excitation upon impact can also mediate CID.
solved analytically, Centrifugal forces couple nascent rotational energy to a vi-
brational stretching motion in the diatom. The centrifugal
(na(t)) = (ny( _oo)>efwaA(t’)dt’ n ,n_flf def(e,T) mechanism was implicated in the dissociative scattering of |
on MgQ(100 (Ref. 17 and of Q on Ag(111).*® These re-
t 1 1/2 sults underscore the importance of rotational excitation in the
X f [5 A(t’)} CID mechanism.

2

H ! t H n n "
x g et ~Jliea(t) + 1/2A(t") Jdt" ¢ (6)  B. Approach geometry

The relative contribution of direct vibrational excitation
vs rotational excitation in CID depends strongly on the ap-
ergy and temperature. proach geometry of the incident molecule. A CTC study

Equation(6) provides a point of comparison for the pro- simulating the scattering of aligned NCon Ag(11]) has
posed electron transfer model. Both r?gonant and Auger elegjanjighted three distinct scattering regimes; head-on colli-
tron transfer can mediate neutralizatiolihe characteristic  gjon “centrifugal recoil, and chattering. In head-on collisions,

length scale for these tunneling processes confines neutrqhe transfer of incident translational energy to vibrational

ization to occur within a few angstroms of the surface. Elec+,,5iion reaches a maximum within 10 fs: however, much of
tron attachment to NO proceeds only through resonant tran

fer, populating thex "%~ ground state of NO. Electron o mojecule recoils away from surface. In fact, for a pure
transfer has been implicated in the dissociation of many molpe4_on collision the net energy transfer from translation to

ecules at _surfacel§.Howe\ier, in the present system, a verti- iy ation is negligible. For approach geometries where the
cal transition from NO (™) to NO"(v") alone delivers an  qjecylar axis lies off the surface normal, the molecule is
insufficient amount of energy to dissociate NO more likely to dissociate, because the collision induces a
o torque on the molecule. Molecular reorientation upon impact

2. Energy redistribution reduces the degree to which vibrational energy will be trans-

The collision energy is redistributed into electron—holeferred back into translational energy during recoil. Moreover,
pairs, surface phonons, product translation, product vibrarotational excitation itself promotes dissociation through a
tion, and product rotation. The experimental threshold forcentrifugal force. Figure 2 illustrates a molecule colliding
O~ emergence is observed at 25 eV, which is much highewith a surface atom; momentum transfer gives an impulsive
that the dissociation energy for either N@56 e\j or NO~ “kick,” resulting in vibrational compression and rotational
(4.6 V). Only 6% of the NO(X 1%, v*=1) incident en-  excitation; dissociation ensues as the molecule recoils, and
ergy is retained as NGX 33, v ~=0) translational energy; rotational energy is eventually converted to vibrational en-
similarly, O~ scatters with only 13% of the incident energy. ergy. For incident orientations where the molecular axis lies
These experimental observations strongly suggest that CID i©oser to the surface plane, rotational excitation dominates
a major contributor to molecular dissociation in this system. the energy transfer process. However, chattering can greatly

The CID mechanism attributes dissociation to an impul-reduce the net rotational excitation if a second collision by
sive transfer of incident translational energy into rovibra-the other end of the molecule occurs. Consequently, disso-
tional energy. Classical trajectory calculations involving aciation is quenched in the chattering regime. Overall, the
rotating, vibrating NO diatom colliding with a single surface approach geometry of the molecule dictates the energy redis-
atom have been applied to the NO/GaAs systérihese tribution in the scattering process.

wheref(e,T) is the Fermi distribution as a function of en-
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QL culations are only valid on a single PES. Although
/Q = ~< more sophisticated methods such as surface hopping
/ \] S~ can be applied to treat the electronic transfer
T 1 - \O 9 Lo .
O O < process? an exact quantum calculation is still prefer-

able when it is tractable.
Jf (i) By using a time-dependent self-consistent fi€ldD-

l‘ SCBH treatment we can treat the primary degrees of
freedom fully quantum mechanically and the second-

7 7 7 ary degrees of freedom, such as rotation and surface
1) Collision 2) Compression 3)Dissociation atom motion C|assica||y_
and rotation . . .
(i) In a time-dependent calculation, we can monitor the
FIG. 2. A sketch of the collision induced dissociati@ID) mechanism. probability amplitudes in each channel through time

and thus follow the real time dynamics of the scatter-
ing. This is very important in understanding the inter-

C. Interplay between electron transfer and energy play between electron transfer and energy transfer. At
transfer processes hyperthermal collision energies, the interaction dura-

Many atomic ion scattering experiments suggest that a tion is subpicosecond, and a time-dependent wave
system loses memory of its initial electronic state following a packet calculation is a more natural way to obtain a
collision with the surfacé® However, in molecules, there physical interpretation and visualization of the pro-
can still be memory of the initial vibrational state, even when cess than a time-independent calculation.

electron transfer is operativeBecause motion along the vi- Overall, a wave packet calculation instead of a density
brational coordinate differs within each electronic state, thematrix calculatio”® will be sufficient to obtain all of the

evolution of intramolecular motion depends on the exact S€hecessary information with maximum efficiency.
guence of electronic transitions.
In this study, the incoming molecules are prepared in a
specific vibrational eigenstate of the ground electronic statéV- BUILDING BLOCKS
+ +
of NO™. As NO" ions approach the GaAs surface, an elec- e gimulation presented in this paper uses a time-

tron can tunnel from thg syrface to the molecule.. Ba§ed OBependent self-consistent fiel@d@DSCH approach. It treats

the Franck—Condon principle, the molecule maintains itSpe glectron transfer process and translational and vibrational
fqrmer n.uclear conﬁg'u.ra.non during the rapid electronic tran-,,otion quantum mechanically, while treating other degrees
sition. Since the equilibrium bond length of NGs shorter ¢ freedom classically. In addition to a classical treatment of

than that of NO, the NO wave function will be vertically ojecylar rotation and surface vibration, we make several
projected onto the repulsive region of the NO PES forming &,iher standard approximations.

coherent vibrational wave packet. The neutral molecule sub-

sequently collides with the surface and undergoes vibrationdfl) Born—Oppenheimer separation of electronic and nuclear
compression along with rotational excitation. Because the degrees of freedom.

interaction time(typically 15 9 is comparable to the period (2) Empirical potential energy surfaces for ground and ex-
of vibrational motion (typically =20 fs), the vibrational cited states of the intramolecular and intermolecular in-
wave packet will not dephase dramatically between neutral- teractions and empirical coupling matrix elements. For
ization and impact. As the wave packet continues to evolve  simplicity, the latter are taken to be independent of mo-
on the neutral NO PES, the portion representing energies lecular orientation and separation.

higher than the dissociation energy of NO will dissociate into(3) Interaction with only a single surface atom. A hyperther-

N and O. Concurrently, a transition to the NGPES may mal energy collision involves predominantly a short

give rise to either NO or N and O products. Electron range repulsive interaction between the molecule and the
attachment to NO is most probable for large internuclear ~ Single closest surface atom. Although an incident mol-
separations, peaking at 1.7 A. It should be noted that the ecule may undergo multiple collisions with the corru-

experimental results suggest that the final f@agment origi- gated GaA&l10) surface, it is believed that the initial

nates from CID of NO rather than N& collision is primarily responsible for the dissociation
dynamicst®

D. Simulation of the vibrational coherence via wave In the following sections, our methodology is described

packet methods in detail. We begin with a derivation of the reduced effective

The above discussion provides strong motivation forHamHtoman matrix for electron transfer. Then we turn to the

pursuing wave packet methods to simulate the vibrationa-IrDSde[F ;quaﬁt;)onfh and Wavf pa?ket propagation methods
coherence. We outline the considerations as follows: used to describe the energy transter process.

(i) The coherent vibrational effect is a wave effect andA' Multisurface crossing

only a quantum mechanical description is fully accu- Quantum mechanical calculations of nonadiabatic pro-
rate. Furthermore, electron transfer is intrinsically acesses, such as electron transfer, internal conversion, and in-
nonadiabatic process, whereas classical trajectory catersystem crossing, have been studied extensively in the gas
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phase’! However, the literature on electron transfer pro-
cesses at surfaces is much more limited. Previous models
have described surface electron transfer as a coupling be-
tween two diabatic surfaces. For example, for both gas phase
molecules and chemisorbed molecules the Schrodinger equa-
tion for the wave functions can be written as

iﬁi(lffl Hy Vlz)(lﬁl)
ot \ o) \Va1 Ha/\ )

Here the subscripts 1 and 2 denote the electronic state, and
V,(V,4) represents the coupling between these two states. 7
However, a simple curve-crossing picture is not valid for the
case where a primary electronic state is coupled tarad of
surface states. As discussed in Sec. IlIA1, neutralizatiorﬁ
forms a holeh™, somewhere in the surface valence band in
conjunction with the NOX 2II state. Thus, the NOX 3+ molecule interaction as a curve crossing with a manifold of
state will couple with a band dNO X 2IT+h;") states that curves. The coupling between thHeO X %I+ h;") state and

are displaced by infinitesimal energy shifts. It is possible tathe (NO~ X 35~ +h +h) state further complicates the
approximate this process by finite quadrature as a couplingrocess, but conveniently, due to energetic restrictions, elec-
of a primary state to a finite group of states, as shown in Figtron attachment to form NO involves predominantly the

3. The indexi denotes the energy level b, wherei=1 transfer of an electron from the Fermi level. Thus each neu-
represents the Fermi level ane n represents the valence tral (NO X 2II+h;") state will couple simply to a single
band minimum. Similar models have been discussed byNO™ X 33~ +h;" +h) state. The Hamiltonian can be writ-
Baueret al?? and Gadzuk? where they modeled the atom— ten as

Energy

@)

(NO+hole;*)

FIG. 3. A sketch of coupling between the N©GaAs potential energy
urve and the band dNO"+h*)-GaAs potential energy curves. Thé
an originate across a continuum within the valence band.

Hno' o Var Va2 Van 0 0 o 0 Uno+
Via Hno1r O 0 Vb1 0 e 0 Uno,1
V2a 0 Hno,2 0 Vo ¢ 0 INo,2
HY = Vna 0 0 HNO,n 0 0 Vbn l/INO,n . (8)
0 Vip 0 0  Hno1 0 0 ¥no- 1
0 0 Vap 0 0 Hyno- 2 0 Uno- 2
0 0 0 Vb 0 0 Hno-on Uno-n

We can rewrite these equations as a set of time-dependent , "

Schralinger equations,

. d .
if 7t |',0No+>:|'|N0+|1//No+>"‘zi (Vailno,)), (93

it 7t EI (lno,i))

Z Via) |¢No+>+§i: (Hnoil ¥no,i))

.0 n
it 5t [n0,) = Vial ¥no+) + Hio,il ¥no,i) + Vol ¥no- i) +Ei (Voil ¥nvo-1)). (9d)
(i=1,n), (9b) PR
s ih 2 2 (l9no- 1))
it 5 [¥no-,i) = Viol ¥no) + Hno il ¥no- i) ) )
:Ei (Vib|lﬂNo,i>)+2 (Hyno- il ¥no- i) - (9¢)

(i=1,n). (90

In order to reduce the space of the dynamics, we sum oveXote that the surface states are displaced by small energies.

the n equations in Eqs(9b) and (9¢) to obtain

Thus, we can write
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Hyno,i=HnoT A,

Hno-i=Hno-1Bi-

(108
(10b)

Also, we assume the nondiabatic coupling function is real

and is independent of indéx

Vai=Via=Va, (113
Vbi = Vib = Vb . (11b)
Thus Egs.(9a—(9e) can be simplified as follows:
0 .
it 5t |no+) = HNo+|¢No+>+Va§i: [ ¥no.i) (128
0 <
i 2 2 (19noi))
:nVa|l//No+>+HNoEi |‘//N0,i>+zi (Ail¥noi))
+Vb2i |no- i) (12b
0 <
in— Z (lno-i))
=Vb2 |‘/’NO,i>+HNO_§i: lno- i)
+2 (Bilino-))- (129
Let
[¥n0) =2 (o)., (13a
[¥no-)= 2 (Jo-i)), (13b)
SN(Al¥no,))
A(x,t)= #N'\:)), (130
and
=1(Bilno- i)
B(x,t)= #ZOQ (13d)
JdIn
¢No+ HNO+_ih (?t 61 Z_jva
in 2| oo | = N2V, HyotA(D-
at )
$no- 0 € Vy
€

10769
We thus have
. d
i p |hno+) =Hno+| ¥no+) + Val ¥no), (14a
it 7 | no) =NV Uno+) T [Hnot A(X, 1) ]| o)
+ V| o), (14b)

d
5 | hno-) = Vol ¥ino) + [Hro- + B D[ ¢no-)-
(140

Thus, this primary state/band of states coupling can be simu-
lated by a simple asymmetric time-dependent Hamiltonian.
This asymmetric structure of the Hamiltonian is essential to
describe the virtually complete and irreversible nature of the
neutralization step, NO—NO in a reduced space. Any Her-
mitian form for the Hamiltonian would lead to significant
back transfer of amplitude from NO to NONote, however,
that the price for using an asymmetric Hamiltonian is that the
total normalization of the wave functionBino+||+ Il ¥noll
+||sno-|| Will not be strictly conserved. In the next section a
transformation is described which circumvents this problem.

B. Propagation under an asymmetric Hamiltonian

In this section we will derive a novel method to trans-
form the propagation of an asymmetric Hamiltonian into that
of a symmetric one. From Eq14), we have

A
ih — NO
a Uno-
Hyno+ Va 0 Uno+
=| nVa HyotA(1) Vp Uno
0 Vi Hyo-+B(t) /) \ éno-
(15
Let
| o+ (1) = €1()| dno+),
|no(1)) = €2(1)| dno). (16)
|no- (1)) = €3(1)| dno-)-
Substituting Eq(16) into Eq.(15), we have
0 dno+
dIn
at = Z_z Vo #no 17
Huo- +B(0 i1 22| | o
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Whether or not the total normalization of the wave functionssingle surface atom employed in the model is arbitrarily se-
| dno+ + 1l dnoll + | éno-|l is conserved depends on the lected to be Ga. Because the masses of Ga and As differ by
choice of (t) and ex(t). In order to construct a norm- only 7%, a collision with either surface atom will result in

conserving symmetric Hamiltonian, we set similar energy transfer to the surface.
\/ﬁel(t) = €,(t) = e5(t) = constant. (18
Now we have a symmetric Hamiltonian, D. Potential energy surfaces
Three different pairwise additive molecule/surface po-
_ $no tentials were used in the CTC calculation by Martinal :*4
ih it Pno A Born—Mayer potential, a Ziegler—Biersack—Littmark po-
$no- tential, and a Hartree—Fock potential. It was reported there
that the three types of PES gave very similar results. Here,
Hno+ Vnv, 0 o+ we use only the Born—Mayer potential. At hyperthermal col-
= \/ﬁva HnoTA(L) Vy dno | lision energies, the gas—surface interaction is predominantly
repulsive, and thus a purely repulsive pairwise additive po-
0 A Hyno-+B(1)/ \ éno- P purely rep b b

tential combined with Coulombic attraction between the ion
(19 and its image charge is a reasonable approximatié);).

It is simple to recover the original observables from the new0r the molecular vibrational coordinate, a Morse potential is
variables. For example, to evaluate the survival probabilitySed for each electronic state, where the Morse parameters

of NO™, are computed from NO, NO, and NO spectroscopic mea-
) surements, \(; ,). As discussed above, the surface atom is
P = | o] described by a simple harmonic oscillattv;;). The experi-
NOT T o+ |2 | ol 2+ | o1 mental surface phonon frequency range is from 200cm
) 800 cmil. We choose a moderate value of 300 ¢mfor
= | $not| _ (200  Wwhich the simulations predict that 8% of the incident energy
| éno+ 1“4 n([ nol*+ | dno-1°) remains in translational energy of the NQroduct. This
reproduces the experimental value very well. The overall po-
C. Reduced dimensional model tential for this system is

Although surface reactions involve multidimensional po- Vi(Z1,Z,r,0)=V; 1(Z=Z1)+V, 2(1)+V3(Zy), (223
tential energy hypersurfaces, a reduced-dimensionality treat- ' '

: . _ [Z-Z,— )/
ment is needed to make the problem numerically tractable.  Vj,1=C{e 177717 (k1 costimyyie]

We use the conventional coordinates for the diatomic (e—1)Q?
molecule/surface system, as shown in Fig. 4. The coordinates +e (27 2+ (ur cosoimo)laly 4 S —
consist ofZ (normal distance between the molecule’s center- A(e+1)(Z2-2y)
of-mass and the surfage (the diatom’s internuclear sepa- (22b)

ration), 6 (the orientation of the molecule’s internuclear axis
relative to the surface normaland Z, (the surface atom’s
displacement from equilibrium It is assumed that the sur- and
face reaction is identical for different azimuthal angles of the L oo
molecule, thus this coordinate is neglected. Also for simplic-  Va(Z1) = 7KzZ3, (220

ity the corrugation of the surface is neglected, and thus OUtihere y:=w\(/2D;). The parameters used within the
i j il

of-plane motion of the molecule is eliminated from the cal-pgg 5re summarized in Table 1. In EG2b), Q; represents
culation. Surface motion is incorporated by connecting the e

surface atom to an infinite-mass substrate through a simple
harmonic oscillatofSHO).? It is discussed in Ref. 14 that
the SHO model is valid, because at hyperthermal energies
the short range repulsive portion of the PES dominates the
interactions; moreover, as a result of the short collision time
(around 10-20 fs the scattered diatom will escape the
molecule/surface interaction region before the impacted sur-
face atom’s motion can effectively couple to lattice phonons.
The Hamiltonian of this system can be written as

Vja(r)=Dj[1—-e "(re)]?, (220

o 2 2 K2 9% K% [P . 1 4
T 2mga 022 2myo 0Z2 2u \ar? " r? 967
+Vj(zlyzar10)1 (21)

V_Vherej :112:3 corresponds to NQ NO, and NO,.respec— FIG. 4. The coordinate system for a rotating vibrating diatom interacting
tively, and w is the reduced mass for the NO diatom. Thewith a single surface atom.
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TABLE |. Parameters used in N@GaAs reactive scattering. From the definition ofA(t) in Eq. (13c), A(t)~A;,
whereA,; is the energy shift for the state where the amplitude
c li<l A 5 of the wave packet is maximum. Based on the Landau—
a z 0

Zener model, maximal crossing between the two surfaces

5432 eV 0.2722 A 0.26 eV/IR 139 eV 1.2 At occurs where the energy difference between the two is small-
10 est. Since the surface electronic band is frem.7 eV to

State D, ' o fe —12 eV, and the ionization potential of NO 9.8 eV, NO"

o 106 ov 370 ot 5002 A always crosses with at least one of tHeO+h,") states.

NO 6.56 eV 1904 ol 115 A ThusA(t) is defined so that NOand(NO+h;") are always

NO- 5.19 eV 1470 criit 196 A resonant at the center position of the wave packet. As dis-

cussed in Sec. IV A, theNO™ +h;" +h{) curve is closest to

crossing thgNO-+h;") curve at the valence band maximum.

Thus, we takeB(t)=A(t)—4.7 eV.

the formal charge of the diaton@(=2—j) ande s taken to

be 12, the static dielectric constant for bulk GaAs. The off-

diagonal terms/, andV,, are approximated as exponential £ Treatment of molecular rotation and surface
functions of Z. This exponential form is motivated by the motion

exponential dependence of thefunction in the Anderson—

Newns equation as will be discussed immediately befow. Multidimensional wave packet calculations can be very
demanding computationally. Thus, we employ several ap-

proximations in order to reduce the size of our calculation.
E. Model parameters Mean field approximations such as time-dependent self-
. consistent field theoryTDSCH (Ref. 26 are generally used
The treatment presented here borrows heavily from th?o treat those dimensions that are weakly coupled. The idea

concepts underlying the Anderson—Newns formalism. In theof such approaches is to break a multidimensional calcula-

Anderson—Newns approach, the one-electron wave funcﬂoHO” into several reduced-dimensional calculations, where the

IS re_prese_n.ted by a t|me-depepdent superposition of thtgquations of motion are coupled through a time-dependent
atomic affinity level and the continuum of metal states. The

i f the affinity level t lates directly int mean field. The transfer of energy between the different co-
occupation of the athnity level transiates directly Into a Neu-q, . ;4165 is taken into account such that the total energy is
tralization probability for the incident atomic ion. In our ap-

roach we treat neutralization th ling between thconserved. Standard wave packet techniques can be applied
Enolac ,I r? nei i eung adro az tetcci)rl:\? Ivgi]n eth ere] trg'rectly to the calculation without extensive modifications. In
molecula gd S r? ca ntﬁ | efssr; j;?h vOI ng be ndeuT is approach the classical variables are integrated by Hamil-
nolecuie and a hascent nole forme € valence band. r1(3n’s equations of motion. Mixed classical-quantum calcula-
first two terms in Eq(3) are analogous to the diagonal ma- tions have been reported by Jackson and co-wofk&s:
trix elements displayed in the upper left quadrant of the Mag ¢ and Citri® and many others '
trix in Eq. (8). Furthermore., the final terms_in_E(ﬁ) couple Considerihg the nature of our system, namely highly im-
the one-electr.on states in a manner similar to the Off'pulsive motion inZ, vibrational motion inr, and relatively
diagonal matrix elements in Ed8). Therefore, we have

). slower motion in rotation and surface atom vibration, it is
a?;zteg Eq(4) to relateV, and V,, to the affinity level reasonable that rotation and surface vibration can be treated

as providing a mean field in which the wavepacket propa-
A gates along th& andr coordinates. The rotational motion
Va=\ 5 (233 obeys the following equations:

A L=10, (243

_ _ I =u(r)?, (24b)
In Eq. (233, n is the total number of discrete surface states
across the valence band that may couple to the molecular Eiva
state. The value ofi was chosen to give the same rate of L= —E <—'> P;.
N . . . ] 00

neutralization in the simulation as calculated by the
Anderson—Newns equation.

Newns? has noted that the level width or lifetime broad-
ening of an atomigdmoleculaj state typically exhibits an
exponential dependence @

A(Z)=Age P2, (230

(249

wherel is the molecule’s momentum of inertia ahdis the
angular momentum, and the populatien is calculated in
the manner of Eq(20). The surface vibration obeys the fol-
lowing equations:

Here, A, and 8 (Table ) are extrapolated from thab initio Pz,=Me 1, (2539
calculations of Norlandeet al?® These parameters demon-

strgt_e a characteristic dependence on the atémadeculay lbz _ —E <07_VJ> N (25b)
affinity level. 1 T\ dZy
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Assuming a uniform rotational angular momentumacross

r and Z, the rotational term in the quantum mechanical
Hamiltonian[Eq. (21)] becomes a centrifugal potential term
with respect ta, i.e.,

h% 92 L2
a Z,ul‘? 902 2,LLI’2' (26)

G. Wave packet propagation

A two-dimensional wave packet calculation is performed
in Z andr. In evaluating the Hamiltonian, the fast Fourier
transform(FFT) method’ is used to evaluate the momentum
operator, and local multiplication is used to evaluate the po
tential operator. A short iterative Lanczos algoriti®IL)
(Ref. 28 is utilized to evaluate the evolution operator.

Here a technique of shifting both momentum and coor-

dinate space reduces the number of grid points inZthw-
ordinate. The ordinary propagation in the Salinger repre-
sentation is given by
. 0Dg(t)
i% P

—HD1). 27)

Qian, Jacobs, and Tannor: Wave packet description of electron transfer

brational coordinate. The flux operator is calculated right be-
fore the absorbing boundary using the following equations:

i
F(Z,t)= 7 [Vno-ViPRo-— (Vi¥no-) Vo]

h
= IM(Yno- V¥ Ro-)- (33
The flux is integrated to give the total probability for disso-
ciation,

t Zmax
Pdiss,Nq(E)=Jofz “Rzt)azdt. (34)

The recipe for determining the NOvibrational distribu-
tion utilizes the following equation:
; 2
max *
f drLy () W¥yno-(Z,r51)|

Tmin

Zmax
on= dz
Zmin

whereL,(r) is thenth Laguerre polynomial.

(35

V. NUMERICAL RESULTS AND DISCUSSION

In order to reduce the number of grid points, a wave func-

tion, d¢(t), is formed by an appropriate shift in the conju-
gate space. This wave function is given as

DL(t) = eiAZPe IAPZg 1), (28)
Thus
D(t) =l 4PZAZPp 1), (29

Here AZ=Z(t+At)—Z(t) andAP=P(t+At)—P(t). The
new momentum-shifted wave packet has far fewer oscilla
tions in coordinate space, and thus requires less grid point

Similarly, the coordinate-shifted wave packet also requires

far fewer grid points than the unshifted wave packet.
If the total Hamiltonian is written as

H=T(P)+V(2Z),

then

(30

HO(t)=[T(P)+V(Z)]ei*P2e 142Pp 1)

:eiAPie—iAZﬁ[T(P+AP)+V(Z+AZ)]¢é(t)-

(31
Substituting Eq(31) into Eq. (27) yields
I (1)
5 =[T(P+AP)+V(Z+AZ)]D1). (32

The theoretical methods described in Sec. IV were uti-
lized to simulate the scattering of NO(v=0,2,4,6 on
GaAdq110. The collision energy and initial vibrational states
were selected to mimic the experimental conditidrigach
series of quantum trajectories sampled sixteen initial molecu-
lar orientations ranging from 0° to 90° relative to the surface
normal. The orientations from 90° to 180° have been re-
ported to give a similar set of results classicHllgnd thus
were not sampled in this calculation.

#. Vibrational enhancement in O ~ formation

The experimentally observed enhancement inéer-
gence with increasing NOvibrational quanta was simulated
for a collision energy of 45 eV. Figure 5 illustrates the com-
putational predictions from the model as well as the experi-
mental results. Figures(& and b) exhibit a remarkably
similar enhancement in the Oyield with v . It was dis-
cussed in Ref. 2 that the experimental relative yield is asso-
ciated with collecting ~5% of the scattered products,
whereas the model’s absolute yield counts all products, re-
gardless of scattering angle. Taking this factor of 20 into
consideration, the theoretical predictions are in quantitative
agreement with the experimental data; this transpired without
any adjustments of the various parameters used in the model.

As a gauge for comparison, quantum trajectories were
run under the condition&E,,,—=45.0 eV,v =0), (Ean—=45.0

Therefore motion of the shifted wave function also obeys &V, v=6), and (Ey,,¢&46.7 eV,v=0). The latter two sets

Schralinger-type equation of motion.

H. O~ yield and NO ~ vibrational distribution

The yield of O dissociated from the NOPES can be
calculated by monitoring the population of the wave function
that escapes from theN—O)~ Morse well. An absorbing
boundary is applied at=3 A to avoid reflection in the vi-

correspond to the same total energy, albeit allocated differ-
ently between translational and vibrational components. The
model demonstrates a 5% enhancement in they/@ld with

the addition of 1.7 eV of translational energy, in contrast to a
130% enhancement with the identical amount of energy
added to vibration instead. The order of magnitude greater
efficacy for vibrational energy relative to translational energy
appears in both the experimental and simulatedp@oduct
yield (see Fig. 1
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a) incident NO™ molecular orientation. In this paper, the term
“differential” yield, refers to the fraction of incident ions
1.0E-03 : . e
) which appear as products per solid angle element of initial
2 * molecular orientations. The corresponding total yield is the
?" 7.5E-04 7 integrated differential yield using spherical coordinates. In
© l . agreement with the classical trajectory results, Fig) ug-
W S.0E-047] . gests that incident molecular orientations near 30° result in
S { e the largest O yield.1®* Comparing the differential O yield
S 2.5E-04- curves for NO (v=0) and NO" (v=6), it is evident that the
e ] vibrational enhancement in Oproduction occurs to a simi-
0.0 400 e e e lar extent across all initial molecular orientations. Figufie) 6
o 1 2 3 4 5 6 shows the corresponding differential O yield as a function of
b) the incident NO molecular orientation. Although the shape
of the curves in Figs. ® and Gb) are similar, the strong
% 4.0E-057 I vibrational enhancement illustrated in Figabis conspicu-
= 1 1 ously absent in Fig. ®). In fact, for initial molecular orien-
o 30E-057 T tation near 30° the O yield appears to decrease slightly with
- 1 T T increasing NO vibrational quanta.
T 20E-051 T 1+ 1 The curves in Fig. @ are characteristic of the orienta-
g 12 & * tion dependence to impulsive energy transfer within a CID
5 1.0B-05- mechanism. As such, they underscore the vital role of CID to
E j O~ formation. Furthermore, the appearance of a vibrational
0.0E+00~— S : , enhancement in exclusively the @hannel indicates the im-
0 1 5 3 4 5 6 portance of electron attachment to the overall dynamics.
With the latter issue in mind, a more detailed investigation
c) into negative ion formation follows.
6.0E-02 ]
E B. Negative ion production
> 4.5E-02 L S
) The calculated negative ion yield includes both énd
S aom0d ® . . . NO _ prod_ucts. Figure (@) |Ilustrate_s the differential nega-
g tive ion yield as a function of the incident NOmolecular
g orientation. In comparison with Oformation[see Fig. €3)],
L L5E-027 negative ion formation appears less dependent on initial mo-
= 1 lecular orientation. This arises principally from the strong
0.0E+00~—T—— T T T T T 1 orientation dependence for energy transfer within CID, in
0 1 2 3 4 5 6 contrast to the less pronounced orientation dependence to
NO* (v*) Vibrational Quanta electron attachment in the model.

Figure Gc) also suggests that negative ion production is
FIG. 5. The(e? theoretical absolute yield of Q (b_) the experimental rela- universally enhanced with increasing vibrational quanta in
et Lok VU010 o e UMb f ingident NO) (). This fesult initally appears o contradict
the experiment, where the relative yield of N@ ~=0) was
found to be independent of . However it should be borne
In a previous stud}® classical mechanical calculations in mind that although vibrationally excited N@ ~) may be
performed on this system were unable to reproduce the olfermed at the surface, autoionization limits detection to only
served vibrational effect. However, the classical trajectorieNO‘(u‘=O).2 The calculatedground state NO™ (v~ =0)
excluded electron transfer and described only Newtoniapopulation is indeed independent of the initial N@™)
motion on the neutral PES. Within the present quantum meguantum state, completely consistent with the experimental
chanical model, Fig. ®) illustrates that fragmentation to results’ As shown in Fig. 7a), it is only the vibrationally
form neutral O exhibits a slightly negative vibrational effect. excited NO which is enhanced for NQuv*=6) over
Hence, neither CID alone nor CID following neutralization NO* (v "=0).
can adequately explain the observed vibrational enhance- The higher degree of NQu ™) vibrational excitation
ment. Clearly, the electron attachment process plays a vitdbllowing collisions of NO'(v*=6) as compared to
role in the overall vibrational dynamics of Cformation? NO™(v"=0) may arise from a few different sources. To es-
As discussed in the context of the CTC stdflyota- timate the vibrational excitation originating solely from elec-
tional excitation upon collision is essential to the CID pro-tron transfer, a simple model is introduced. Two “instanta-
cess. Rotational torques are introduced when a molecule inneous” electron transfers to NOcan be modeled by
pacts the surface with its internuclear axis directed awayrojecting the initial NO vibrational eigenstate directly onto
from both the surface normal and the surface plane. Figurthe NO PES. The resulting NQv ) vibrational distribution
6(a) illustrates the differential O yield as a function of the is shown in Fig. T). Although the overall probability for
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electron attachment appears higher from @ =6) than  tum trajectory. The expectation value ) vs time illus-
from NO*(v"=0), the additional population is deposited trates the diatom scattering from the surface. The time-

into low lying vibrational levels. In all cases, the nascentdependent population on the neutral NO PES demonstrates
vibrational energy resulting from electron attachment alonghat neutralization occurs efficiently during the molecule’s
is una_lble to proylde the 55 quanta required for dissociationgpproach to the surface. Asymptotically, the model predicts
Allowing the projected wave packet to propagate on the NQpa¢ yirtually all(98% of the incident ions are neutralized, in
PES for a finite amount of time before being projected ontoy,qq agreement with experiméithe energetics of neutral-
Fhe NGO PES, but neglectmg_ CID should F‘O‘_ha"e a MaYori; ation are most easily seen by comparing the vertical ion-
impact on the amount of vibrational excitation formed in ization potential of NO with the GaAs density of stafese
NO™ (v ). Clearly, the mechanisms for NQvibrational ex- . o )

- . Fig. 9a)]. The former quantity is merely the difference be-
citation and O formation rely not only on electron transfer ween the NG and NO PES. Resonant neutralization corre-
but on the interplay between impulsive energy transfer ané ds 1o the t i f' lect ; h iad
the nuclear dynamics resulting from sequential electroni ponds 1o the tunneling of an electron irom the occupie

valence band to the molecular ion. This produces a neutral
molecule and a hole in the valence band isoenergetic with the
vertical ionization potential. Facile neutralization can be in-
ferred from Fig. 13 which shows that neutralization is reso-

transitions.

C. Electron transfer dynamics
To further visualize the interplay between vibrational nant throughout the molecule’s trajectory.

motion and electron transfer, FiggaBand &b) display the Resonant electron attachment produces a negative ion

time-dependence of four dynamical variables during a quanand a second hole in the valence band. A similar analysis of
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FIG. 7. (a) The simulated NO(v ™) vibrational distribution resulting from
scattering NO(v *=0) (solid line) and NO' (v *=6) (dashed lingat 45 eV
collision energy with an initial molecular orientation of 61.98) The pro-
jected NO(v™) vibrational distribution for a direct transition from
NO* (v *=0) (solid curve and NO" (v *=6) (dashed curve

FIG. 8. (a) Quantum trajectories of NG " =0) incident at 45 eV collision
energy with an initial molecular orientation of 22.%b) Quantum trajecto-

ries of NO"(v " =6) incident at 45 eV collision energy with an initial mo-
lecular orientation of 22.5°. The arrow indicates the second surge of electron
transfer(see texk

the electron transfer energetics can be applied to negative iquopulation crests at 12 fs. The falloff in electron attachment
formation. Figure ) illustrates the vertical electron affinity is concurrent with a compression ¢f and correspondingly

of NO as a function ofZ andr. An isolated NO(v=0) an unfavorable negative electron affinity. However, a second
molecule has a 0.05 eV adiabatic electron affinity. The diasurge of electron transfer commences at 16 fs, whee-
tom’s vertical electron affinity increases to 2.0 eV as thegins to rapidly expand whil€Z) is still small. Here, the
internuclear distance expands from the equilibrium boncklectron affinity reaches a maximum, and electron attach-
length to 1.7 A® Moreover, as NO approaches the surfacement becomes nearly resonant. After 20 fs, the negative ion
the electron affinity also increases, because N&3stabilized  population diminishes again &sincreases, and the coupling
by its image charge in the dielectric. The affinity level is vanishes. The Oyield is defined as that portion of the nega-
most closely resonant with the GaAs occupied density ofive ion wavepacket which extends beyand3 A. The cal-
states when the molecule is vibrationally stretched and proxieulated O vyield rises after 28 fs and plateaus near 40 fs.
mate to the surface. FiguregaB and &b) track the time- Figures &) and 8b) compare the quantum trajectories
dependent population on the negative ion PES. The electraarising from NO (v "=0) and NO' (v *=6) evaluated for a
attachment rate increases(@s decreases, because the cou-common incident molecular orientation of 22.5°. Although
pling strength grows exponentially with decreasiigNev-  the wave packet dynamics are quite complex, some differ-
ertheless, before the classical turning point, the negative ioances can be noted in these two figures. Neutralization oc-
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At 10 fs (approximately half of a vibrational peripan
the (NO+h;") PES, the smalt portion of the wave packet
propagates to large, and the large portion of the wave
packet moves to smalf. Figure 1@c) shows that the
NO*(v *=0) wave packet born on the repulsive wall of the
(NO+h;") PES corresponds to a vibrationally expanded mol-
ecule after 10 fs. Similarly, the nodal structure of the wave
packet originating from NO(v"=6) appears to have in-
verted between Figs. 10 and 1Qd). At approximately
10-15 fs, the NO molecule becomes compressed upon im-
pact with the surface. A comparison of FiggaB8and &b)
reveals that the NOu "=6) trajectory achieves a greater
degree of vibrational compression at the classical turning
point and subsequently undergoes a more rapid vibrational
expansion. This result is consistent with classical trajectory
calculations which demonstrate that molecules in a com-
pressed phase of vibration upon surface impact receive a
larger vibrational excitation than do molecules that are vibra-
tionally expanded at the moment of impathus, neutral-
ization prepares a coherent -dependent vibrational wave
packet on théNO+h;") PES which is amplified upon colli-
sion with the surface.

A comparison of Figs. @ and 8b) reveals that at ap-
proximately 20 fgZ) is smaller, andr) is larger for the case
of NO™ (v "=6) compared to NO(v " =0). Correspondingly,
the second surge in electron attachment is more effective for
NO" (v *=6). The wave packet's leading edge along the
coordinate undergoes electron attachment most readily, and it
is the same portion of the wave front which comprises the
O™ product flux. This component of the NO wave packet can
be traced back to amplitude which transferred from the'NO
PES at large and early time. Figures 16) and 1@f) show
the wave packet on théNO™ +h;"+h]) PES at 24.7 fs,
following the quantum scattering of N@Qv*=0) and
NO™ (v "=6), respectively. The increased amplitude at large
r in Fig. 10f) in contrast to that in Fig. 1@) testifies to the
enhanced O yield resulting from the reactive scattering of
NO™ (v "=6) compared to NO(v *=0).
FIG. 9. (a) Resonant neutralization, where the GaAs valence band is com- ~ The simulation also suggests that back-electron transfer
pared to the vertical ionization potential of NO as a functioZ @indr. The from NO™ to NO is not as severe in the I\T(Q)+=6) guan-

circular contours illustrate an incident NOQvave packet being projected : - +_ :
onto the NO electronic surface. The vertical ionization potential is resonanFum trajectory as in the NUU 0) quantum trajectory. Be

with the occupied density of statéd.0.S) for GaAs.(b) Resonant electron  tween 20 and 40 fs in Figs.(& and 8b), amplitude is
attachment, where the GaAs valence band is compared to the vertical elecoupled from the (NO™+h;"+h]) PES back to the
tron affinity of NO as a function oZ andr. The circular contours represent (NO+ h|+) PES. The more rapid expansion anngor the

a neutralized NO wave packet with an electron affinity close to zero. Nega P . .
tive ion formation occurs when the wavepacket propagates towardsrlarge]\,lo (u"=6) quantum trajectory produces a shorter coupling

and smallz, where the electron affinity comes into resonance with thelime and consequently less back-electron transfer than that
occupied density of stat€®.0.S) for GaAs. found in the NO (v *=0) quantum trajectory.

VI. SUMMARY
curs more slowly from NO(v *=6) than from NO (v *=0).

This difference in the neutralization rate is further revealed A wave packet method with several innovative compo-
in Figs. 1Ga) and 1Qb) which show the respective wave nents has been developed to treat electron and energy trans-
packets formed on the neutr@lO+h;") PES. As illustrated fer for a molecule scattering on a solid surface. Electron
in Fig. 9a), the entire NO (v "=0) wave function is reso- transfer transpires through a coupling between the band of
nant with the occupied density of states; however, the small substrate electronic states and individual molecular elec-
portion of the NO (v "=6) wave function is less resonant tronic states. Empirical potential energy surfaces are used to
with the GaAs valence band. Hence, the amplitude in Figdescribe both the ground and excited state intramolecular
10(b) is attenuated at short and the neutralization rate from forces, as well as the molecule—surface diabatic potentials
NO™ (v "=6) is less than that from NQv " =0). and nondiabatic couplings. Several additional simplifying as-
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FIG. 10. (a) Absolute value of the wave packet on #O-+h;") PES after 1.3 fs. NO(v *=0) is incident at 45 eV collision energy with an initial molecular
orientation of 22.5°. The contour maximum is 1.34; here and below, the contour minimum is 0 and the contour interaa-isin/10. All PES contours
are in units of eV.(b) The wave packet on theNO-+h;") PES after 1.3 fs. NO(v *=6) is incident at 45 eV collision energy with an initial molecular
orientation of 22.5°. The contour maximum is 0.69d). The wave packet on thdNO+h;") PES after 10.1 fs. NO@v "=0) is incident at 45 eV collision
energy with an initial molecular orientation of 22.5°. For clarity, the figure portrays only the amplitude transferredN®thk;") PES in the first 1 fs. The
contour maximum is 0.403d) The wave packet on théNO+h;") PES after 10.1 fs. NO@v "=6) is incident at 45 eV collision energy with an initial
molecular orientation of 22.5°. For clarity, the figure portrays only the amplitude transferred @&@eh;") PES in the first 1 fs. The contour maximum is
0.245.(e) The wave packet on th@NO+h;" +h;) PES after 24.7 fs. NOv *=0) is incident at 45 eV collision energy with an initial molecular orientation
of 22.5°. The contour maximum is 0.387. The interval for the PES contours is 0.37@)€khe wavepacket on théNO+h;" +h;) PES after 24.7 fs.

NO*(v*=6) is incident at 45 eV collision energy with an initial molecular orientation of 22.5°. The contour maximum is 0.442. The interval for the PES

contours is 0.381 eV.
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