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The dissociation of oxygen on a clean aluminum surface is studied theoretically. A nonadiabatic
quantum dynamical model is used, based on four electronically distinct potential energy surfaces
characterized by the extent of charge transfer from the metal to the adsorbate. A flat surface
approximation is used to reduce the computation complexity. The conservation of the helicopter
angular momentum allows Boltzmann averaging of the outcome of the propagation of a three
degrees of freedom wave function. The dissociation event is simulated by solving the
time-dependent Schdinger equation for a period of 30 femtoseconds. As a function of incident
kinetic energy, the dissociation yield follows the experimental trend. An attempt at simulation
employing only the lowest adiabatic surface failed, qualitatively disagreeing with both experiment
and nonadiabatic calculations. The final products, adsorptive dissociation and abstractive
dissociation, are obtained by carrying out a semiclassical molecular dynamics simulation with
surface hopping which describes the back charge transfer from an oxygen atom negative ion to the
surface. The final adsorbed oxygen pair distribution compares well with experiment. By running the
dynamical events backward in time, a correlation is established between the products and the initial
conditions which lead to their production. Qualitative agreement is thus obtained with recent
experiments that show suppression of abstraction by rotational excitatior200@ American
Institute of Physics.[DOI: 10.1063/1.1635360

I. INTRODUCTION sorbed atoms with a mean separation of 80 A between neigh-
boring adsorbates. Wahnstroet al!* performed extensive
Oxidation of metal surfaces is a phenomenon of greakjmulations of oxygen atoms moving along the surface and
importance in various fields from heterogeneous catalysis tgoncluded that, at most, the dissociated pair can reach a sepa-
corrosion’ The formation of oxides which lead to passiva- ration of 12 A. An alternative explanation of the experimen-
tion and depassivation of surfaéds a complex multistage 15| gata is that ballistic trajectories of negatively charged
reaction that is not completely understood on a m°|eCU|anygen atoms attracted to the surface by their image charge

level. The _|n|t|al step is dissociation of oxygen followed t?y can lead to large distances between the atoms of the dissoci-
the formation of an ordered monolayer. Additional dissocia- : . 3
: ; ) . ated pair. Recently, Hasselbrink and Kumrite!® using a
tion, together with penetration of oxygen into the subsurface . S

: S - Inolecular beam source, found that the distance distribution
leads to a reconstruction of the surface terminating in oxide

layers. The present study is devoted to the first step of oxy"-’1mong adsorbates is strongly dependent on the incident ki-

gen dissociation on a clean metal surface. netic energy. High kinetic energy leads to appegrance of ad-

Oxygen dissociating over a clean aluminum surface i$0rP€d pairs of oxygen atoms on the surface, in contrast to
puzzling. Experimental measurement of the dissociatioloW energies where large separations were observed. Using a
probability finds no threshold to the reactidBut, the reac- REMPI laser technique, ejected neutral oxygen atoms were
tion yield increases with incident kinetic energy until satura-detected in the gas phase. Such events in which a lone oxy-
tion at about 0.6 eV. Compared to the well-established sysgen atom remains on the surface and the second emerges to
tem of hydrogen dissociation on copper, suchSwourve the gas phase were termed abstractive dissociation. Energeti-
would suggest a barrier of approximatehp.3 eV*° Density  cally this process can take place because of the strong
functional theory(DFT) calculations of the adiabatic poten- oxygen—aluminum bond. The ratio between the yields of ab-
tial energy surface, however, find no barrier to stractive events to dissociative adsorption was found to de-
dissociatior?~® Scanning tunneling microscopTM) ex-  crease with increasing incident kinetic energy of incoming
periments of dissociated oxygen on a fresiflAl) surface  molecules. At the same time the total yield of neutral atoms
conducted by Ertl and Brufie’ found, surprisingly, lone ad-  emerging to the gas phase increased with incidence kinetic
energy. However, no oxygen negative ions could be detected
dElectronic mail: ronnie@fh.huiji.ac.il in the gas phase.
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FIG. 1. Flowchart of the possible events leading to the dissociation of oxygen on aluminum. The asymptotic species are designated on the frataetsThe rea
are located in the upper left corner. The arrows represent charge transfer events. The dashed and broken arrows represent secondary reaction roots.

The present paper is devoted to a comprehensive thesepresent a band of states with a finite energy spread. This
retical and computational framework which describes all theapproach is also behind the more rigor@usrogate Hamil-
above phenomena in a consistent way. The framework igonian method?®%°
based on a quantum dynamical nonadiabatic description em- A complete 6D solution of the nonadiabatic dynamics of
phasizing the charge transfer encounters from the metal toxygen is beyond current computational ability. However, by
the oxygen species and vice versa. This approach has #mploying a flat surface approximation a cylindrical symme-
abandon the more traditional description of a chemical reacry can be used to reduce the computational task. Within this
tion as taking place on a single adiabatic potential energyjescription, the influence of translational, vibrational, and
surface(PES. Regrettably, we have to partially abandon the otational degrees of freedom is accounted for. In a time-
powerful density functional method®FT) which have be-  genendent approach the initial wave packet represents an ap-
come popular in supplying structure and adiabatic potential,qaching oxygen molecule. The time evolution of this wave
energy surfaces for adsorbates on metal surfites. function is thus followed from the gas phase to a wave func-

The nonadiabatic framework has been employed PreVision representing a dissociated pair of oxygen molecules

ously for the dissociation of oxygen on various metals Whereclose to the surface. The final fate of the dissociated oxygen

the diabatic surfaces used represent charged oxygen SPECIEms is determined by employing a semiclassical stochastic

H 6 17-20
The explored substrates included Ag)’Cs, and AL A molecular dynamic¢MD). The method is composed of an

similar nonadiabatic description was used to study diSSOCiaéccurate Lantum calculation of the surface hopping brob-
tion of nitrogen on metal surfacé$?! Evidence of the im- q pping p

portant role of excited states in the dynamics of adsorbate@bIIIty with a classical MD that includes energy transfer be-

has been obtained by photodesorption and photochemical rgveen the adsorbate and the substrate. The combination

actions on metal surfacé&:2Recent 2PPE experiments us- quantum and semiclassical MD methods allows a complete
ing ultrashort pulses have provided direct evidence to th&§mulation of the process from its initial state to the final
electronic character of the phenoméfdhese experiments Products. As a result, direct comparison to experimental re-
are in line with the Menzel, Gomer, Redhe@dGR) and  Sults is possible.

Antoniewicz mode&?” that emphasize the dynamical role The paper is constructed as follows: Section Il describes
of the excited state. It is found that an excited state lifetimehe theoretical model starting with a description of the po-
of 3-50 fs is in line with photodesorption experiments. tential energy surfaces, the methods employed to solve the
These time scales are on the same order of magnitude as tHgnamics and the tools of analysis. Section Il describes the
time scale of direct dissociation;20 fs. The short time scale main results of the computational model. Section IV is de-
means that an effective width can be associated with eac¥oted to the discussion of the possible mechanisms that lead
electronic surface due to the time-energy uncertainty. It ido specific products and to a comparison with an adiabatic
then more appropriate to consider each electronic surface wescription. The conclusions are given in Sec. V.
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II. MODEL r internuclear distar_lce

When oxygen reacts with an aluminum surface, a com-
plex dynamical process takes place involving many interme-
diate states accessed by nonadiabatic charge transfer events.
Figure 1 displays a possible road map of the main processes
which start from gas phase oxygen molecule, and lead to
final products on an aluminum surface and in the gas phase.

(i)

(i)

(iii)
(iv)

(V)
(vi)
(vii)

(viii)

(ix)

(x)

(xi)

(xii)

The initial state of the encounter is a gas phase mo-
lecular oxygen approaching a clean aluminum sur-
face. The initial wave function is described by Eg.
(2.12.

Process a represents the approach of the oxygen to the
substrate and the formation of the physisorption state.
The physisorption potential energy surface is de-
scribed in Sec. IIB 1. FIG. 2. Coordinate systems of the molecular surface encounter.the

Process s represents the backscatter of nonreacti\i,rgernuclear distance in the moleculgis the orientation angle of the mol-
ecule relative to the surface normilis the distance of the molecular center

oxygen molecules. _ _ of mass to the surface, anflis the azimuthal angle. Other coordinates used
Process b represents a nonadiabatic charge transfefe: z, and z, the distances of the oxygen atoms to the surface @nd

from the metal to the approaching molecule that re-=3r singis the projection of on the direction parallel to the surface.

sults in the formation of a superoxide state. The cor-

responding PES is described in Sec. 11 B 2, while the

nonadiabatic coupling potential between this state and  The computational model for the reaction is described in
channel a is described in Sec. IIB5. Proce$sdp-  Fig. 1. The first step is to acquire a PES that describes all the
resents an additional charge transfer state that leads tglectronic states participating in the reacti@ec. 11 B). This

the formation of a peroxide. The difference betweenis followed by a quantum dynamical description that traces
process b and’bis in the amount of the charge trans- the evolution of the multichannel wave function from the
ferred from the aluminum surface to the oxygen mol-initial state through the nonadiabatic transitions to dissocia-
ecule. tion. The quantum wave packet in the dissociation state is
Process c represents a transition between the superoysed to initiate stochastic molecular dynam(b4D) trajec-

ide and the peroxide states. tory simulations. The calculation includes energy dissipation
Process d represents the breakup of the molecule leadue to interaction with the surface degrees of freedom. The
ing to dissociation. fate of each oxygen atom is followed by using surface hop-
Process e represent the formation of a dissociativging semiclassical simulation. The possibility of back charge
state in which two oxygen atoms adsorbed to the suriransfer to form gas phase oxygen atoms is examined by
face. The corresponding potential are described imquantum-mechanical calculations at the crossing points.
Sec. lIB4. The output of the calculations are yields of different
Process f represents a slow indirect dissociation origiproducts (branching ratios and the distance distribution
nating in the peroxide state. This event is caused byamong adsorbed atoms. In addition, the energy and angular
energy loss of the molecule to the surface. Process fdistributions of the gas phase products are obtained, i.e., mo-
is a rare direct dissociation from the peroxide statelecular oxygen, singlet, triplet, and ionic oxygen atoms. In
which is due to tunneling. the following we shall describe in more detail the various
Process g represents the ballistic dissociation. Hereaspects of the model used.

one oxygen atom is adsorbed in the vicinity of the
initial impact point on the solid surface, whereas the
other atom undergoes a ballistic-like motion and fi- The coordinates describing the encounter of an oxygen
nally sticks to the surface far from the initial impact molecule with the aluminum surface consists of six degrees
point. of freedom of the oxygen atoms and an additional three de-
Process h represents an abstractive dissociation chagrees of freedom for each Al atom included in the descrip-
nel. In this case, one atom adsorbs to the surface clos#on (see Fig. 2 Quantum computational effort scales expo-
to the point of impact, while the other atom escapes tanentially with the number of degrees of freedom. Therefore,
the gas phase as a negative ion. to simulate the encounter with its full dimensionality is not
Process i represents an additional abstractive dissociaealistic. As a consequence, a reduced dimensional approach
tion channel with a different outcome in the gasis adopted where only the most significant coordinates are
phase. A back charge transfer from the outgoing ion tancluded explicitly. For the charge transfer events at the ini-
the surface results in a gas phaseR)( tial stages of the encounter, the surface nuclear motion can
Process j represents a back charge transfer from thiee neglected due to large time scale differences. Far from the
outgoing ion to the surface that results in a gas phassurface only a very small band of electronic excitations close
O(*D). to the top of the Fermi level is coupled to the charge transfer

A. Coordinate system
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event. This band is represented by a finite number of elec- The approach chosen in the present study, on the other
tronic degrees of freedom. Next, it is assumed that the sufand, is to construct diabatic semiempirical PESs for each
face is flat, which means that surface corrugation is nespecies as previously described in detdithe DFT calcu-
glected. This assumption allows an elimination of thelations could be used in the construction, provided a reliable
translational coordinates parallel to the surface. By the use aissignment of potential wells could be found. To facilitate a
cylindrical symmetry, the number of effective degrees ofcomparison between the two approaches, the ground-state
freedom is further reduced to fo(ef. Fig. 2. The azimuthal adiabatic potential energy surface is calculated by diagonal-
angle,, that describes the helicopter motion of the moleculeizing the diabatic semiempirical potentials. A possible com-
is only coupled to the remaining degrees of freedom by theplication in the comparison arises since the DFT calculations
centrifugal potential, and therefore can be included implic-were fully relaxed, meaning that the aluminum atoms are at
itly. The choice of the coordinates to describe the remainingheir minimum energy position. The present study models an
three degrees of freedom is subject to convenience. For thdtrafast dissociation event during which the metal atoms do
description of the potential energy surface, the coordinatesot have time to relax. Following is a short review of the
(z1,z,,r) were chosen. For the kinetic energy operdf®c. semiempirical PESs used to examine the dissociative adsorp-
I1C 1) the coordinates chosen ape= 3r sing, c=siné, and tion of O, onto Al(111). A MATLAB program reconstruction

Z, where z; corresponds to the separation ©f from the  of the potential is availabl&

surface, is the molecular coordinat®,the polar angle, and

z the separation of the molecular center of mass from the
substratgcf. Fig. 2.

This reduced set of coordinates is sufficient to descnbe
the short-time nonadiabatic events leading to dissociation. Far from the surface, a neutral molecule is attracted to
Once the molecule has dissociated, additional degrees tiie surface by van der Waals forces. At short molecule sur-
freedom are included which allow energy loss to the surfacéace separation, Pauli repulsion takes over. This phenomenon

Physisorption

and the tracing of individual atomic trajectories. can be cast into a Born—Mayer potential form to describe the
interaction between each of the oxygen atoms and the sur-
B. Potential energy surfaces face (z,,2,). A Morse potential is used to describe the inter-

In the nonadiabatic approach for modeling chemical re- molecular potential along the molecular coordingte

actions over solid surfaces, all species that participate in the
encounter are assigned an exclusive electronic state. The first
step is to develop a potential energy surface that describes
each participating chemical species together with its nona-
d_iabatic coupling_termg. In the _asymptotic region these spe- +Ae bz _(1 T'5(2,,0,2b))
cies are well defined in a particular electronic state. Their
asymptotic energy can be estimated from the knowledge of
the surface work function, and the electronic state of the gas
phase particle. The oxygen molecule has many low-lying
electronic states; in the present study only a minimal set iThe incomplete gamma functiol,,_,, is used as an inter-
considered. At decreasing particle surface separation the ipolation function from the gas phase to the adsorbed state.
termolecular bond weakens and new chemical bonds ar€his interpolation eliminates the singularities of the long
formed with the metal surface. When the event involvesrange part of the potential close to the surface:
charge transfer, there is an electrostatic stabilization due to
the interaction with the image chargéespite the large k=m
electronic changes a diabatic assignment is kept for each T (zz,,a Z
species starting from the isolated asymptote to close range k=
with the surface.

Ab initio calculations supply adiabatic potential energy ~ The potential energy surface is shown in Fig. 3, while
surfaces. For studies in gas surface encounters, the mads$te parameters used are summarized in Table I.
common electronic structure method is the density functional
theory (DFT). The drawback of this method is that it is de-
signed to calculate only the ground electronic potential en-
ergy surface. This means that the traditional DFT approac
cannot supply direct input for the task of constructing diaba-  The gas phase Omolecular ion is the asymptotic origin
tic potential energy surfaces. For the /I(111) system, of the superoxide species. Compared to neutrati@ mo-
extensive first principle DFT calculations have been perdecular bond weakens and the equilibrium bond length in-
formed by Yourdshahyaat al®~8 By analysis of the charge creases. Upon approaching the surface this state is stabilized
distribution or local density of states and by searching forby its image charges induced in the metal. Close to the sur-
kinks in the PES, charge transfer states were identified wherace, exponential repulsive interactions take over. A Morse
a negative charge from the surface is stabilized on the inconpotential is used to describe the molecular bond;in
ing molecule. The G, /Al PES has the form

. - Cs
Vpnyd 21,22,1) =Ae bzl—;g(l—rz(zl,o,zm)
1

+D02(1—e’“02("'eq))2. (2.1

a(Z Zo))k e—alz—z) (2.2

ﬁ Superoxide
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FIG. 3. A contour plot and a stereoscopic projection of the physisorption 1.5
PES. Top: isoenergetic potential valuess sin(¢), where 6 is the angular
orientation of the molecule with respect to the surface normal X for the 1
horizontal orientation and=0 for the perpendicular orientatiprBottom:
contour plot of a cut in the PES at the perpendicular orientation. Distance is

in A.

1 2 3,4 5 6 7
Z

FIG. 4. The superoxide potential. Middle: PES isoenergetic potential values.
Top: contour 2D plot of the horizontal orientation. Bottom: contour 2D plot
of the perpendicular orientation. The potential well of the perpendicular
\7— orientation is about .5 eV higher in energy than the one in the horizontal
02( 2,2,1) orientation. There is also a location difference between the orientations of
(2204 5)2 0.3 A in the coordinate. Distance is in A.
=AePuyppebz_ efclel

2z,
(Z50(z) — 6)? (Z50(z1) + 6)? amountsd that chaljges as a functio_n of the molegulgr qrien-
- 27 - 7 2 > tations. The magnitude a@fis determined by an optimization
2 = (@z-2)) +(z+2)) of the electrostatic contribution leading to
Zrcm z )_ S 2
_ . ( efc( 22 ) 2+01(I’5)2 1 1
V(r*=(z1-22)%) + (22t 21) S —
§=— 2 (2.4)
+Do,~(1—e %" ("Ted)2+ Wi+ Ea(Oy). (2.3 (4r%a) '

The charge distribution in the molecule can vary by anwherea is the polarization of the molecule. The potential is

TABLE |. Parameters of the physisorption PES.

A (eV) b (A™Y C; (eV A3 Do, (eV) ao, Ah leq (A)
Repulsive Repulsive VDW Morse Morse Equilibrium
strength range attraction dissociation range distance

2350 3.13 1.79 5.1 0.3825 1.208
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TABLE II. Parameters of the superoxide PES.

A(ev) bA™)  zeq(A) Do, (eV) ag; A7 reqg(B)  Wi(eV) Ea(0,) (eV)
900 3.73 1.6 3.1 0.243 1.4 4.2 0.46

shown in Fig. 4, while the parameters used are summarizeflom 0.5 units per atom in the gas phase to 0.4 for an ad-
in Table 1l. Here,a stands for the polarizability of . sorbed molecule, angt was chosen to be 0.6.

In Eqg. (2.3) Wf represents the work function of the Al
surface andea stands for the molecular electron affinity. The o ) ]
effective charge assigned to the atoms in the adsorbed mol- 1he gas Pha%seﬁ molecular ion is the asymptotic ori-
ecule is interpolated from the gas phase value to its lowePin Of the peroxide species. However, in the gas phase this
value on the metal surfai®*3*using the form ion r_s_unstable ar_1d dissociates. However, on the sur_face itis
stabilized by the image charge. The peroxide potential func-
tion is identical to that of the superoxide. The difference is in

2ol =2 B I or 2oz, o PO feserg b engh, bondstengt,efec
For the superoxide state, the effective atomic charge varies The 02_2 potential is described as

3. Peroxide

Zeid2) =23 for z=<z,, (2.5

\'\/72(2 7 r):A”e*bnzl-fA”e*b"ZZ—( (lel%((:)m(zl)—}_a,)z ( él}((::m(zl)_al)z_ (Zrecfr(.l:ﬂl(zl)_l—a)2
R 22, 22, 7= (@-2)) + (24 2,)°
(220 ZUE(21) 255 (2,)
V(r2=(z;-27)%) +(2,+21)? r
+Dgo-_o-(1—e %0, 2" Ted)24 o(r §)2+ Wf—Ea(O,) + Wf—Ea(0; ). (2.6

The potential is shown in Fig. 5 and the parameters used are summarized in Table Ill.

The charge distribution in the molecule is calculated in analogy withZE8§). The effective charge per atom varies from
—1 in the gas phase t60.8 at small molecular—surface distance.

4. Dissociation

Dissociation products are atomic oxygen fragments, either in the gas phase or bound to the surface. The PES is a
combination of Coulomb repulsion between the ions and a Coulomb attraction to their image in the surface. In addition,
chemical bonding between the oxygen atomic fragments and the surface is described by a Morse potential. An anti-Morse is
added as an additional repulsion between the two ions. The dissociation potential has the form

(Z8Mz1))?

Viisd21,25,1)=Do_n(1—€" @o-a(z1=71%)2 4 Do_al(l—e" @0-alZ2-%9)24 — 27
1

(Z8¥N22))? Z8Mzy) - 28M z,)

X(l—Fz(Zl,O,me))— _(1_r2(22,0,2bm))+_

22, V(r2=(z1-29)%) +(2,+29)*
Zato 7.) - Zato 7z
+Dg_o (1+e 0 -0 r—r*H)2y erc 1)r efc (22) +2Wf—2E20m, 2.7)
TABLE IIl. Parameters of the peroxide PES.
A (eV) b (A7) Zeq (R) Do,2 (eV) ag;2 (A Feq (A) Ea(0Q;) (eV)

433 2.7 1.2 2.9 0.27 2. 1.46
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2 3z4 5 6 7

2 Z 4 6

FIG. 5. The peroxide potential. Middle: the PES shown as isoenergetic . o . . ) .
potential values. Top: contour plot of the potential in the horizontal orienta-FIG: 6. The dissociation potential. Center: PES shown as isoenergetic po-

tion. Bottom: contour plot of the potential in the perpendicular orientation. tential values. Top: contour plot of the potential in the horizontal orientation.
Distance is in A. Bottom: contour plot of the potential in the perpendicular orientation. Dis-

tance are in A.

The potential is shown in Fig. 6 and the parameters used are
summarized in Table IV. the Fermi level has significant nonadiabatic coupling terms.

The decay parameter is estimated using the metal work func-
tion and the effective charge difference

5. Nonadiabatic coupling interaction o

Vint(2)=Agpe™ “in@h), (2.8
The nonadiabatic coupling between each pair of states

determines the amplitude of transition from one state to thevhere the decay parameter is given by

other. The coupling term is chosen to be proportional to the= —2(Wf)|Z3;.— 22 //m.-e, Z;. is the effective charge

electron density of the metal. The electron density decaym statei. A, is the interaction matrix element whose mag-

exponentially into the vacuum in the classically forbiddennitude is estimated below and is in the same range of recent

region outside the metaf. The exponential selection means nonadiabatic calculations by Lara-Casteb$al. for the

that only a narrow band of electronic surface states close t®,/TiO systent>

TABLE IV. Parameters of the dissociation PES.

Do_ai (eV) ag_pn A7H qu‘ ALA) Do_o (eV) ago (A7 féc(;_o) A)
7.1 0.66 1.1 3.4 .06 2.2
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C. Simulation of the dynamics

The description of the dissociative adsorption dynamic
is divided into two consecutive parts: a quantum-mechanic
part describing the impinging gas phase molecule and it
interaction with the solid. This process includes a sequenc

of charge transfer events. The quantum description ends once

Katz, Zeiri, and Kosloff

wherep=3r cosé. Replacing the internal coordinatewith
éhe variablec= cosé avoids the singularity ird. This pro-
yides a simple grid suitable for the Fourier metHédn cy-
ndrical symmetrym is a conserved quantum number char-
gcterizing the helicopter motion.

The off-diagonal termsf/ij are defined in Sec. IIB. In

the molecular wave function enters the dissociation PES. Thihis representation the wave function has the form

molecular wave packet in the dissociative state is used to

. . . . L. l/’phy427pyc)
determine the energy and angular distributions at the initia- Veuoe 2,p1C)
tion of the dissociation event. These distributions are used in = l;”pzz ’ 'c) (2.12
the second part to sample initial conditions in a classical per &P
Yaisd Z,p,C)

simulation. The molecular dynamics is used to follow the
motion of the dissociating O atoms until the process is com-  The initial wave packet for the calculation represents a
plete. Hence, the description of the full dissociation processree impinging oxygen molecule in the gas phase and is
is obtained by using a combination of a quantum-mechanicaherefore located on the physisorption potential. It is com-
calculation together with a molecular dynamical simulation.posed of a product of a Gaussian wave function in the trans-
This picture is based on the assumption that once the maational z coordinate, a vibrational eigenstate in thelirec-
lecular system has crossed onto the dissociative PES, it wition, and a rotational wave packet éh

not recross back into a molecular PES. This assumption is
justified by the rapid energy release of the highly exothermic
dissociative adsorption of LOonto the A(111) surface. The
reader should consider that this study is devoted to the u
e e e e engular momertun(©)- 112 andm-0.
counters where a long-lived molecular ion is formed pri(;r to,. Thg pr_oce_dure chlosen.to simulate a thermgl initial rota-
dissociation or prior to molecular adsorption are excludeqﬂonal distribution begins with the thermal density operator
from the present investigation. The following is a more de-
tailed description of the simulations used.

Yongd Z.p,Ct=0)=e [ 21202y (1) g(c),  (2.13

where x,(r) is the vibrational eigenstate of molecular oxy-
jen andg(c) is the cartwheel wave function. For zero total

1
pO,¢T)=7 2 e BT (0, 6))Yim( 6, )],
(2.149
_ _ _ whereT is the temperaturée is the rotational partition func-
The system is described by four coupled potential energyion, andY,,,(9, #) are the eigenfunctions of angular energy

surfaces describing the ,0Al, O, —Al, O,%—Al, and 2 E,=#%2I(1+1)/%ur?. For high temperatures, E€R.14 can

— . . 0'36 . . .
O -Al |nter.act|o'ns? ‘The nonadiabatic dynamics of the e 4nnroximated by the classical equal partition law and by
molecular dissociation is followed by solving the multichan- 4 act thaim is a constant of motion

nel time-dependent Schiimger equation

1. Quantum-mechanical model

Y e [(W2m?)/(112up%KkyT)]
it —-=Hy. 2.9 p0,6.T)~> =

m

pm(6,T). (219

The dependence of the density operaiqi 6,T) on m is
through the centrifugal term in the kinetic energy operator

The Hamiltonian is described as

Hpnys  Vohyssuper Vphysper  Vphys-diss used for propagation. The partial density operator for the
o Veuper-phys ﬁsupemxide Veuperper Vsuper-diss cartwheel motiorp,(6,T) is described as
= ~ . —(Ej IkyT)
V.. V.. H ) Voo i . e j
per-phys per-super peroxide ?er diss Pl 97)22 Z—|§J(9)><§J(9)|
Vdiss—phys Vdiss—super Vdiss—per Hdiss ! !
(2.10

(2.1

The single channel Hamiltonian of surfaces

Hi=Ti+Vi. (2.1 where{;(#6) is the eigenvalue of thé-dependent part of the
Using the reduced coordinate system defined in Fig. 2, aniinetic energy operator. The right-hand side of E2.16
assuming cylindrical symmetry, the kinetic energy operatodescribes a sum of random phase wave functions

T, is

N
= lim n21 |Dn(0))(Dr(6)],

N—o N=

el bni— (Ej/2kpT)

VZ;

where ¢, is a random phase. For a rotational temperature of
150 K the results were averaged with temvalues. The
convergence of the sum in E@.16 was checked for disso-

#  # 14 m 41(0), (2.17

—+t-—+t—S—+—
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TABLE V. Typical grid and initial wave function parameters.

Abstractive dissociation of oxygen over Al(111) 3939

N,=600 dz=0.009 A N, =800

Ap=0.00325 A

N.=64 dc=0.015

ciation. It was found that the sum converged et 1, to 3%
accuracy. This means that the dissociation process is not
phase sensitive.

The time-dependent Schitimger equation Eq(2.9) is
solved using a Fourier grid representation and a Chebysh
polynomial propagatd?>® (see Table V.

Propagation of the wave packet was carried out for
typical time of 30 fs for several initial incident kinetic ener-
gies, rotational temperatures, and initigl @brational states.
To synchronize the different calculations the time is mea-
sured from the instant the wave function reaches the firs
crossing seam. This time period is sufficient to include all(i)
direct nonadiabatic transitions. It is assumed that the trapped
part of the wave function will lose energy to the surface and
eventually will dissociate. The outcome of such dissociative
adsorption will be two adjacent oxygen atoms adsorbed on
the surface in close proximity. (i)

The final outcome of the direct dissociated state still has
to be determined. In order to include dissipative effects in-
volving more degrees of freedom, the dynamics is followed
using classical molecular dynamics. To carry out this trans¢iii)
formation the quantum statg,ss has to be represented as a
distribution in phase space serving as the initial distribution
for the classical molecular dynamics calculatf8n?? The
first step is to define the density operatop
=|y(c,r,2)){y(c’,r’,z")|, from which the six-dimensional
phase space distribution is obtained by the Wigner transform

W(C’pmrvpr ’Z1pZ):j j j p(carazycrar,12’)
><ei(1/2)((:—(:’)pcei(1/2)(r—r’)pIr

% ei(l/2)(Z*Z')pzd(C_ c')
xd(r—r")d(z—2"). (218

Practically evaluating Eq.2.18 is beyond numerical capa-
bility. More insight can be obtained from partial phase space
distributions. For example, the angular phase space distribu-

2. Atomic fragmentation dynamics

The phase space distributions generated by the dissocia-
tion state in Eq(2.18 contain all the information required to
initiate the classical trajectoriéd However, as stated before,

She calculation of the Wigner function of a 6D distribution is
beyond present computational ability. For this reason an al-

Gernative procedure was developed to define appropriate ini-
tial conditions for the classical trajectori&The following

steps were performed to generate the required initial condi-

ions:

A reduced density operator is constructed for
each reaction coordinate:  p(q;,q/)

= [dog; daky™ (g, a5 ,aK) (a7 ,0;,d)- This density
operator is transformed to a phase space distribution
W(q;,p;) of that coordinate.

A point in phase space is randomly selected. Using a
Monte Carlo scheme, this point is accepted if it re-
sides within the probability distribution of each of the
coordinates.

A classical energy shell restricting an inner volume of
phase space is defined by the energy range of the
quantum calculation® The energy associated with
the chosen phase space point is then calculated by
using the classical Hamiltonian

|:|point(zi Pz.p:Py ,C,Pe)

_ 2 2ip2+ ! TR !
Y Pzt P, 02 Py 22T 2
X ((1=c®)pZ+2cp) | +V(zp.0). (222

If this point is outside the classical energy shell, the
selected point is rejected and a new point is chosen.
If all the above conditions are met, the selected point
in phase space is used to define initial conditions for
semiclassical trajectories simulating dissociation.

tion can be calculated from the reduced density operator i%—zhgbsamp””g procedure was checked by comparing to Eq.

the angular coordinate=cosé

ﬁ(c,c’)=J J Y(c,r,z)(c’,r,z)drdz (2.19

The trajectories of the oxygen atoms were obtained by
integrating the equations of motion. To describe the energy
exchange of the oxygen with the substrate, a Langevin ap-

_46 . .
The joint probability density of noncommuting observablesProach was usef."*°The Al atoms were kept fixed at their

is obtained from the Wigner transform pfc,c’)

lattice points, while the O atoms moved according to the

following equation of motion:

W(C,Pc)=f e'PRdQp(c+Q,c—Q), (2.20

whereC=(c+c')/2 andQ=(c—c’)/2.
Joint distributions of commuting variables can also be
calculated. For example

P(C,Pr)=J |(c,pr,2)[?dz (2.29)

A
m __ﬁ_ﬁ +1,,

(2.23

whereR represents the position vector of teatoms,S is
the friction coefficient, and, represent a random force. The
forces between the oxygen atoms and between the oxygen
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and the slab were calculated from the dissociative potéhtial Three states O-Al potentials
energy surfacécf. Sec. Il B4. The distribution of the ran-

dom force is related to the friction coefficient by the second 4
fluctuation—dissipation theorefi.A similar procedure was
used to describe the motion of hot oxygen atoms along an
Al(111) surface'! The friction constant used here is identical
to that of Wahnstrom. This coefficient includes contributions
from both phonons and electronic excitations. When the oxy-
gen atom is far from the surface, bggrandf, are therefore

Ion oxygen-Al

(%]

G singlet oxygen-Al

triplet oxygen-Al

Energy(eV)
[=]

expected to vanish 2
Bo z2<2.5 A
A= Bo-(1-T,) z=25A)’ (2.24 -4 o
=3-pst i 0 2 4 6 8 10 12
yvgir:sgggﬁ ps © is the value calculated and used by NLO distance(A )

The motion of the dissociated ion relative to the fixed FIG. 7. Back charge transfer channels represented in a 1D potential energy
adsorbed oxygen ion was followed in time. One of the oxy-Of both neutral states and ion in the normal to the surface coordinate. The

. . ._.:_neutral species potentials were described by a Born—Mayer form similar to
gen atoms was found to always stick close to the dissociatio e physisorption PES. The ionic potential is the dissociation PES in the

point. Depending on initial conditions, the other atom wasrejevant coordinate. The asymptotic shift between these states is determined
either ejected to the gas phase, or performed a ballistic masy the energy difference between the 'Dj and O@P) states. The
tion and returned to the surface further away. The discrimiasymptotic energy difference between the ionic state is related to the differ-
nation between these processes depends on the incident RI°® between the metal work function and the electron affinity 6PR(A

. o eeper oxygen—aluminum well is also shown, indicating the uncertainty in
netic energy, and on the possibility of a back charge transfege oxygen—aluminum bond strength.

from the oxygen ion to the surface.

Using the above procedures, each trajectory could be
3. Back charge transfer from the outgoing atom followed either to yield a gas phase QO(°P), O(*D), or
an adsorbed O. Once a projectile reached a separation of 10
fate is determined by its translational energy normal to the from the Al(111), it was assumed that it completed the
surface, and by its initial direction of motion. An oxygen ion €5¢@Pe to the gas phase and the trajectory was terminated. A
ejecting to the gas phase may transfer its charge back to tHgrmination was also induced if the atom beqame .statlor)ary
solid and emerge as a neutral atom in the ground stateYo( ©N the §urface. From the output of thg clgssmal S|muI.at|0n,
or in the excited state @D). These back charge transfer trans_lat|0nal energy and angular dlstnbutl_ons of thg e!ect_ed
processes are possible due to curve crossing between tfRecies were calculat_ed as well as the distance distribution
oxygen—metal PES of these two neutral states and the ionfe€tWeen adsorbed pairs.
state(cf. Fig. 7).

The curve-crossing probability among the various poten—“" RESULTS
tial surfaces can be estimated using the Landau—Zener The main products of the encounter between oxygen
formula®®#9 A more accurate alternative used in this work molecules and an aluminum surface are: dissociative adsorp-
was to calculate the dissociation probability for each channefion, abstractive dissociation, and reflected oxygen mol-
from a series of one-dimensional wave packet propagationgcules. The dissociative adsorption products are either pairs
In these propagations, initial wave packets were positioned ajf adsorbed oxygen atoms or isolated atoms resulting from
the minimum of the ionic surface and each wave packet waballistic-like trajectories. The abstractive dissociation can re-
assigned a different kinetic energy. The dissociation probsult in O, O(P), O(*D) in the gas phase and an isolated
ability for each channel as a function of incident energy wasoxygen atom on the surface. The yields of each species de-
obtained and tabulated. The table of probabilities served gsends on the incident kinetic energy and on the excitation of
the surface hopping probability for each trajectory whenvibrational and rotational degrees of freed¢oh Fig. 1).
reaching a crossing point.

The curve-crossing probability is proportional to the
nonadiabatic coupling terms between the electronic states. A Quantum wave packet calculations describe the initial
rough estimation of this coupling can be obtained by relatingnonadiabatic steps of the oxygen/aluminum interaction. The
it to the overlap between the molecular orbitals of oxygenpropagation is terminated after a period of 30 fs. This time is
and Al at the curve-crossing points. This overlap was estisufficient for the wave function to hit the surface and recoil
mated by employing the extended ¢kel theory’*>°where  back to the gas phase. At the final time of the propagation the
B=(p(Al) s|Hi; —€S;j| #(0),,) andS; is the orbital over- norm of the wave function on each diabatic surface is calcu-
lap. The nonadiabatic coupling function constructed showsated. The fraction of the wave packet reflected back to the
an exponential decay from the surface. The calculated valugshysisorption channel defines the nonreactive fraction. All
at the crossing points are;,=0.084 eV for the ion—OfP) the remaining fractions, i.e., of the wave function found on
andv,=0.46 eV for the ion—{D) coupling. the peroxide, superoxide, and dissociation states are ac-

Once the oxygen atom has started its ballistic motion, it

A. The dissociation yield
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FIG. 8. The dissociation probability as a function of incident total energy: : \"). 5 .
quantum calculations and experimental results. The labels are as follows: ‘\\\ e

Squaresiv=0, Tg=0K. Circles: v=1, Tg=0K. Diamonds:v=0, Tg
=50 K. Empty triangles pointing downi=1, Tr=50 K. Empty triangles:
v=0, TR=100 K. Stars: the experimental results from Ref. 3 plotted vs
incident translational energy. Fulblue) triangles pointing down: adiabatic FIG. 9. Marginal probabilityp(c,p,) as a function of the angle=sin(6)
calculation,u =0, Tz=0 K. Notice: To reconstruct the experiment one has and the momentunp, in the normal direction of the dissociation wave
to know the internal energy for each translational energy value. This willpacket for two different incident kinetic energies=0 is the perpendicular
add to thev=0, Tg=0K line. orientation. Higher incident kinetic energy forces a more parallel orienta-
tion.

B. Dissociative adsorption
counted as reactive. It is assumed that the trapped amplitudersus abstractive dissociation

on both peroxide and superoxide states will eventually dis- The fate of the amplitude on the dissociative channel

sociate, constituting the indirect dissociation channel. PropeL; has to be decided. The two main variables which deter-
description of the indirect dissociation requires the inclusiony,ine the pranching ratio between dissociative adsorption and
of energy and phase dissipation terms in the model. Thepiractive dissociation are the angle between the molecular
present study, which does not contain such terms, thereforg,is and the surface normal together with the kinetic energy
deals only with direct dissociation. This approach is justifiedys e outgoing atom in the normal direction. Figure 9 shows
by the fact that the yield of the indirect dissociation channelne probability distribution for these variables for two inci-
is small, a few percent in the energy range considered. Thgent kinetic energies. It is clear from the figure that at low
dissociation probability as a function of incident total energyincident kinetic energy there is a tendency for a perpendicu-
is shown in Fig. 8. lar orientation which flattens out when the incident kinetic
The figure shows an increase in the dissociation probenergy increases.
abl'lty as a function of both initial kinetic and internal en- The fate of the oxygen molecule that has emerged into
ergy. The calculations of =0 Tg=0 are slightly lower in  the dissociation channel is determined by a molecular dy-
value than the experiment, which is plotted with respect tthamics simulation. The initial conditions for the MD calcu-
the incident kinetic energy. If the internal energy of the ex-lation are drawn from the phase space distribution of the
periment would be known, the dissociation probabilities withquantum wave packet on the dissociation surface at the ter-
excited internal energy could be included in an averagingnination time. The MD simulations employed 10 000 trajec-
procedure and values closer to the experiment would be oheries with typical propagation time of 1 ps. In all trajectories
tained. For total energies below 0.5 eV, it is found that transthe oxygen atom close to the surface almost immediately
lation is more effective than internal energy in producingfound rest on the aluminum surface at a position adjacent to
dissociation. For total energies above 0.5 eV this trend isvhere it started. The fate of the other oxygen is more com-
reversed, and internal energy in particular vibrational energylex. If it has sufficient perpendicular energy it may emerge
becomes more effective. into the gas phase either as an @n, or as a neutral atom
The amplitude trapped on the superoxide and peroxid®(®P), or O(*D). If the ejected atom does not pose enough
states is expected to lose energy slowly due to interactioenergy to escape into the gas phase, it will perform a ballistic
with phonons and electron—hole pairs, finally leading exclumotion and find rest at a large distance from the first oxygen
sively to dissociative absorption. This indirect dissociationatom. The distribution of the separation distance between
channel is expected to produce oxygen atoms settling adsorbed pairs for different initial kinetic energies are shown
nearby adsorption sites on the lattice. in Fig. 10.
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FIG. 10. Distribution of distances between dissociated adsorbed pairs for
different incident kinetic energies, far=0 andTz=0.

We define a pair of adsorbed oxygen atoms if their sepa-
ration is less than 12 A, otherwise the adsorbates are defined
as singlegisolated atomys The variation of the ratio between
singles and pairs as a function of initial kinetic energy is
shown in Fig. 11. The computation data are shown together
with the experimental results. The three sets of calculated
points differ in the value of the friction coefficient used in
the MD simulation. The value @8 in Eq. (2.24) used in Ref.

11 is 3.0 ps?, a slight variation toB=3.5ps ! and B
=2.5ps!is also shown in Fig. 11.

A small reduction of the friction valug of Wahnstroni!
results in an excellent agreement with the experimental data.

The relation between the distribution of neighboring ad-
sorbate separation and the incident kinetic energy and rota-
tional energy is shown in Fig. 12.

The results shown in Fig. 12 clearly demonstrate that
increase in both kinetic and rotational energies results in a
shift of the distribution to shorter distances. The discretiza-
tion of the separation between adsorbates in a given distri-

bution is related to the tendency of adsorbed oxygen atomielG. 12. The distance distribution between adsorbed pairs for different ro-
b@tional temperatures, for three incident kinetic energy values.

to be localized at well-defined adsorption sites separated
multiples of the lattice constant.
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The branching ratio of the oxygen atomic species ap-
pearing in the gas phase was derived from the crossing prob-
ability of each trajectory(cf. Sec. IIC3. Each curve-
crossing event is terminated and is then accounted as an
outgoing OFP) or O(*D). Noncrossing events were ac-
counted as ions if they reached a distance of 10 A from the
surface.

The abstraction yield as a function of incident kinetic
energy is shown for three initial vibrational states in Fig. 13.
It is clear that vibrational excitation enhances abstraction.
The magnitude of this enhancement goes down as incident
kinetic energy goes up.

The product yields as a function of the orientation axis
of the oxygen molecule on the dissociation channel at the
time of termination of the quantum propagation are shown in

FIG. 11. The ratio between lone atoms and pairs adsorbed on the surface Fg. 14 for four different initial conditions. These results

a function of incident kinetic energy for three values of the friction param-
eter. The experimental values of Ref. 13 are also indic&fegair is defined
by a distance smaller than 12)AThe yield of the indirect dissociation

fraction was added to the pair count.

were obtained by correlating the final product identity of
each trajectory to the value of the intermediate angle when
the trajectory was initiated.
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0.2 y - ~ (i)  What is the connection between the adiabatic DFT-
i B PES and the nonadiabatic potentials used in the cur-
 0.15 rent calculations?
© (i)  What is the mechanism that leads to abstractive dis-
g sociation?
§ 0.1 (iv) How is the oxygen distribution on the Al
= surfac&!%12influenced by the experimental param-
< 0.05 eters?
A. The dissociation mechanism
) o Ot6 OTS 1 The experimental dissociation probability of oxygen

Incident energy over aluminum shows no threshold to reaction with respect
o o to incident kinetic energy.This is in accordance with DFT
:;'C(;’aelft'kﬁgﬁ:éa:;':%;'ﬂfoiegggg;ncu‘::(; lt)hfl"ngfél:’ffnonal state andcalculations which show no barrier to reactfoi.However,
in the experiment the dissociation probability increases with
incident kinetic energy reaching a saturation-&t.6 eV. This
Itis clear from Fig. 14 that each final product is strongly observation seems to be in conflict with an adiabatic frame-
correlated to a small range of molecular orientations. A perwork based on the Born—Oppenheimer approximation,
pendicular orientation is necessary to produce'm)( a  where a single PES describes the topology of reaction. The
slightly larger tilt leads to O(P). Flat orientations lead to nponadiabatic framework employed in this study is consistent

neighboring pairs, while intermediate angles lead to ballistiith, the experimental observations as shown in Fig. 8. In

;rajeci[t(_)r[?slprodg_c;!ng IW?] lone ?ﬁ sot:bed ﬁ?(ygent_atcl;mts. Diffis case the dissociation probability is dominated by the first
erent initial concitions change he branching ratio bEWeen, , ., yiapatic crossing. The probability of this transition de-
products, but have only a minor influence on the angular

o pends on the location of the nonadiabatic crossing seam be-
distribution of each product. . . .
tween the physisorption PES and the superoxide PES. The
topology of this seam and the increase in the strength of the
IV. DISCUSSION

nonadiabatic coupling when the oxygen molecule is closer to

The purpose of the computational model is to supplythe surface results in an enhancement of the dissociation
insight into the detailed mechanism of oxygen dissociatiorprobability when the incident kinetic energy increases. In
over aluminum. To carry out this task the results of the simuorder to verify the dominant role of the nonadiabatic frame-
lations and calculations have to be integrated into a consisyork, the reaction was simulated using only the lowest adia-
tent picture. The discussion is led by the following mechaatic surface. This PES was obtained by diagonalizing the
nistic questions: four diabatic PESs together with their nonadiabatic coupling
() Can the dissociation mechanism be interpreted by aterms[cf. Eq.(2.10]. The results of these calculations can be

adiabatic framework? compared to the nonadiabatic calculations and the experi-
a b
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o Rotational temperature:50 K
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Triplet
= Bullistic motion =
2041 204f o E
> > Ballistic motion
02 0.2 _Ah«lnn:ﬁvz dissociation
’ \/ ’ Triplet
{ Singlet
LR 2 Y L { Aty
% 10 20 30 40 50 60 % 70 20 30 40 50 60 70 80 90
9 0 FIG. 14. The product yield as a function of the molecu-
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ment in Fig. 8. As expected, the dissociation probability has
no threshold and reaches saturation of 80% yield already ¢
an incident energy of 0.01 eV.

At extremely low incident energy adiabatic dynamics
should take over, resulting in an increase in dissociatior
probability when the incident energy is decreased. Such a<t!
effect was found in the oxygen silver systéfnwhere the &
dissociation probability values are much lower. For the %=
present system this effect was identified only in 1D models
The increase in dissociation configurations with dimension:
ality seems to overcome this effect in 3D.

B. Comparison of the nonadiabatic description
to DFT calculations

In the quest for a first principle understanding of mo- <
lecular dynamics on surfaces, DFab initio calculations ~— 2
have been employed to provide PESs for a wide class of g¢ ¢
surface encounters. The advantage of the method is that
can address complex, multiple electron systems with reasol
able accuracy, including the infinite reservoir of electrons in
the metal substrate. The drawback is that, by definition, th
functional is restricted to the ground-state adiabatic potentic
energy surface. Lundqvist al®~8°"have performed an ex-
tensive study of the current system. At this stage it is approéaas
priate to compare the results of DFT calculations to the low- 2>
est adiabatic PES used in the present study. This PES E 2
shown in Fig. 15 for different molecular orientations.

A close examination of Fig. 15 shows a minima at the
physisorption potential when the molecule reaches 3.3 A
This minima is absent from the DFT calculations. For the > 4
DFT potential,the perpendicular molecular approach i< Z(Ao)
slightly lower in energy. The difference arises from thg C
coefficient. In the present study it was adopted from the workeig_ 15. A 2D cut of the adiabatic potential for three different molecular
of Inm et al>® based on the actual polarization of oxygen. orientations. Top: horizontal=90°. Middle: §=45°. Bottom: perpendicu-
This value is different from the £which was directly cal- lar =0.
culated by DFT. As a result, the position of the minimum
differs between the two orientations from 3.3 A for the per-
pendicular orientation to 3.6 A for the horizontal orientation.

In the physisorbed state there is an energy gap of 0.03 ethe perpendicular orientation. This value is 0.3 eV lower than
favoring the horizontal orientation over the perpendicularthe value of the DFT calculations. Also, the intermolecular
orientation(cf. Fig. 16. distance is 0.1 A smaller. Despite these differences, the gen-

In an adiabatic picture, the energy differences are veryeral topology of the semiempirical adiabatic potential is quite
small and will have minor influence on the dissociation prob-similar to the DFT PES.
ability. In the nonadiabatic approach these differences have a The dissociation yield depends on the nonadiabatic cou-
significant impact on the dissociation probability since thepling terms. The nonadiabatic coupling to the first charge
crossing seams between the physisorption and superoxideansfer event from the physisorbed state to the superoxide
change significantly, as seen in Fig. 16. state was manipulated in order to supply a reasonable quan-

Another discrepancy between the DFT and semiempirtitative agreement with experimental restil&ss shown in
ical PES is a minima corresponding to the superoxide sperig. 17.
cies. The DFT calculation is not able to identify a minima  The fit to a parabola indicates that the nonadiabatic cou-
corresponding to the superoxide species. The semiempiricaling is in the range of perturbation theory where the disso-
PES identifies a minima originating from the superoxide at eciation yield is quadratic if/,,. By changing the values of
distance of 1.5 A from the surface with an intermolecularthe nonadiabatic coupling interaction from 0.09 to 0.21 eV
distance of 1.4 A, an energy 6f0.9 eV at the perpendicular the diabatic PES topology becomes even closer to the DFT
orientation, and-1.2 eV at the horizontal orientation. PES. This is shown by comparing Fig. 18 to Fig. 2 of Ref. 6.

The DFT calculation identifies a potential well associ- The differences between the potentials are within the
ated with the peroxide species. This can be compared to theccuracy limits of both methods employed. This comparison
minima in the diabatic PES seen in Fig. 15. It has the valueenabled the use of the results of DFT calculations as input to
of —1.9 eV for the horizontal orientation and1.2 eV for  define the strength of the nonadiabatic potential term.

6
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FIG. 16. A cut along the ©-Al distance of the physisorption PES and the 2 y 4
superoxide PES at an internuclear distance 1.1 A for two different molecular z(A)
orientations. Perpendiculddotted, horizontal (solid). For the horizontal

orientation, no activation energy is required. For perpendicular orientatior":IG 18. A 2D contour plot of the adiabatic potential with the nonadiabatic
0.1 eV is required to reach the maxima. A zoom on the physisorption well """

for the two orientations is also shown for the horizoritadlid) and perpen- pargmeter OV 1= 9'17 ev, fpr two different molecular orientations. Top:
! - : horizontal. Bottom: perpendicular.
dicular (dashedl molecular orientations.

C. The abstractive dissociation repulsion that contributes approximately 2 eV of energy.

Upon dissociation of the bond this energy is equally divided
Upon dissociation, the atoms pointing to the surface willpetween the two atoms. However, due to the repulsive forces

almost immediately adsorb close to its impact position. Thef the surface, a momentum transfer between the two atoms
fate of the second atom will be determined by its momentumtakes place, meaning that the outgoing atom can acquire
The magnitude of the momentum is determined by the forcegost of the available momentum.

and kinetic energy along the interatomic distance. Initial in-  The orientation of the molecule determines the energy

ternal energy, i.e., vibrational and rotational energy, contribdistribution between normal and perpendicular directions.

utes directly. The range of energy is 0.1 to 0.3 eV. The proQOnly the vibrational energy and Coulomb repulsion can be

jection of the incident kinetic energy on the interatomic axisdistributed in the normal mode depending on the molecular

also contributes in the range of 0.1 to 1 eV at a perpendiculagrientation. The amount of energy in the normal mode se-

orientation. The main force along the axis is the Coulomblects between the reaction products. The abstraction of an

atom to the gas phase requires an energy component perpen-

dicular to the surface. The available energy in this direction

' ' ' G ' can come from Coulomb repulsion and vibration, provided

that the molecule is oriented accordindlyf. Fig. 19. This

orientation therefore determines the adsorbed pair distance

distributions. Lone adsorbed atoms are also the result of the

ballistic motion of the uppermost atom, not having sufficient

normal energy to escape the surface. To verify this assump-

tion, each final product is correlated with the intermediate

phase space distribution of the dissociation wave pa@fet

Fig. 14. Comparing these results to the experimental find-

ings shows that the experimental suppression of abstraction

halllY | " 1 | | ] . . .

005 0.1 015 02 025 03 due to rotation is larger by a factor of 3 than in the
Non adiabatic coupling(eV) calculation®® The experimental observation can be explained

if the cone defining the abstraction is tighter 10° instead of
FIG. 17. The dependence of the dissociation probability of oxygen over AI20°

L . Y Such a tighter cone is correlated to a loss of 0.5 eV of
on the nonadiabatic coupling term between the physisorption and the super- .
oxide PES for 0.5 eV incident kinetic energfhe dash line is a quadratic €N€rgy of the escaping oxygen atom. The probable reason for

fit.) this discrepancy is the reduced description which limits the
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FIG. 20. Angular distributions leading to final products for two rotational

FIG. 19. The molecular axis orientatigron the dissociation surface and its temperatures filled graph3g=50K, bold lines Te=150K: Top: E,
relation to the final possible products. =0.5eV. Bottom:E,=0.1 eV. The plot was obtained by reversing the sur-

face hopping molecular dynamics trajectories reducing the initial energy by
0.5 eV andV,,=0.124 eV.

number of degrees of freedom. Inclusion of translational,
electron—hole pairs and surface recoil degrees of freedom

would account for this lost energy. A set of MD simulations Fig. 21. These are products of “backward in time” propaga-
with a reduced initial energy and a friction paramefer tion from final states initiated from 0.5 eV incident energy,
=2.5ps* is shown in Fig. 20. v=2 andTgr=50 K rotational temperatures.

Figure 14 and Fig. 20 should be compared to Fig. 9,  The role of molecular orientation to abstraction is shown
showing that flattening the intermediate distribution due toin Fig. 22. The “initial” Wigner distribution in sing) andp,

an increase in incident kinetic energy changes the ratio b&shows that perpendicular molecules are responsible for the
tween the products. abstraction.

D. Reverse propagation: Correlating the initial
to the final product distribution

With the assumption that the molecular orientation and
the perpendicular mode energy were responsible for the ab-
straction, tracking the abstractions dependence on the initial

conditions was performed in the following procedure: Start- SF
ing from the outcome to the source, the trajectories that -
ended in abstraction were backtracked to their initial condi- =
tions on the dissociation surface. From the Wigner distribu- & Vibra";ioml“ Sm: s
tions that led to abstraction on the MD, a projection operator _g .
was constructed which included the relevant modegp,, e ﬁils’:{t)r‘;wt?"e
g ciation

p, . The projection operator was applied on the dissociation
final wave packet) resolving a new wave packegt which
represents only the part aof leading to abstraction. This
wave packet was propagated backward in time, from the dis-
sociation PES to the initial physisorbed states. Analysis of
the wave packet on the physisorption state supplied the ini- .
tial conditions leading to abstraction. The same procedure Kinetic Energy(eV)

was repeatgd F)n a wave PaCk?t constructed from th.e remalEI-G. 21. The incident energy distributions leading to dissociative adsorption
der of the dlstrlbu_tlons which _d'd not lead to abstraction. Th_eand abstractive dissociation. Inset: vibrational distributions leading to disso-
initial states leading to the different products are shown irciative adsorptiorright bap and abstractive dissociatigreft bay.
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(i)  Ballistic pairs Intermediate orientations contribute to
ballistic pairs. The total yield will be enhanced by
vibration and by cartwheel rotation, but will be sup-

!
P

S’? pressed by high incident kinetic energy which will
flatten the orientation and bring about helicopter rota-
tion.

. F. Critical evaluation of the model

The complexity of the model required to simulate the
dissociation of oxygen over aluminum is apparent. It is
therefore appropriate to assess the validity of the general
assumptions and the sensitivity of the model to uncertainties
in parameters. The quantum model is based on a small num-
ber of electronic states and the oxygen atom nuclear coordi-
nates. The continuum of the surface electronic degrees of

z — freedom as well as additional low-lying electronic levels of
sin( 1 - - iabati
oxygen are ignored. Put differently, the diabatic energy sur-
faces have a finite width. The doorway to the encounter has
FIG. 22. The angular Wigner distributions of the initial wave function cor- heen found to be the first charge transfer event with a char-

responding to abstraction. The wave function was obtained from revers s . )
propagation of the projected dissociation wave function. The projection op—%‘CterIStIC time scale of a few femtoseconds. Being conserva

erator was obtained by correlating the abstraction products to the dissocidlV€, this means that an energy width 0.3 eV is within
tion wave packet. the time energy uncertainty. Moreover, due to the exponen-

tial decrease in electron density into the vacuum, only the
highest metal electronic states close to the Fermi level have
E. Product yield dependence on initial significant amplitude at the distance of the first crossing. As
energy distribution a result, at this charge transfer point the band of electronic

states is well represented by two effective electronic sftes.

The previous analysis has shown that the final .prod.uct She position of this crossing is determined by the electron
almost exclusively dependent on the molecular axis orienta-

tion and on the normal energy of the dissociation electronié”‘fﬂmy of oxygen, its polarizability, and the work function of
: . aluminum.

state. Some control of the products can be obtained if the In princiole. it is possible to do bevond the present

initial internal energy can be correlated with these variables, P Pie, P g y P

. . model and to include the surface electronic degrees of free-
Each of the possible products has a different dependence Q! . o - S :
internal energy: om either implicitly or explicitly. An implicit treatment is

based on an open quantum description replacing the wave

(i) Dissociation As has been shown in Fig. 8, internal function by a density operator and the Sainger equation
energy, i.e., vibration and rotation, enhance dissociaby the Liouville—von Neumann equati6hA simplified 1D
tion. This is because both vibration and rotation ex-model for oxygen dissociation was carried Suncluding
tend the oxygen molecular bond. Since the superoxidémplicitly electronic quenching and coupling to the surface
bond is longer, the initial extension leads to more fa-phonons. Only a small influence was found on the threshold
vorable configurations for the nonadiabatic crossingbehavior. An increase in the reaction yield, mostly due to
At long range, the favorable crossing orientation iselectronic quenching, was found at incident energies above
perpendicular. Internal energy excitation allows a les9.5 eV. Extending the calculation to the current 3D case is
favorable orientation for crossing. High incident ki- beyond current computational abilities. The short time scale
netic energy leads the molecule to the repulsive parsuggests the use of the “surrogate Hamiltonian” metfidd
of the potential, resulting in a reorientation of the to include the effect of the surface degrees of freedom ex-
molecule to a flat configuration leading predominantly plicitly. Again, the additional computational cost is beyond
to dissociative adsorptiofcf. Fig. 19. current capabilities.

(i)  Abstractive dissociatiarVibrational energy enhances Once the molecule approaches the surface the potential
abstraction(cf. Fig. 13. Since the energy is oriented parameters of the model become more uncertain. The fit of
along the molecular axis, vibrational energy will be athe lowest adiabatic surface to the DFT calculatiois
booster. As for the rotational energy, the cartwheelsomewhat reassuring. Methods to calculate excited electronic
orientation will stretch the bond resulting in a similar states embedded in the continuum are at their inf&nayd
effect to the vibrational enhancement. The helicopterare not yet able to deal with charge transfer. The main dy-
motion, on the other hand, is oriented flat on the surnnamical feature is the large acceleration toward the surface
face and therefore will suppress the abstraction. Wittrdue to the formation of the oxygen—aluminum bond. The
an increase in rotational energy the total fraction ofenergetics is known only to withir-0.5 eV. In addition, the
molecules with helicopter orientations will increase, nonadiabatic effect become stronger, meaning extensive mix-
and therefore rotation will suppress abstractioh  ing of electronic states. The acceleration means that kine-
Fig. 12. matic effects dominate until the atoms are stopped on the
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