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To deepen our understanding of sticking and chemisorption behaviors, a trend study of static and dynamic
aspects of the interaction between diatomic molecules, including F2, O2, NO, CO, and N2, and the Als111d
surface is performed. General features of free-electron-like metals are extracted and ramifications to other
metals are indicated. With a slight generalization of the common form of density-functional theory, potential-
energy surfacessPES’sd are calculated for both the adiabatic ground state and some excited states, where one
or several electrons have been transferred from the adsorbate to the substrate. One trend applies to chemisorp-
tion sfrom dissociative, over molecular, to absentd, and another one to the sticking probabilitysfrom unity, over
incidence-energy-dependent, to zerod. Ground- and excited-state PES’s, local densities of states, and estimated
electron-transfer probabilities are utilized. Electron transfer and energy dissipation to electron-hole pairs are
identified as key processes in the dissociative adsorption. We apply a simple but general sticking model, where
the competition between the electron-tunneling and the nuclear-motion time scales plays a central rolefSurf.
Sci. 532-535, 126 s2003dg, now with a first-principles calculation of excited-state PES’s. Measured trends in
sticking and chemisorption behaviors are accounted for. Trends can be understood qualitatively in terms of
electronegativity, kinetic Pauli-repulsion ranges, bond orders, and asymmetries of the molecules.
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I. INTRODUCTION

The understanding of both statics and dynamics of
molecule-surface interactions is a key goal in surface sci-
ence. Such interactions are not only of fundamental impor-
tance, they also play essential roles in a large number of
technologies, e.g., those based on metal oxidation, heteroge-
neous catalysis, and thin-film growth. A central process is
sticking, often described kinetically but basically a dynamic
phenomenon. For instance, it distinguishes surface nobleness
from surface reactivity. Gold is one of the noblest metals,
inert against all types of oxidation, while potassium is ex-
tremely reactive. Sticking of molecules on these surfaces
varies very much. Another feature of adsorption is the pos-
sibility of a molecularly chemisorbed state. To learn about
electronic orbitals involved in the intramolecular bond, the
nature of the molecule-surface bond, and any hybridization
effect beyond that, experiments like photoemission and
scanning-tunneling spectroscopysSTSd,1 in combination
with theoretical studies, are very valuable. The importance of
sticking and molecular adsorption and the fact that experi-
mental findings on these phenomena might look
unsystematic77 should make an identification of general
trends in the molecule-surface interactions valuable. We aim
at identifying a few key parameters that describe general
trends in the initial sticking. This could improve our ability
to prevent or promote adsorption and our understanding of
later steps in the gas-surface interaction. This paper is an
attempt to do so for the sticking behavior of diatomic mol-
ecules on ansp-band metal in general, and the Als111d sur-
face in particular. This should also have implications for
noble and transition metals, although here thed electrons
give very important effects.

Sticking of H2 on metal surfaces is a model case. It has
been addressed in a large number of first-principles
studies,9–17 where the dynamics of the molecule is consid-

ered to occur on the multidimensional adiabatic potential-
energy surface sPESd, today obtained from density-
functional theorysDFTd.

The main results can be summarized as follows: The mea-
sured sticking probability of H2 sid exhibits a normal-energy
scaling regardless of strong surface corrugation,18 sii d is en-
hanced by vibrational excitations and steering effects,15,19

and siii d is reconciled with results from DFT calculations,
based on the adiabatic approximation.20 A sensitivity to the
choice of the energy functional for the exchange and corre-
lation is reported.11

On the other hand, the sticking behaviors of some more
complex systems seem to call for features beyond the adia-
batic DFT calculations. For instance, the initial sticking of
O2 on the Als111d surface is measured to be lowss0,10−2d
for thermal translational energies and to have a characteristic
S-shaped energy dependence.21–24

According to conventional accounts for sticking,25 this in-
dicates the existence of an activation-energy barrier. Adia-
batic DFT calculations,26–30 on the other hand, show no es-
sential activation barrier in the entrance channel of the
mapped multidimensional adiabatic PES, implying a sticking
probability of unity for all translational energies, according
to conventional accounts of sticking. Similar behavior has
been reported for NO on the same surface.31 An S-shaped
energy dependence of the sticking probability is also re-
ported for O2 on Ags110d,32 where it increases to a value near
unity with increasing translational energy, and on Ags111d,33

where it remains very lowss,10−7−10−3d. In contrast to
experimental observations, adiabatic DFT calculations sug-
gest a much higher sticking probability on both of these fac-
ets of Ag.10,34

Calculation of the sticking probability calls for dynamical
effects, including nonadiabatic ones. This is indicated al-
ready for H2 on metal surfaces35,36 and certainly anticipated
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for some more complex systems.37 Recently, this was very
explicitly demonstrated for the O2/Al s111d system,38 where
a first-principles molecular-dynamics study shows the inabil-
ity of the adiabatic PES to give the correct sticking behavior.
For the account of nonadiabaticity with its dissipation to
electron-hole pairs, we advocate39 the use of a diabatic
approach.40

A few diabatic approaches have been suggested in the
literature. One uses a very small number of PES’s,41–43 ap-
propriate for a finite cluster, finds a parametrization that
gives an energy dependence of the sticking probability like
the measured one, mentions energy dissipation, phonons, and
electron-hole pairs, but gives no explicit account thereof. An-
other one focuses on the PES of the triplet O2 at the surface,
which largely confirms the O2/Al curves of Ref. 39 and Fig.
17, and “transitions bringing the system away from the trip-
let PES,”44 for whose importance a rough estimate is “pro-
vided by the width of the 2p* Kohn-Sham resonance,” which

could be interpreted as the charge-transfer mechanism of
Ref. 39, although the energy dissipation issue is not ad-
dressed explicitly. We use a diabatic description39 to account
for the nonadiabatic effects and to provide the correct stick-
ing behavior. Here, the continuum of electron-hole-pair
states37,39,45–47is the obvious channel for the energy dissipa-
tion. In Table I, a schematic but systematic overview of the
theoretical attempts hitherto to explain the sticking behavior
of O2 on Als111d is given.

Another aspect of adsorption, the possible existence and
properties of a molecularly chemisorbed state, has been ad-
dressed in several first-principles studies for diatomic mol-
ecules on transition metals. Here a whole range of chemi-
sorption possibilities exist, depending on the adsorbate and
the substratesTable IId.

For many of these systems the chemisorption mechanism
is explained by the so-called Blyholder model,48 where the
highest occupied molecular orbitalsHOMOd and the lowest

TABLE I. Schematic overview of published theoretical studies of the sticking of O2/Al s111d system.

Source Ref. Approach Energy transfer Sticking probability Claims agreement

Yourdshahyanet al. 26,27 Adiabatic No Unity,S=1 No

Sasakiet al. 28,29 Adiabatic No Unity,S=1 No

Honkalaet al. 30 Adiabatic No Unity,S=1 No

Ciacchiet al. 38 Adiabatic No Unity,S=1 No

Hellmanet al. 39 Diabatic Yes Energy-dependent,SsEd Yes

Katz et al. 41 Diabatic No Energy-dependent,SsEd No

Binetti et al. 42,43 Diabatic No Energy-dependent,SsEd Yes

Katz et al.

Behleret al. 44 Adiabatic No Energy-dependent,SsEd Yes

Diabatic

Present study Adiabatic Yes Energy-dependent,SsEd Yes

Diabatic

TABLE II. Examples of some chemisorption possibilities.

Molecule Surface Process Precursor mediated Directly activated Ref.

O2 Pts111d Dissociation Low kinetic energies High kinetic energies 61

O2 Ws110d Dissociation Low kinetic energies High kinetic energies 62

O2 Irs110d Dissociation Low kinetic energies High kinetic energies 63,64

O2 Ges100d Dissociation Low kinetic energies High kinetic energies 64

O2 Ags111d Both physi- and chemisorbed molecular states 65

NO Ni Molecular and dissociative adsorption 66,67

NO Ag Molecular and dissociative adsorption 68,69

NO Cu Molecular and dissociative adsorption 70

NO Pts111d Molecularly adsorbed 71

NO Pds111d Molecularly adsorbed 72

CO Almost all transition metals Molecularly adsorbed 73

N2 Fes111d Dissociation Yes 74

N2 Ws100d Dissociation Yes 75

N2 Ws110d Dissociation Yes 75

N2 Ws310d Non-activated dissociation 76
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unoccupied orbitalsLUMOd of the adsorbate are most active
in forming the chemisorption bond withd-electron states of
the underlying transition metal. An electron donation from
the adsorbate HOMO to substrate states and a back-donation
from such states to the LUMO of the adsorbate build up the
chemisorption bond.

Despite a huge number of chemisorption studies of di-
atomic molecules on transition-metal surfaces, very little at-
tention has been paid to such molecules on simplesp-band
metals, such as the Als111d surface. As the latter lack occu-
piedd-band states, a study of diatomic molecules on Als111d
should mean a cultivation of chemisorption beyond the Bly-
holder model.

In this paper, the adsorption of several different diatomic
molecules, i.e., F2, O2, NO, CO, and N2, on the Als111d
surface is studied theoretically. There are two foci:sid to
describe the sticking behavior of the considered molecules in
a consistent manner, andsii d to understand the nature of mo-
lecular chemisorption. Computer and model studies help us
to identify key features: Both issues can be understood in
terms of electronegativities, kinetic Pauli-repulsion ranges,
bond orders, and asymmetries of the molecules. Electronega-
tivity is defined here as the surface-affected vertical electron
affinity. Kinetic Pauli repulsion arises as a result of overlap
effects between primarily the HOMO of the molecule and
the electronic states of the substrate. Bond order is defined as
the number of bonds in the free molecule and provides a
measure of the strength of the molecular bond. Asymmetry
distinguishes heteronuclear moleculessNO and COd from
homonuclear onessF2, O2, and N2d. The latter property
highly affects the character and ordering of the molecular
orbitals sMO’sd on the energy scale for the considered mol-
ecules and thereby also the binding mechanism towards the
surface. Table III illustrates the trends in the sticking and
chemisorption behaviors for the considered molecules with
respect to the key parameters, namely electronegativities, ki-
netic Pauli-repulsion ranges, bond orders, and asymmetries
of the molecules. A detailed explanation of the observed
trends is provided throughout the text.

For the sticking behavior, electron transfer from thesp
bands of the Als111d surface to the LUMO of the molecule is
identified as a key step in the dissociation process. This con-
clusion comes from extensive DFT calculations on the con-
sidered molecules, which provide adiabatic PES’s and local
densities of statessLDOSd. It is observed that electron trans-

fer brings the neutral molecule/Als111d system to a charged
molecule−d /Al s111d+d onesd being the amount of transferred
charged, when the molecule is brought closer to the surface.
The time scales for the electron transfer process during ad-
sorption and the choice between adiabatic or diabatic de-
scriptions are decisive for the dissociation process. The
former description is applicable to situations where the elec-
tron transfer process is considerably faster than the motion of
the nuclei, causing the LUMO of the molecule to be filled
continuously upon approach, or if the charge-transfer process
is inactive. The diabatic description is used when the time
scales for the electron transfer process and the nuclear mo-
tion are comparable, making the details of the charge-
transfer process essential. Here it is concluded that a diabatic
picture is valuable to account for the observed sticking be-
haviors of O2 and NO, while the sticking behaviors of CO,
N2, and F2 are fully reconciled in an adiabatic picture. In
addition, the electron-transfer process provides a necessary
dissipation channel into the sea of substrate electron-hole
pairs, to which a coupling is introduced into the system dur-
ing the adsorption process. Hence, kinetic and dissociation
energies of the adsorbate are lost into electronic degrees of
freedom, all in agreement with experimental evidence.21,22

Furthermore, among the considered molecules, F2 and N2
are the only ones that are not adsorbed molecularly on the
surface. O2 and NO exhibit molecularly chemisorbed states,
identified as having “O2

2−” and “NO2−” electron configura-
tions, respectively. The CO molecule has a neutral molecular
state for an orientation parallel to the surface and a charged
one, identified as a “CO−” configuration, for the perpendicu-
lar orientation with the C atom facing the surface. To under-
stand the nature of the molecularly chemisorbed states, bond
order and asymmetry really matter. The bond order basically
tells how many electrons can be transferred to the molecule
before it dissociates. However, this number can be reduced,
when the adiabatic PES’s indicate the existence or favorable
energy of a molecularly chemisorbed state.

The plan of the paper is as follows. Section II gives ex-
tensive accounts of the adiabatic calculations. The results
include PES’s and LDOS’s. In Sec. III, the diabatic picture is
presented, with foci on the calculation of diabatic PES’s and
on the sticking model. Discussions of a consistent theory for
the sticking behaviors of diatomic molecules on ansp-band
metal, such as Als111d, and on the existence of molecularly
chemisorbed states are given in Sec. IV. The paper ends with
conclusions and an outlook for future work.

TABLE IV. Molecular properties for all of the considered mol-
ecules in this study, as described by DFT. In parentheses are the
experimental values.

Molecule
Bond

distancesÅd
Vibrational

frequencyscm−1d
Dissociation
energyseVd

F2 1.43 s1.41d 1040 s916d 3.4 s1.6d
O2 1.24 s1.21d 1620 s1580d 5.6 s5.1d
NO 1.18s1.16d 1960 s1904d 6.7 s5.1d
CO 1.16s1.13d 2230 s2170d 12.4 s11.1d
N2 1.12 s1.09d 2430 s2358d 9.6 s9.8d

TABLE III. Rough characterization of the molecules with re-
spect to the key parameters electronegativity, Pauli-repulsion range,
bond order, and asymmetry for the considered molecules. Trends in
sticking and chemisorption are also indicated.

Molecule F2 O2 NO CO N2

Electronegativity high medium medium low low

Pauli-repulsion range short medium medium long long

Bond order 1 2 2.5 3 3

Asymmetry none none high high none

Sticking high medium medium low low

Chemisorption bond strong medium medium weak weak
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II. ADIABATIC PICTURE

The ground-state adiabatic calculations performed with
DFT sRef. 27d concern total energies and various aspect of
the electron structure, such as densities and local densities of
Kohn-Sham energy levelssLDOSd, i.e., entities that are im-
portant for both adiabatic and diabatic descriptions.

The calculations presented in this paper are performed by
means of the plane wave pseudopotential codeDACAPO.49

The generalized-gradient approximation50–52 sGGAd is used
for the exchange-correlation energy-density functional, more
specifically the PW91 flavor. The wave functions are ex-
panded in a plane-wave basis set with an energy cutoff of

FIG. 1. Energy levels of the molecular orbitalssMOd of the freesad F2, sbd O2, scd NO, sdd CO, andsed N2 molecules, calculated within
the present method. The local densities of statessLDOS’sd are projected into MO’s. The left and right panels show the spin-up and -down
LDOS’s, respectively.
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25 Ry, and the electron-ion interactions are described by ul-
trasoft pseudopotentials. A 83831 Monkhorst-Pack mesh
is used to sample the entire Brillouin zone. Any induced
dipole moment is compensated for by an effective dipole
correction.53 The system consist of six layers of Al and five
vacuum layers in a 232 supercell. The local density of
statessLDOSd is obtained by projection on the orbitals of the
local unit under consideration, including an effective broad-
ening of 0.2 eV.

A. Free molecules

As GGA functionals, such as the PW91, describe some
free molecule rather poorly, we give bond distances, vibra-
tional frequencies, and dissociation energies for all the con-
sidered molecules, see Table IV. The overall agreement is
reasonable considering the problems associated with DFT
and free molecules.

Electron transfer from surface to adsorbate is a key to
dissociation.26,27,39This sets the focus on adsorption effects
on molecular orbitalssMO’sd, here as LDOS’s projected onto
MO’s sFig. 1d. The studied molecules have the obvious simi-
larity of having bonding and antibonding orbitals of bothp
and s types present. There are basically three major differ-
ences.

sid The ordering of the MO’s with respect to energy. For
O2 and F2, the bondings MO’s are lower in energy than the
bondingp MO’s, for both spins. For N2, NO, and CO, on the
other hand, this ordering is reversed. The order has important
consequences for the orientational dependence of the initial
sticking and for the molecular bond to the surface.

sii d Spin splittings are sizables2 eVd for both bonding and
antibonding MO’s, ofp as well ass type, for both O2 and
NO. This reflects Hund’s spin rule, which describes ground
states as spin-compensatedsS=0 for CO, N2, and F2d
and -polarizedsS=1 for O2 and S=1/2 for NOd, respec-
tively.

siii d The bond orders and electronegativities vary consid-
erably, CO and N2 sNO and O2; F2d having bond orders of 3
s2; 1d and low sintermediate; highd electronegativities, re-
spectively. This has implications on both sticking and mo-
lecular adsorption.

B. Admolecules

The calculated adiabatic PES for diatomic molecules at
the Als111d surface are presented as PES cuts, which are
functions of the molecular center of masssCMd distance to
the surface-Al layer,Z, and the separation between the at-
oms,d. The CM is placed above the high-symmetry fcc site,
the energetically most favorable site for O2 and NO far out-
side the surfacesZ&4 Åd. The results for each molecule are
shown with two different orientations of the molecule, with
its axis parallel and perpendicular to the surface, respec-
tively. For the heteronuclear molecules NO and CO, both the
oxygen atom downsO end-ond and up sN and C end-on,
respectivelyd orientations are represented.

1. F2 molecule

For the F2 moleculesFig. 2d the energy goes downhill as
the molecule approaches the surface for all orientations, im-
plying the absence of any activation-energy barrier in the
entrance channel. As a result, the sticking probability is
unity, independent of the initial translational energy of the
incoming F2 molecules. This result is in agreement with ex-
perimental findings.22

The calculated LDOS’s for the F2 moleculesFig. 3d in the
parallelfsZ,dF-F,ud=s3.0,1.45,90°dg and perpendicular ori-
entationsfsZ,dF-F,ud=s3.0,1.45,0°dg clearly illustrate that
there are interference effects between the MO’s of F2 and the
electronic states of the Als111d surface. This effect is more

FIG. 2. Cuts through the six-dimensional potential-energy sur-
face sPESd of F2 with bond lengthdF-F, a distanceZ above the
Al s111d surface layer; parallel above the fcc sitesleftd and perpen-
dicular above fcc sitesrightd. In the inset, the 1D PES along the
reaction pathsdashed lined are shown.

FIG. 3. The LDOS for the F2 molecule above the fcc site
with sad sZ,dF-F,ud=s3.0,1.45,90°d, and sbd sZ,dF-F,ud
=s3.0,1.45,0°d. The left and right panels show the spin-up and
-down LDOS’s, respectively. The dashed line is the Fermi level.
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evident for the perpendicular orientation, demonstrating the
stronger overlap of the inner-F-atom orbitals with the surface
states at a givenZ.

For both orientations, it can be concluded that the forces
from the attractive “F2

−/Al+s111d” and “F2
2−/Al2+s111d”

PES’s act far outside the surface. At the same time, the re-
pulsive neutral “F2/Al s111d” forces act much further in. This
implies that electron transfer from the surface to the LUMO
of F2 is active far out.

Another observation is that the perpendicular orientation
is energetically favored early in the entrance channel. The
antibondings* LUMO of the F2 molecule, empty in the free
molecule but filled upon molecular approach to the surface,
overlaps with the Al states further out in this orientation.
When the first electron transfer to it has occurred, the F2
molecule can rotate to the parallel orientation, which is en-
ergetically favored closer to the surface.

In the PES for the perpendicular orientation, the possibil-
ity of emission of one of the F atoms is indicated. Here, the
bond lengthdF-F of a molecule grows with the CM coordi-
nateZ downhill along the minimum-energy path, ultimately
beyond our computational limits. This abstraction channel is
exothermic according to our calculations by about 2.6 eV,
the dissociation energy of the free F2 molecule being
2.25 eV and the chemisorption energy of the F atom on the
surface being 4.81 eV.

For the F2/Al s111d system, the calculated PES lacks a
molecularly adsorbed state. The rationale for this is the high
electron affinity of the F atom, which thermodynamically
favors dissociation. Further, the fact that F2 has a bond order
of unity favors the dynamics, the first electron transfer to the
antibondings* MO placing most of the energy into the in-
ternal vibrational coordinate, which initiates the bond break-
ing and makes the second electron transfer inevitable, lead-
ing to the dissociation.46

2. O2 molecule

Our calculated adiabatic PES cuts for the O2/Al s111d
sRefs. 26 and 27d lack energy barriers in the entrance chan-
nel, both for the parallel and perpendicular orientations,
similar to the F2/Al s111d systemsFig. 4d. The traditional
sticking description25 then implies a nonactivated dissocia-
tion process. If the O2 molecules would follow the adiabatic
PES, they should stick to the surface with 100% probability,
independent of their initial translational energy. This is in
contradiction to experimental findings.21

Another essential issue in understanding the sticking
is the electron-transfer process, which initiates the
sticking process.39 The presence of electron transfer can
be observed in the calculated LDOS’ssFig. 5d for the
parallel fsZ,dO-O,ud=s3.0,1.24,90°dg and perpendicular
fsZ,dO-O,ud=s3.0,1.24,0°dg orientations. Already atZ
=3 Å, the 2px,y

-derived minority-spinp! resonance, which is
empty in the free oxygen molecule, is shifted slightly in en-
ergy and becomes partially occupied. This shows that under
adiabatic conditions, i.e., when electrons have been given
infinite time to adjust, electronic charge is transferred from
the surface to the molecule. Due to the antibonding character
of thep! orbital, the intramolecular bond then weakens, and
the dissociation process starts.46,47Under the dynamical con-
ditions associated with sticking, there is a competition be-
tween the electron tunneling process and the motion of the
nuclei that causes the occupancy of thep resonance to de-
pend on the initial translational energy of the adsorbate.

The trends in the energetics of the O2/Al s111d system are
similar to those of F2/Al s111d but less pronounced. The
steering effect has important effects on the orientation of an
incoming thermal O2 molecule. According to the adiabatic
PES and the Hellman-Feynman forces derived from it, a
change in orientation of the O2 molecules from perpendicular

FIG. 4. Cuts through the six-
dimensional PES of O2 as a func-
tion of bond lengthdO-O and dis-
tanceZ above the Als111d surface
parallel sleftd and perpendicular
srightd to the surface above an fcc
site. In the inset, the 1D PES
along the reaction pathsdashed
lined are shown.
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to parallel is found to be hindered by an energy barrier, even
relatively far out from the surface. Furthermore, the van der
Waals energy favors the perpendicular orientation, by about
7 meV atZ=3.5Å.26,27Molecules approaching the surface in
the perpendicular orientation are apt for abstraction, some-
thing that has been observed experimentally for
O2/Al s111d.24

The molecularly chemisorbed state, which has a calcu-
lated well depth of 0.25 eV,27 should have great conse-
quences for the continued dynamics of the oxygen molecules
on the surface.54 From calculated LDOS’s, it is concluded
that this metastable molecular state has an “O2

2−” electronic
configuration and is stabilized by the very nonequivalent Al-
surface forces on the oxygen atoms of the nonparallel O2
molecule.26,27 Recent experiment set an upper limit to the
depth of any molecularly chemisorbed state to 0.1 eV.55 Our
too high value is within the expected accuracy depending on
the flavor of the exchange-correlation functional. However,
here we utilize the option provided by theory to study trends
among the molecular chemisorbed states on the Als111d sur-
face.

3. NO molecule

For the NO molecule, both the atomic asymmetry and the
unpaired electron in the antibonding 2p! orbital have sub-
stantial effects on the PES and make the NO/Als111d system
quite different from the F2/Al s111d and O2/Al s111d sys-
tems. However, there are some similarities, such as the ab-
sence of an absolute energy barrier in the entrance channel,
the active role of charge transfer in the dissociation process,
and the existence of a molecularly chemisorbed state.

For both parallel and N end-on orientations, the calculated
adiabatic PES cuts for the NO/Als111d systemsFigs. 6 and

7d are similar to the F2/Al s111d and O2/Al s111d systems,
being attractive for both parallel and the N end-on orienta-
tions and lacking energy barriers in the entrance channel. For
the O end-on orientation, on the other hand, the PES is re-
pulsive in the entrance channel, with an energy barrier of
0.6 eV into the dissociation channel. This energy barrier
alone cannot make the dissociation activated. Judging from
the calculated Hellmann-Feynman forces acting far outside
the surface, low-speed NO molecules should be aligned in
the N end-on orientation. As for the O2/Al s111d system, the
experimentally observed sticking behavior22 is not reconciled
with our adiabatic calculation and calls for a nonadiabatic
one, discussed in the next section.

Among the considered orientations, the N end-on one is
energetically favored, thanks to effective charge transfer for
this orientation. This is seen in the calculated LDOS’s atZ
=3.0 Å ssee Fig. 8d, where the downshift of antibonding 2p!

MO energy is largest for the N end-on orientation, while the
surface effects are almost absent for the two other orienta-
tions.

The physical reasons behind the activation-energy barrier
in the O end-on orientation are indicated by the LDOS’s
calculated at some relevant pointsfsZ,dN-Od=s3.0,1.2d, s2.5,
1.25d, and 2.0,1.4 Åg along the minimum energy pathsFig.
9d. Compared to the free NO molecule, the antibonding 2p!

resonance has only a small shift down in energy and is filled
with about one additional electron, while the 2s resonance

FIG. 5. The local density of statessLDOSd for the O2 molecule
above the fcc site withsad sZ,dO-O,ud=s3.0,1.24,90°d and sbd
sZ,dO-O,ud=s3.0,1.24,0°d. The left and right panels show the
spin-up and -down LDOS’s, respectively. The dashed line is the
Fermi level. FIG. 6. Cuts through the six-dimensional PES of NO as a func-

tion of bond lengthdN-O and distanceZ of the CM from the Als111d
surface layer, above the fcc site, and with the molecular axis paral-
lel to the surfacesthe side-on orientationd. The numbers in the equi-
potential contours are the energy values in eV measured from the
energy of the totally separated NO and Al surface. The inset gives
the energy of the system along the reaction pathsindicated by a
dashed lined.
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maintains its energy, even atZ=2.0 Å. In comparison, the N
end-on orientationsFig. 8d shows some interference between
NO MO’s and Al electron states already atZ=3.0 Å. Hence,
for the orientation with O end-on, compared to N end-on, the
attractive “NO−/Al s111d+” or “NO 2−/Al s111d2+” PES’s lie
much further in and the repulsive “NO/Als111d” PES’s
much further out compared to the N end-on configuration.

For parallel and N end-on orientations, NO is calculated
to have a molecularly chemisorbed state. Calculated LDOS’s

sFig. 10d for side-on fsZ,dN-Od=s1.5,1.4d Åg and end-on
fsZ,dN-Od=s1.8,1.3d Åg NO show the antibonding spin-up
and -down 2p! energy levels to be downshifted to energies
below the Fermi level and filled up with two extra electrons,
resulting in an “NO2−” electron configuration of that molecu-
lar state. Energy shifts also apply to the 4s and 5s MO’s,
which couple strongly to the Al conduction electrons, but
with no change in occupancy.

FIG. 7. Cuts through the six-
dimensional PES of NO as a func-
tion of bond lengthdN-O and dis-
tanceZ above the Als111d surface
layer, above the fcc site with the
molecular axis perpendicular to
the surfacesthe head-on orienta-
tiond. The left and right panels
show the PES’s for the N end-on
and O end-on orientations, respec-
tively. The numbers in the equipo-
tential contours are the energy val-
ues in eV measured from the
energy of totally separated NO on
Al surface.

FIG. 8. The local density of statessLDOSd for the NO molecule
above the fcc site withsad sZ,dN-O,ud=s3.0,12 Å,0°d with O fac-
ing the surface,sbd sZ,dN-O,ud=s3.0,12 Å,0°d with N facing the
surface, andscd sZ,dN-O,ud=s3.0,12 Å,90°d. The left and right
panels show the spin-up and -down LDOS’s, respectively. The
dashed line is the Fermi level.

FIG. 9. Local density of statessLDOSd for the NO molecule
perpendicular to the surface, with oxygen down, above the fcc site
with sad sZ,dN-O,ud=s3.0,1.2 Å,0°d, sbd sZ,dN-O,ud
=s2.5,1.25Å,0°d, and scd sZ,dN-O,ud=s2.0,1.4 Å,0°d. The left
and right panels show the spin-up and -down LDOS’s, respectively.
The dashed line is the Fermi level.
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The bond order is higher in NO than in O2, which means
that more electrons, in principle, can be transferred to the NO
before it dissociates. In addition, the access to a large number
of transferred electrons make NO bind more strongly to the
surface. The energetics, Fig. 8, show that only two electrons
have been transferred to get the adiabatic “NO2−” ground
state, thus the intermolecular bond in NO is still strong.
However, as for O2, dissociation is the likely easy-decay
channel, although Figs. 6 and 7 show this to occur along a
slightly different route.31

4. CO molecule

The free CO molecule differs from the above ones, having
all its bondingp ands MO’s occupied and the correspond-
ing antibonding ones empty, a large HOMO-LUMO gap, and
a spin-compensated ground statesS=0d. Furthermore, in the
CO/Als111d interaction, charge transfer is not efficient
enough to reduce the bond order. As a consequence, the adia-
batic picture should be adequate to account for the observed
sticking behavior in this case.22

The adiabatic PES cuts calculated for the CO molecule
sFigs. 11 and 12d show an energy barrier in the entrance
channel for all considered orientations, with heights 0.3 and
0.1 eV for the parallel and C end-on orientations, respec-
tively, while the O end-on orientation is repulsive for all CM
distances. The calculated LDOS’s for side-on, C end-on, and
O end-on orientations atZ=3.0 Å sFig. 13d show the elec-
tronic structure of the CO molecule to be almost identical to
that of the free molecule.

As in the NO/Als111d system, the atomic asymmetry of
CO causes the antibondings and p orbitals to be shifted
towards the C atom, which in turn gives charge transfer only
for the C end-on orientation. Atomic asymmetry is also im-

portant for the existence of molecularly adsorbed states, as
shown by the adiabatic PESsFigs. 11 and 12d. CO parallel to
the surface has a shallow molecular statesdepth: 0.1 eVd.
For the C end-on orientation, the PES is similar, however,
with a molecular state position closer to the surface and a
0.4 eV deeper well. The calculated LDOS’ssFig. 14d at
fsZdC-O,ud=s2.5,1.2 Å,90°dg and C end-onfsZ,dC-O,ud
=s2.0,1.2 Å,0°dg distinguish between the molecularly ad-
sorbed states in the parallel and end-on orientations: The
former have just antibondingp levels sboth spin up and
downd downshifted slightly, otherwise being almost identical
to that of the free molecule. In effect, this blocks electron
transfer to the antibonding resonances, and the latter ones
havesid a much larger downshift of the antibindingp levels,
the LDOS showing a transfer of one electron to the antibond-
ing p resonance, making this state a “CO−” state, andsii d a
bonding 5s resonance that is downshifted considerably and
that couples strongly to the Al surface electrons.

5. N2 molecule

The N2 molecule also has a bond order of 3 and is elec-
tronically like CO but symmetric. The calculated adiabatic
PES cutssFig. 15d are repulsive for all CM distances and

FIG. 10. The local density of statessLDOSd for the NO mol-
ecule above the fcc site withsad sZ,dN-O,ud=s1.5,1.4 Å,90°d and
sbd sZ,dN-O,ud=s1.3,1.8 Å,0°d with N facing the surface. The left
and right panels show the spin-up and -down LDOS’s, respectively.
The dashed line is the Fermi level.

FIG. 11. Cuts through the six-dimensional PES of CO as a func-
tion of bond lengthdC-O and distanceZ of the CM from the Als111d
surface layer, above the fcc site, with the molecular axis parallel to
the surfacesthe side-on orientationd. The numbers in the equipoten-
tial contours are the energy values in eV measured from the energy
of totally separated CO and Al surface. The inset gives the energy
of the system along the reaction pathsindicated by a dashed lined.
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orientations. Compared to CO, differences in MO overlaps
with the surface electronic states make the kinetic-energy
repulsion more effective early in the entrance channel for all
orientations, at a givenZ value. The calculated LDOS’ssFig.
16d at Z=3.0 Å show the electronic structure of N2 here to
be identical to that of the free molecule, independent of ori-
entation. Thus the image-modified LUMO crosses the Fermi
level very close to the surface. With the “N2

−/Al s111d+” and
“N 2

2−/Al s111d2+” PES’s close to the surface and the neutral
N2/Al s111d PES repulsive far out, the approaching N2 mol-
ecule keeps its bonding MO’s filled and its antibonding
MO’s empty, and it upholds its wide HOMO-LUMO gap and
its strong intramolecular bond, making charge transfer inac-
tive in the molecule-surface reaction and thus staying inert.
This result is in good agreement with experimental
findings,22 which show that the adiabatic PES’s are sufficient
to account for the sticking behavior. Because of this low
surface electronegativity, the N2/Al s111d system also lacks a
molecularly adsorbed state. Its high bond order expresses the
fact that a large number of electrons have to be transferred to
the MO’s before N2 dissociates.

As a side comment, the effect of an additional molecule-
surface attraction can be mentioned. A hypothetical extra
overlap between the N2 LUMO and some substrate electron
states could downshift the LUMO resonance further and

FIG. 12. Cuts through the six-dimensional PES of CO as a function of bond lengthdC-O and distanceZ above the Als111d surface layer,
above the fcc site, with the molecular axis perpendicular to the surfacesthe head-on orientationd. The left and right panels show the PES’s
for CO with the C and O atom facing the surface, respectively. The numbers in the equipotential contours are the energy values in eV
measured from the energy of the totally separated CO and Al surface.

FIG. 13. The local density of statessLDOSd for the CO mol-
ecule above the fcc site withsad sZ,dC-O,ud=s3.0,1.16Å,0°d with
O facing the surface,sbd sZ,dC-O,ud=s3.0,1.16Å,0°d, with C fac-
ing the surface, andscd sZ,dC-O,ud=s3.0,1.16 Å,90°d. The left and
right panels show the spin-up and -down LDOS’s, respectively. The
dashed line is the Fermi level.
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make the image- and interference-modified LUMO cross the
Fermi level further out from the surface, maybe in the region
early in the entrance channel with its effective kinetic-energy
repulsion. Such a situation is present on transition-metal sur-
faces, where in some cases thed electrons can have marginal
effects important for sticking, molecular adsorption, and ca-
talysis.

A similar marginal effect is noticed in the comparison
with the isoelectronic CO molecule. Actually, the lack of
asymmetry in N2 reduces its overlap with the surface, even
with the free-electron-like Al surface. The asymmetry of the
CO makes the 5s MO both reside primarily on the carbon
atom and possess an energy level in the range of the Al
s-electron states, which are the conduction electrons provid-
ing the right symmetry for a nonzero overlap with the 5s
MO. This small 5s “donation” and the tiny 2pp “back do-
nation” make the CO bond to the Al surface stronger than
that of N2, whose symmetry is unfavorable for orbital over-
lap and energy match.

III. STICKING AND DIABATIC PICTURE

As discussed earlier, electron transfer from surface states
to the LUMO of the molecule is the key process that initiates
the dissociation event. For NO and O2 with lower electrone-
gativities than for F2 and larger than for CO and N2, the time
for the electron transfer process is comparable to that of the
nuclear motion in the “reaction zone.” In turn, this gives rise
to nonadiabatic processes and electron transfer events.37 Ac-
tually, transport of charge should be part of a full account for
the observed sticking behavior for these molecules, and a
diabatic description is adequate.39,46 For F2, N2, and CO, on
the other hand, the adiabatic and diabatic descriptions yield
the same resultssee belowd.

In order to understand the sticking behavior in a diabatic
picture, the following key steps are considered:sid Diabatic
PES’s for the relevant systems are calculated, for instance,
by use of our recently proposed method for excited states.56

The latter is a DFT-based method, which can be viewed as a
generalization of theDSCF method.57 sii d The sticking be-
havior is modeled by means of a simple one-dimensional
charge-transfer model.39 The present model differs from that
of Ref. 39 by the care in calculating the PES’s.

A. Potential-energy surfaces

In our method for calculating electronically excited PES’s
within the DFT framework,56 an electronically excited state
is calculated using a Kohn-ShamsKSd determinant con-
structed by other KS orbitals than theN lowest ones, in order
to accommodatee-h pair excitations. The KS orbitals of the
e-h pair excitations are chosen based on the information pro-
vided by the LDOS’s from the ground-state DFT calculation,
together with the assumption that charge transfer to the
LUMO of the adsorbate is the key mechanism for sticking on
simplesp-band metals. Thus, the electronically excited states
can be described as the neutralX2/Al s111d state and the
charged-transferred ones as theX2

−/Al+s111d state, etc.sX2

being the considered moleculed. The calculation of these ex-
cited states involves the following steps.

sid A standard ground-state DFT calculation is performed,
using the supercell method. This yields the KS orbitals for
the ground-stateX2

−d /Al s111d+d systemsd being the trans-
ferred charged and their corresponding discrete eigenenergies
for eachk point. Eigenenergies for each considered KS or-
bital are identified with the help of LDOS’s calculated for
several molecule-surface separations.

sii d The electronically excited configurations, namely the
X2/Al s111d andX2

−/Al+s111d states, are constructed by intro-
ducing e-h pairs into the electronic system, i.e., using a
Slater determinant withN−1 of the above-mentioned KS
orbitals shd and one other KS orbitalsed occupiedfknowl-
edge of the MO structure for the freeX2 moleculesFig. 1d is
instructive hereg. Such ane-h pair signifies an internal charge
transfer between initially occupied and unoccupied KS orbit-
als in the supercell.78

siii d A self-consistent-field sSCFd calculation is per-
formed, with the new set of occupied KS orbitals in the
KS-determinant ansatz. The only restriction in the SCF cal-
culation is to keep thee-h pair in the affected KS orbitals. It
should be stressed that the exchange-correlation functional is
approximated with an ordinary ground-state GGA for both
the ground and excited states.

sivd The excitation energy is needed to define the diabatic
PES and is evaluated as the difference between total energies
for the excited- and ground-state configurations, respectively.
In order to ensure that the hole is placed in a correctly iden-
tified KS orbital in the ground-stateX2

−d /Al s111d+d configu-
ration, the calculated charge densities of the ground and ex-
cited states are analyzed. If the calculated charge density for
the excited state should not correspond to the desired excita-
tion fhere the neutral X2/Al s111d and the charged
X2

−/Al+s111d statesg, all the above-mentioned steps are re-

FIG. 14. The local density of statessLDOSd for the CO mol-
ecule above the fcc site withsad sZ,dC-O,ud=s2.0,1.2 Å,90°d and
sbd sZ,dC-O,ud=s2.5,1.2 Å,0°d with C facing the surface. The left
and right panels show the spin-up and -down LDOS’s, respectively.
The dashed line is the Fermi level.
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peated with a new set ofe-h pairs, except for the first adia-
batic calculation.

For a more detailed account on how to obtain the diabatic
PES using the DFT-basedDSCF method, see the Appendix.

B. Sticking model

The charge-transfer process is a resonance tunneling of a
substrate electron into the LUMO of the molecule. For sim-
plicity, the process is assumed to be irreversible, i.e., there is
no back donation of electrons from the molecule to the sub-
strate. This is not only a reasonable approximation58 but also
sufficient here, where the prime target is to give a working
mechanism behind the energy dependences of the sticking
probability. In contrast to the adiabatic picture, where charge
transfer is only a static phenomenon, the diabatic picture of
charge transfer includes an essential competition between the
time scale for electron tunneling and that for the nuclear
motion of the adsorbate. We will use an equation that is
based on assumptions aboutsid a trajectory approximation
fr std=zstdg, sii d tunneling rates that spatially decay exponen-
tially with the distancez to the surface, andsiii d fractional
occupancy of the MO resonancenX2

−std represented by an
ensemble average of the occupation over a macroscopic en-
semble of the molecules scattered against the surface.58 In
such a semiclassical trajectory approximation, the time de-
velopment of theX2

− electron population,nX2
−, can be de-

scribed by58

d

dt
nX2

−std = tres
−1 fhEAfzstdgjf1 − nX2

−stdg, s1d

where tres
−1 is the resonance filling rate,fsEd the Fermi-

distribution function, andEAfzstdg the surface-affected verti-
cal affinity. The resonance-filling rate is approximated as
"tres

−1 =2D0 exps−areszd,46,47 where D0 and ares are two pa-
rameters that describe the resonance width as a function of
CM distance The work-function-affinity energy difference
with image correction affects the values ofD0 andares. This
effect is included in our study by choosing different values
for D0, reflecting the vertical affinity of the considered mol-
ecule.

Our sticking model thus assumes that once a substrate
electron has tunneled out to the LUMO of the molecule,
there will be no chance for the adsorbate to leave its state of
strong chemisorption. Instead, it will reside there until it
loses its initial energy and sticks to the surface. This implies
that the sticking probability is equal to

So = nX2
−st → `d, s2d

including all fragments that stay on the surface and those that
are abstracted. Of course the molecule can perform a number
of things beyond the first electron transfer, e.g., it can vi-
brate, rotate, and even be abstracted.24,26,27,31,47,59Many of
these motions play significant roles in the dynamics of the
adsorbate in the inner reaction zone, but they are assumed to

FIG. 15. Cuts through the six-dimensional PES of N2 as a function of bond lengthdN-N and distanceZ above the Als111d surface above
the fcc site in parallelsleftd and perpendicularsrightd orientations. As insets, the 1D PES along the reaction pathsdashed lined are shown.
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be events included in the sticking, not to affect the value of
the sticking probability.

IV. RESULTS AND DISCUSSION

The adiabatic calculations for diatomic molecules on the
Al s111d surface highlight many interesting gas-surface-
interaction features, such as charge transfer, molecular states,
and abstraction. However, they fail to account for the stick-
ing behavior of several of the considered molecules. The
physical reason for this is that sticking is a dynamic process,
raising questions about nonadiabaticity. In molecule-surface
processes with comparable time scales for electron tunneling
and nuclear motion of the adsorbate in the chemisorption
well, the adiabatic description should be abandoned in favor
of a nondiabatic one.

The choice between the two descriptions is closely related
to some specific adsorbate and substrate properties. The
present molecular trend study on only one substrate, Als111d,
suggests that bond order, electronegativity, kinetic Pauli-
repulsion range, and molecular asymmetry are key molecular
factors sfuture studies of trends with respect to substrate
properties are likely to include work functions and surface
LDOS in their lists of substrate factorsd. As discussed in the
PES section, the bond order sets the scenario, essentially
telling how many electrons that can be transferred before the
considered molecule loses its molecular identity, i.e., disso-
ciates. It determines the appearance and depth of any chemi-
sorbed molecular state in the PES. The latter three factors are
important for the location of the curve crossing. Since at
large separations the PES is determined by van der Waals
attraction, which should be essentially the same for all mol-
ecules, the position of the curve crossing is primarily deter-
mined by the electronegativity and the kinetic Pauli repul-

sion range. Here a strong electronegativity allows for an
electron transfer far from the surface, whereas a weak kinetic
Pauli repulsion allows the considered molecule to come
close to the surface. The asymmetry affects the strength of
the latter two. In the following, these aspects are further il-
luminated.

Among the considered homonuclear molecules, N2 is the
one whose electronic structure changes the least upon mo-
lecular approach to the surface. This is due to the large
HOMO-LUMO gap, unfavorable electronegativity, and high
bond order of this molecule. A distinction between adiabatic
and diabatic descriptions is then not useful. The calculated
adiabatic PES’s should fully account for the sticking behav-
ior, i.e., the sticking probability should be zero up to a very
high initial translational energysmore than about 2 eVd, as
has been observed.22

For the other homonuclear molecules, i.e., F2 and O2,
however, high electronegativities should favor charge trans-
fer. The calculated LDOS’s show that approach of such a
molecule to the surface means downshift and filling of the
molecular LUMO’s. The very high electronegativity of F2
makes charge transfer energetically allowed far outside the
surface, thus allowing electron-hole pair excitation long be-
fore F2 reaches its classical turning point. As a consequence,
and as discussed earlier, both the adiabatic and diabatic de-
scriptions yield the same trivial sticking probability of unity
for F2, for all initial translation energiesfFig. 19sadg, in good
agreement with experimental findings.22 In our sticking
model, this is manifested by the curve crossing between
F2/Al s111d and F2

−/Al s111d+ PES’s occurring far outside
the surfacesFig. 17d and by the weak kinetic Pauli repulsion
of F2/Al s111d, placing the turning point close to the surface.

For molecules with intermediate electronegativity values,
the distinction between adiabatic and diabatic descriptions is
clear-cut. In a full account of the sticking behavior in the
model case of O2 on Als111d, the nuclear motion on the
entrance-channel diabatic PES should be followed and decay
by charge transfer to electron-hole pairs should be allowed
for. In a narrow region, the electron tunneling competes with
the nuclear motion of the adsorbate with comparable time
scales. Incoming molecules with too low initial translation
energy might reach their classical turning point, i.e., the ini-
tial kinetic energy equals the obtained potential energy in the
neutral PES, and bounce back into the gas phase. Molecules
with high translation energies reach their classical turning
point higher up on the kinetic Pauli-repulsion PES and thus
closer to the surface. As the tunneling rate grows exponen-
tially with this distance to the surface, these molecules are
more apt for electron transfer from the surface and thus much
more likely to enter a region where they can undergo a num-
ber of processes, for instance dissociation. In this picture, the
experimentally observed sticking behavior of O2 is ac-
counted for, as illustrated in Fig. 19sad.

The importance of the molecular asymmetry is evident
already in the adiabatic PES. As illustrated by Figs. 2, 4, 6, 7,
11, 12, and 15, the PES’s depend strongly on the orientation
of the molecule in relation to the surface. The molecular
asymmetry results in MO asymmetry, both energetically, as
illustrated in Figs. 3, 5, 8–10, 13, 14, and 16, and spatially,
as, for instance, the 5s MO of CO, which reaches out from

FIG. 16. The local density of statessLDOSd for the N2 molecule
above the fcc site withsad sZ,dN-N,ud=s3.0,1.12 Å,90°d and sbd
sZ,dN-N,ud=s3.0,1.12Å,0°d. The left and right panels show the
spin-up and -down LDOS’s, respectively. The dashed line is the
Fermi level.
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the C atom, giving good overlap with substrate-electron
states in a C end-on configuration. In the adiabatic descrip-
tion, such an overlap gives a strongly “avoided curve cross-
ing,” that is, a smooth PES. In the diabatic description, it
gives strong charge transfer.

The calculated diabatic PES’s for NO and O2 illustrate
that the classical turning point occurs further in for NO than
for O2. This implies that NO should exhibit a higher sticking
probability than O2 for thermally activated molecules. This is
supported both by our sticking-model calculations and by
experiment, as illustrated in Fig. 18. One important issue that
really affects the sticking for NO is the molecular asymme-
try. Our calculated adiabatic PES’s for NO illustrate that
charge transfer is most efficient for the N end-on orientation,
lacking an activation energy in the entrance channel. On the
other hand, the O end-on orientation exhibits an energy bar-

rier in the exit channel with a height of 0.6 eV. As thermally
activated incoming NO molecules are rotating, all the rota-
tional degrees of freedom of the molecule should be taken
into account when studying the sticking behavior. It can be
argued that the energy barrier for the O end-on orientation is
responsible for the experimentally observed saturation of the
sticking for larger kinetic energy, i.e., the sticking behavior
being less than unity. To fully account for the sticking behav-
ior of NO, a dynamics calculation on the multidimensional
PES’s is required, which is beyond the scope of the present
work. Here, we content ourselves by giving qualitative
trends of the observed sticking behavior.

The same asymmetry argument explains the difference in
sticking behaviors of CO and N2.

In comparing the heteronuclear and thus asymmetric mol-
ecules NO and CO, the argument about the effect of elec-
tronegativity can be used. It says that NO is more electrone-
gative than CO and then should exhibit a much higher
sticking probability than COfFig. 19sbdg.

V. CONCLUSION

The virtues of trend studies of electron structure are dem-
onstrated for adsorption of diatomic molecules, such as F2,

FIG. 17. The adiabatic PES for theX2
−d /Al+ds111d sdotted linesd

configuration, whered is the charge transferred, and the diabatic
PES’s for the chargedX2

−d /Al+ sdashed linesd and the neutral
X2/Al s111d ssolid linesd configurations forsad the N2 molecule,sbd
the O2 molecule, andscd the F2 molecule in the perpendicular ori-
entation. The distanceZ is defined as the distance between the
molecular CM and the first Al layer of the Als111d surface.

FIG. 18. The adiabatic PES for theXY−d /Al+ds111d sdotted
linesd configuration, whered is the charge transferred, and the di-
abatic PES’s for the chargedXY−/Al+ sdashed linesd and the neutral
XY/Al s111d ssolid linesd configurations forsad the CO molecule in
the C end-on orientation, andsbd the NO molecule in the N end-on
orientation. The distanceZ is defined as the distance between the
molecular CM and the first Al layer of the Als111d surface.
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O2, NO, CO, and N2, on the Als111d surface. These mol-
ecules show varying electronegativities, bond orders, Pauli
repulsions, and degrees of asymmetry. The analysis is made
with the help of DFT, by which both adiabatic and excited-
state PES’s and LDOS’s are calculated. This results in a con-
ceptual picture for molecular chemisorption on a simple
sp-band metal like Als111d. The study also provides a diaba-
tic description that accounts for dynamic charge transfer and
nonadiabatic processes and electron-hole–pair excitation in a
way that qualitatively describes the experimentally measured
sticking behaviors.

Charge transfer from electronic states at the surface to the
LUMO of the adsorbate is identified as the key process in the
chemisorption process. This gives a competition between
two dynamic processes, electron tunneling and molecular
motion close to the surface, and this competition is decisive
for the sticking behavior. It relates to several factors where
the electronegativity is the key measure to decide between
adiabatic and diabatic descriptionssin the general case, the
electronegativity should be compared with the work function
of the substrated. For both high- and low-electronegativity
molecules, an adiabatic description is sufficient to account
for the sticking behavior. In the former case, which applies to
F2, charge transfer can occur far outside the surface, which
makes the electron-transfer process able to act for a long
time compared to the time for the nuclear motion. In the
other case, which applies to N2, the low electronegativity
makes charge transfer inactive.

For molecules with intermediate electronegativities, i.e.,
O2 and NO, on the other hand, the time scales for the elec-
tronic and nuclear processes are comparable in the region of
the curve crossing point, indicating efficient nonadiabatic ef-
fects. Here, it is concluded that a diabatic account describes
the sticking behavior correctly. The one-dimensional model
that we use contains the key ingredients. A complete account
of the sticking behaviors requires a six-dimensional study,
however, which is beyond the scope of this article.

At a finer level, the molecular asymmetry, as in the cases
of NO and CO, also affects the sticking. Here asymmetric
frontier MO’s can overlap more strongly with electronic
states of the surface, making charge transfer more active and
thus enhancing the sticking probability compared to the cor-
responding homonuclear isolelectronic molecule, i.e., N2 in
the case of CO. Although it is less clear-cut, a similar mecha-
nism applies to NO when compared to O2.

For molecular chemisorption, a conceptual picture based
on bond order and molecular asymmetry comes out as a re-
sult of our adiabatic calculations. The well depth of the mo-
lecularly chemisorbed states increases with decreasing bond
order. CO and N2 show shallow wells, as they have low
electronegativity and high bond orders. Upon molecular ap-
proach to the surface, molecular asymmetry affects both or-
dering between the MO’ssfor instance, thep and s MO’s
have their energies reversed in the heteronuclear molecules
compared to the homonuclear onesd and shifts of the MO
energy levelssfor heteronuclear molecules, such as NO and
CO, the MO’s ofs type are shifted most, even to the extent
that the ordering resembles that of homonuclear molecules in
the molecular chemisorption statesd, giving the heteronuclear
molecules a stronger bond to the surface, when properly ori-
ented.
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APPENDIX

Here the diabatic PES method is illuminated in slightly
greater detail. Our first focus will be on the O2/Al s111d sys-
tem. The calculated ground-state LDOS’ssFig. 5d show a
continuous filling of the 2p* LUMO resonance of the O2
molecule upon its approach to the surface, both for parallel
and perpendicular orientations. In the latter case, up to two
electrons are transferred before the molecule can reach the
molecularly chemisorbed state. The adiabatic ground state
can thus be assigned an electronic configuration of
O2

−d /Al+ds111d, whered is a number between 0 and 2, in a
large part of our studied range.

The diabatic PES’s of particular interest for the sticking
model are the neutral O2/Al s111d and the charged
O2

−/Al+s111d configurations. The additional charge-transfer
configuration involved, O2

−2/Al+2s111d, is not considered

FIG. 19. The calculated initial stickingS0 as a function of trans-
lational energy forsad F2, O2, and N2, and sbd NO and CO. The
experimental datasRefs. 21 and 31d sunfilled circlesd are included
for sad O2 and sbd NO.

TRENDS IN STICKING AND ADSORPTION OF… PHYSICAL REVIEW B 71, 205424s2005d

205424-15



explicitly in our simple sticking model. However, so is the
ground-state configuration in the perpendicular orientation
close to the Als111d surface, as its molecularly adsorbed state
gives the bottom of the potential well of the diabatic PES for
this orientationsFig. 4d.

The electronically excited configurations we obtain by
first doing the adiabatic calculation for O2

−d /Al+ds111d and
then introduce holes into the antibondingp* LUMO of O2,
two for the neutral O2/Al s111d and one for the charged
O2

−/Al+s111d state, respectively. This procedure can be per-
formed for molecule-surface separationsZ, for which thep*

LUMO of the O2 molecule is completely filled. AsZ is in-
creased, the LUMO resonance successively loses electrons,
and beyond a certainZ value the partial filling corresponds to

less than one electron, a situation that is not well suited for
theDSCF method. Hence, in practice, the diabatic PES’s are
obtained by theDSCF method close to the surface and then
matched to asymptotic PES’s for larger separations, namely
the calculated adiabatic PES for the neutral O2/Al s111d state
and an image potential60 for the charged O2

−/Al+s111d state
has an image potential,60 accounting for surface and mol-
ecule by work function and vertical affinity, respectively.

The same method is applied to the calculation of the di-
abatic PES’s for CO, NO, and F2, with only one minor dif-
ference for the latter molecule, where the LUMO is thes*

MO, not thep* MO. The results of these calculations are
presented in Figs. 17 and 18. For N2, on the other hand, the
diabatic PES is the same as the adiabatic one.
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