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The formation of negatively charged ions (OF, O- ) in the scattering of oxygen from silver 
surfaces is difficult to explain in the Brako-Newns scheme. To understand these processes, we 

have performed extended Hiickel tight binding calculations on model Ag(ll1) slabs, placing 0, 

adsorbates at various sites and molecular orientations. As the survival probability of a negatively 

charged ion leaving the surface is determined by the back-tunneling frequency, the molecular ion 

survival probability should increase as the O,-Ag interaction decreases, and vice versa. On the 

other hand, the dissociation probability will increase with increasing interaction strength. The 

strength of the 0, -Ag interaction can be gauged by the dispersion found in the projected DOS of 

the 0, affinity level 14. The second moment serves as a measure of relative dispersion, and in 

addition, can be related to the tunneling frequency. We find that bridging and hollow sites have 

the strongest O,-Ag interaction, thus the lowest survival probability of negative ions and the 

highest degree of dissociation. The interaction at top sites is much less. These results can be used 

to explain the higher O-/(0- + 0; ) ratio observed at more grazing incident beam angles. 

1. Introduction 

Negative ion formation in scattering of atoms and molecules from metal 
surfaces is frequently observed [l]. Brako and Newns have formulated a useful 
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description of such processes [2,3]. As the incoming molecule (or atom) 
approaches the surface, the affinity level (energy ea) falls in energy due to 
Coulombic interaction with its image potential. At some distance r, typically 
- 5 A, the affinity level crosses the Fermi level, eF. Electrons can then tunnel 
from the surface to the molecule, so that it becomes negatively charged. Since 
the molecule is now very close to the surface, the interaction with the surface is 

very strong, and this tunneling frequency is very high, with the result that the 
affinity level becomes completely filled. After the scattering event, the mole- 
cule moves away from the surface, and it can return this charge to the surface 
when ca has risen above er. Since this occurs at larger distances from the 

surface, the interaction, and therefore the back-tunneling frequency, is much 
lower. Thus the final charge state of the exiting molecule is determined by the 
survival probability of the negative ion. When the interaction with the surface 
is relatively strong, the survival probability will be relatively low, whereas 
when the interaction is weak, the survival probability is high. 

Under certain simplifying conditions, Brako and Newns deduce that the 
fraction of surviving negative ion f is given by: 

f= exp( - 2A!Jcuu), (1) 

where A”, is the width of the affinity level as it crosses eF, (Y is the time 
constant describing the exponential form of A,, and u is the normal compo- 
nent of the velocity. This formula qualitatively reflects the survival probability 
in non-adiabatic charge transfer. A strong interaction (large A”,) gives a small 
negative ion fraction, and a large perpendicular escape velocity u gives a large 

fraction, as the charge has little time to tunnel back. 
For molecules, the situation becomes more complex. It has been pointed 

out that symmetry (e.g., the orientation of the molecular axis) can play a role 
in the interaction with the surface by affecting the evolution of A,. For 
diatomic molecules, this interaction will weaken the interatomic bond, thereby 
increasing the dissociation probability of the molecule. It should be pointed 
out. therefore, that a strong molecule-surface interaction, i.e. a large broad- 
ening of A,, leads to a high dissociation probability, but on the contrary to a 
low survival probability of negative molecular ions. We will return to this 

point later. 
Although the Brake-Newns model explains charge transfer from metal 

surfaces, charge exchange on non-metals, for example, Si(100) [4] and graphite 
[5], has recently been observed. An explanation based on charge exchange has 
been proposed [6] for the vibrational excitation of I, scattered from insulator 
surfaces [7]. Negative ion formation has also been observed by Kleyn and 
coworkers in 0, scattering from Ag(ll1) [8,9a]. They have focused on grazing 
incidence, medium energy (lo-300 eV) scattering of 0: beams in this energy 
region. It is assumed that the beam will (partially) neutralize upon approach to 
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the surface. Intensity distribution plots of scattering angle versus energy 

indicate formation of both 0; and OP, as well as neutral 0 and 0,. 
Although silver is a metal, the Brako-Newns model cannot be applied in 

this case either. The electron affinity of 0, is too low (0.5 eV) so as to allow 
the image potential to lower the affinity level below the Ag Fermi level (work 
function = 4.5 eV). In this work, we propose that covalent, i.e. “chemical”, 

interactions between atom or molecule and surface can be responsible for the 
charge exchange, and that the affinity level need not cross cr. This is eplained 
by the fact that particle-surface interactions can force a considerable part of 

the affinity level DOS below cr. We have performed a series of extended 

Hiickel (EH) tight-binding calculations [lo] to better understand the 
O,-Ag(ll1) interactions at a variety of sites. Our aim is to describe these 
interactions using a group orbital analysis, and to compare their strengths by 
considering the dispersion induced in the 0, molecular levels. Although the 
EH calculation method is most certainly not quantitative in nature, a number 
of different “yardsticks” can be constructed for measuring interaction strengths 
by means of the relative degree of dispersion. The statistically most precise 
method is to calculate the second moment of the 0, levels. The second 
moment, in turn, can be mathematically related to the transition probability of 
and electron tuneling from substrate to surface (or vice versa). The results will 
be used to explain the observed formation of charge transfer as well as 

dissociation products. 
Our discussion will begin with a consideration of various computational 

parameters and details, followed by a brief discussion concerning the contruc- 
tion of group orbitals and their utility in surface-adsorbate analysis. The 
O,-Ag interaction is then analyzed at a number of important sites and 
geometries. The relative interaction strength is determined from the 0, pro- 
jected DOS by a variety of techniques, the most important being calculation of 
the second moment. This section also contains a derivation of the mathemati- 
cal relationship between the second moment and the tunneling probability. 
Finally, the experimental results are reconsidered in terms of the present 
analysis. 

2. Method 

A three layer slab of Ag(ll1) was chosen to model the substrate; this 
number has previously been shown to be a fair compromise between slab 
thickness and computational economy [ll]. The 0, coverage was set to l/4 on 
one side of the slab so as to reduce to a minimum interadsorbate interactions. 
The precise coordination mode to the Ag(ll1) surface should certainly in- 
fluence the course of the subsequent reaction. Three high-symmetry sites are 
available to an adsorbate on the hexagonal surface: on-top, bridging and 
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Schemes l-7. 

three-fold hollow. At each of these, 0, orientations both parallel and per- 
pendicular to the surface should be considered. Two bridging parallel geome- 
tries can be envisaged - the 0, axis can be placed either perpendicular 
(labeled “bridging parallel”) or parallel (labeled “di-a “) to the Ag-Ag bond. 
There are two types of three-fold hollow positions on the Ag(ll1) surface; half 
are directly above an atom in the second layer, the other half above one in the 
third layer. As the Ag-Ag distance is so long (2.889 A) in comparison to the 
O-O (1.2 A) and Ag-0 (see continuation) distances, the two types should give 
very similar results, and we choose the hollow above a second layer Ag atom. 
The seven resulting models are shown in schemes 1-7. 

Two problems remain in defining these models: the choice of oxygen and 
silver parameters and the Ag-0 separation distance. According to classical 
trajectory calculations, the center-of-mass turning point is found to be be- 
tween 1.0 and 1.8 A outside of the surface [12,13], thus short Ag-0 distances 
must certainly be considered. In addition, to probe the outward range of the 
Ag-0 interaction, longer distante should be sampled as well. Three distances 
were chosen: 1.6, 2.0 and 2.5 A. Calculations were performed on all seven 
models at the two shorter distances, and on the parallel on-top as in scheme 1 
at 2.5 A as well. As a negligible Ag-0 interaction was observed for the latter 
geometry based on the complete lack of dispersion of the 0, projected density 
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of states (DOS), no further calculations were performed at this long separation 
distance. However, this finding does not in any way eliminate the possibility of 
Ag-0 interactions in the real systems at similar distances. 

Silver parameters were chosen which produced a Fermi energy ( - 8.47 eV) 
in line with calculations on neighboring metals (Cu: -7.58 eV [14a], Au: 
- 10.61 eV [14b], Ni: - 8.58 eV [14c], Pd: - 9.43 eV [14d] and Pt: - 10.10 eV 
[14a]) as well as an energy difference of - 5.0 eV between cF and the center of 

the Agd band. This value is found by He11 UPS on Ag(ll1) [15], KKR 
calculations [16] and previous EH cluster calculations [17]. These parameters 

were produced by shifting the Ag 5s and Ag 5p levels down from - 7.71 and 
-3.83 to -9.00 and - 5.00 eV respectively, and retaining the Agd Hi, of 

- 13.50 eV [18]. 
Typical oxygen parameters #’ place the half occupied 0, 14 level 4.5 eV 

below the calculated or of Ag. The frontier orbitals of 0, are shown in scheme 
8. Because the degenerate 1~~ molecular level is half-occupied in free, neutral 
O,, retaining this low value will result in the indiscriminate transfer of two 
electrons from the substrate to the molecule, regardless of site, adsorption 
geometry or Ag-0 separation distance. As our aim is to distinguish between 
the sites, and find those which provide the strongest Ag-0, interaction, this 
choice will not prove useful. Instead, we perform a charge iteration on oxygen 
[19] as an 0, adsorbate in scheme 1 at both 1.6 and 2.0 A, and in the bulk 
Ag,O structure. The latter may serve as a model for the subsurface oxygen 
which may exist under certain conditions on silver surface [20]. The results for 
the three calculations agree to within 0.3 eV, and we arrive at the new H,, of 
- 26.7 and - 10.1 eV for 2s and 2p respectively. Now the 0, 1~s level is only 
0.4 eV below the Ag cr. 

*’ Typical 02s H,, = -32.3 eV, 02p H,, = -14.8 eV. 
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Although we should now be able to distinguish between the electronic 
characteristics of the various 0, sites on Ag(lll), the Agd band in the Ag,O 
DOS incorrectly falls below the 0 p band, contrary to HFS cluster calculations 
[21] and contrary to electronegativity arguments. The question arises as to 
whether the chemical environment of oxygen in Ag,O and subsurface oxygen 

in silver metal is in fact similar. We would expect them to be dissimilar; for 

one, Ag,O is an insulator whereas subsurface oxygen is metallic. Also consider 
the fact that the Madelung energy is not included in these calculations: this 
correction accounts for the interaction of any one electron with the electro- 

static field arising from the nonzero net charges on surrounding atoms. In 
Ag,O, the charge separation will be quite strong, thus this term will be large as 

well. The incorporation of the correction should drive the oxygen levels below 
the Agd band. However, in the case of subsurface oxygen, the concentration 
of oxygen will be so low that very little charge localization is to be expected. 
The Coulomb interaction will be smaller, and the Madelung correction less. 
The result is that the Op levels will rise up, and our choice of the higher lying 
0 parameters can be justified. This is, in fact, observed with HFS cluster 
calculations of oxygen adsorption onto silver surfaces [9b,9c]. 

3. Group orbitals 

As we will be using the concept of group orbitals as developed by van 
Santen [22] to analyze the results of the seven Ag(lll)-0, models, a brief 
description is in order to highlight their usefulness in describing substrate-ad- 
sorbate interactions in general. Group orbitals are the linear combinations of 
the pure, unmixed atomic orbitals on a group of atoms. These are not the 
fragment molecular orbitals (FMO’s) of the group of atoms, since FMO’s 
allow for mixing between different atomic orbitals. If we consider a group of 
two carbon atoms, for example, then the two group orbitals resulting from the 
s atomic orbitals are {s + s} and {s - s}, scheme 9. The related u and u * 
FMO’s will have some p character mixed in, scheme 10, or d character if 
carbon is replaced by a transition metal. 

c--o o--@B 
(s+sl {s--s) 

* 
o- ff 

Schemes 9 and 10. 
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If group orbitals, instead of atomic orbitals, are used to form a basis set, the 

group orbitals can be used to classify and separate crystal orbitals. From 
simple band theory, we know that the bonding combinations of a set of crystal 
orbitals derived from some particular atomic orbital will generally lie at a 
lower energy than the non-bonding or antibonding combinations. The pro- 
jected DOS of that atomic orbital will pick up all of these states, whereas the 

projected DOS of a bonding group orbital will preferentially select the mainly 
bonding crystal orbitals at lower energies, and an antibonding group orbital 
will select the mainly antibonding crystal orbitals at higher energies. The 

projected DOS of group orbitals (GODOS) can thus be used to localize 
interactions directly, whereas atomic orbitals projections can usually serve 
only as an indirect guide. The normalization is the same as for atomic orbitals, 

i.e.: 

/~c;o(E) dE = j-p,,(E) dE = 1. (2) 

Consider the example of a bare three-layer slab of Ag(ll1). As the d 
orbitals are very contracted, the differentiation established by group orbitals 
will be difficult to see. Instead we choose the very diffuse and strongly 
interacting Ags orbitals. Depicted in the left panel of fig. 1 is the magnified 

projected DOS of an s orbital in the surface layer, the dark solid line, as well 
as the projections of a number of group orbitals. The four integration curves 
corresponding to each of the projections is found in the righthand panel. Two 

simple units, the Ag-Ag dimer, and the triangular Ag,, form the basis for the 
group orbitals. The projection of the Ag, bonding combination is shown as a 
dotted line, and a thin solid line is used for the antibonding combination. 

More s-s bonding states than antibonding states appear at low energies, below 
eF, while antibonding states predominate above cr. It can be verified graphi- 
cally that the sum of the {s -t- s} and {s - s} GODOS add to twice the s 
atomic orbital projection, and that, at any point in energy, the s atomic orbital 
integration is the average of the two group orbital integration. The bonding 
Ag, group orbital is drawn as a dashed line; the projection of the degenerate 
antibonding pair is equivalent to the Ag, antibonding one, thus the thin solid 
line. The Ag, bonding combinations are even more strongly localized in the 
low energy regions than those of Ag,. Note also that the median energy, the 
energy equivalent to 50% filling, is - 1.0 eV lower for the Ag, bonding group 
orbital than for the Ag, set. Requiring bonding between three neighboring 
atoms rather than two is a stronger restriction on the crystal orbitals, one that 
few at higher energies can meet. 

Let us now use these concepts to dissect the Ag-0, interaction in the 
perpendicular bridging of scheme 5, d(Ag-0) = 1.6 A. The problem is to 
identify which particular metal orbitals are involved with which 0, MO’s. 
Because of their orientation, we expect the crystal orbitals resulting from the 
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Fig. 1. Example of group orbital projected DOS and GODOS in left panel, and corresponding 

integration curves in right panel for surface Ags orbital in bare Ag(ll1) slab. The dark solid line is 

the total surface s atomic orbital projection. The Ag, group orbitals are {s+s}, dotted, and 

(s-s), thin solid line. The triangular Ag, group orbitals are (s + s+ s}, dashed, and the 

degenerate set (2s - s - s) and (s - s), again the thin solid line. 

Ag xz orbital, scheme 11. to play an important role. Calculations show that the 
xz orbitals are indeed more strongly effected by the adsorbate than other Agd 
orbitals, based on a comparison of the dispersions of the projected DOS. 
Notwithstanding energy differences, XL crystal orbitals are able to interact 
with UN of the 0, orbitals, 7~ as well as u. The projected DOS of three 
important 0, MO’s lrU, 3ug and lrrg are provided in fig. 2. The 3u, 0, orbital 
is too high in energy to interact effectively with the substrate. Note that the 
major peaks of the lrrU and 3~s projections fall in essentially the same energy 
range. The projected DOS of the Ag XL orbital in scheme 5 is shown in the left 
panel of fig. 3. The dotted integration line indicates that some xz states move 

ii 

&._ 11 

Scheme 11. 
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Fig. 2. Total DOS of scheme 5, bridging perpendicular 1.6 A, dashed line. The projection DOS 

magnified 10X (solid) and integrations (dotted) of the 0, In,, 30s and ins levels in the left, 

center and right panels, respectively. 

to the 0, 3up, 1~” and 1~~ regions. But these features are rather small, and not 
very convincing. Certainly it is difficult to differentiate between interactions 
with the 1~” and 3~s levels. Approximately 90% of the XI levels remain in the 
Ag d block between - 14.3 and - 12.7 eV. 

t.-----.---------.---~- 

..---..-...._._...__......_,...~ 
~>~:r.-.::: ,___.-.. 

b F 

DOS 

-,ll 
DOS DOS 

Fig. 3. Total DOS of scheme 5, bridging perpendicular 1.6 A, dashed line. The projection DOS 

magnified 10X (solid) and integrations (dotted) of the surface Ag xz atomic orbital, and the 

GODOS of the (xz + XL ) and (xz - xz } group orbitals of bridged Ag, unit in the left, center 

and right panels, respectively. 
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Schemes 12 and 13. 

However, we know that by symmetry a different set of crystal orbitals can 
interact with the 0, r MO’s than with the CI MO’s. Those interacting with the 
rr 0, MO’s must be Ag-Ag antibonding across the bridged atoms, { XL + xz }, 
scheme 12, whereas those interacting with the u set must be Ag-Ag bonding, 
{ xz - xz }, scheme 13. The GODOS of schemes 12 and 13 are depicted in the 
center and right-hand panels of fig. 3 respectively. The Ag-Ag bonding 
combination on the right shows, in fact, a very weak interaction with the 0, 
3up orbital, as essentially no { xz - xz} density is found in the main 3~s energy 
region between - 10.0 and - 12.0 eV. This is corroborated by the 0, projec- 
tions (fig. 2); if there were a strong interaction, some localization of 30~ 
density should be observed in the { xz - XL} GODOS region. The 0, 3ug 
density is spread more uniformly throughout the d block. The only obvious 
interaction of the bonding Ag xz orbitals with oxygen MO’s comes from the 

d 
DOS 

i’ 1::;. ::..> 

DOS 

Fig. 4. Major interactions between 0, orbitals (solid) and the group orbitals of the bridged Ag, 
unit (dotted) of scheme 3, bridging parallel. In the left panel, 0, 1~” and the Ag (s-s} group 

orbital. In the center, 0, 30s and {x2 - yz + x2 - y’).On theright,O,lTg and {xy+xy). 
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very low lying 0, u MO’s, as can be observed in the nonzero value of the 

integration at the bottom of the energy window. 
The integration of the GODOS of scheme 12 is in strong contrast, showing 

a well defined feature in the 0, 1~” region, near - 10.9 eV, in particular and a 
smaller peak near zr, in the 1~s region. The strong lrU-{ XL + XL } interaction 
is verified by the concentration (- 10%) of 1~” states in the xz region of the 

Agd block, at - 14.0 eV. By comparing the three panels of fig. 3, the utility of 
the group orbital concept is evident. We can “presort” the crystal orbitals by 

the local symmetry of the site and eliminate combinations without the proper 

symmetry. The resultant projections will not be diluted by unimportant, less 
involved orbitals. 

4. 0, adsorption: bridging parallel 

In the following sections we will discuss the binding characteristics of three 
of the seven 0, binding sites in detail. As very little interaction can be seen in 
the two on-top sites, schemes 1 and 2, we begin with the bridging parallel 
geometry, scheme 3 at d(Ag-0) = 1.6 A. In the three panels of fig. 4 are 
depicted the projected DOS of the lq,, 3~s and 1~s states (solid lines) and the 
GODOS of the group orbital of the Ag, unit (dotted lines) providing the 
strongest interaction in each case. This choice is based on a visual comparison 
of the projections; pairs are interacting if they have the proper symmetry and 

have very similar features in their DOS and integration curves. It is our 
experience that the integration curves, perhaps difficult to read at first, in the 
end turn out to be the easiest to follow visually while one tries to sort out 
which interactions are actually important. First, from the large dispersion 
observed in the 0, projections, it is clear that the O,-Ag interaction is strong 
at this site. In fact, as we will show in a later section, this particular site 

provides the strongest O,-Ag interaction based on a variety of “yardsticks” 
that we have devised. 

Both 1~” and 3up have large (- 20%) peaks in the Ag d block. The 3up 
levels mix with the bonding x2 - y 2 group orbital as well as the bonding xz 
combination; since the xz bonding GODOS is essentially identical to that of 
x2 - y2, only the latter is shown in the figure. A complication arises in that Ag 
orbitals which interact with 3us can, by symmetry, interact with one of the 1~” 
orbitals as well. In addition, these orbitals are separated by only 1.0 eV in free 
0, so the 3u-17rU mixing will be very strong. However, if these projections are 
examined carefully, there are distinctions between the two. The 31~s projections 
have strong peaks between - 10.0 and - 11.0 eV, whereas the strongest 1~” 
features occur at - 10.0 and - 11.0 eV. The previously mentioned XL and 
x2 -y2 bonding group orbitals more closely follow the 3~s pattern. In 
addition, we can project out the two 1~” orbitals independently, and the one 
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which can mix with 3ua, i.e. with the nodal plane parallel to the surface, is 
strongly localized ( - 60%) in the large peak at - 10.0 eV in the figure, whereas 
the second, having a nodal plane perpendicular to the surface, is less strongly 
localized (< 35%). None of the Ag group orbitals have strong features at 
- 10.0 eV, thus the first 17~” orbital is best described as non-bonding. The 
dispersion of the 1~~ projection is then due primarily to the second orbital, 

and its best Ag group-orbital match is the {s - s} antibonding combination. 
Approximately 25% of this Ag state is localized in a peak near - 11.0 eV; in 

comparison, no features in the {s + s} bonding group orbital projection carry 
more than 8% of the total density. It is rather unusual to find such a strong 
metal s-adsorbate interaction [23]. Although the s orbitals are more diffuse, 
and for this reason may have a better overlap with the adsorbate MO’s, they 
are generally dispersed over such a wide energy range that few states will have 
a good energy match with the adsorbate MO’s. 

The third panel of fig. 4 are the 1~s 0, and { xy + xy } GODOS. In this 
case, the interaction is best discerned from the similarity of the integration 
curves. Because the energy difference between the Agd levels and lrra is much 
greater than with 3~s and 17rU, the mixing will not be as strong. As with the lrrU 
set, the 1~~ orbital with a nodal plane parallel to the surface is essentially 
non-bonding and localized in the sharp peak between -8.0 and -9.0 eV, 
slightly below cr. The total occupation of this level is - 65%, thus some O-O 
bond weakening has occurred. 

Fig. 5. Comparison of 0, orbital projections and integrations for scheme 3, bridging parallel, with 
solid lines and scheme 4, di-o bound, with dotted lines. The 0, lru, 30s and 1~s levels are 

depicted in the left, center and right panels, respectively. 
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5. 0, adsorption: di-a 

The di-a site in scheme 4 is best discussed when contrasted to the bridging 
parallel site in scheme 3. The integrations of the 3ug, 1~~ and 1~~s projected 
DOS of the two sites are given in fig. 5, as a solid line for scheme 3 and a 
dotted line for scheme 4. For each 0, orbitals a higher percentage of the 
density is found in the Agd block, near - 14.0 eV, in the case of the bridging 

parallel mode. More states are pushed up above the median energy point for 
the 7~ levels as well. The dispersion of the Ag group orbitals is weaker for 
scheme 4. All in all, the bridging parallel model is a much better candidate for 
the dissociation site than is the di-o model. This finding is consistent with 
observations made about organometallic dimers bridged by acetylene [24]. 

Although both parallel and perpendicular L,M(acetylene)ML, complexes 
coexist for the same metal d-electron count, the overlap between the metal 
dimer unit and the acetylene is more favorable for the perpendicular orienta- 
tion. For the test complex Co,(CO),(@ZZH2), the two pairs of interactions 
showing the largest differences involve acetylene T orbitals with a node 
perpendicular to the metal plane. These are reproduced in scheme 14, along 
with the calculated overlaps. 

6. 0, adsorption: 3-fold hollow, perpendicular 

When the 0, is placed perpendicular to the surface in the 3-fold hollow 
site, with d(Ag-0) = 1.6 A, one oxygen atom lies in the Ag surface plane. 
Although this places it 2.36 A away from the second layer Ag atom directly 
below, there is no indication of an interaction in the projected DOS of that Ag 
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tAntlbondlng BondIn- 

Fig. 6. COOP curve for Ag-0 bound in scheme 7, 3-fold hollow perpendicular binding. The stong 

bonding peak falls in the Agd block; the peak at cF is mainly 0, 1~s. 
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center. The characteristic binding of this site is best described using the group 
orbitals of Ag, unit in the first layer. Because one oxygen atom lies in the 

surface plane, Agd orbitals having a node in this plane have the proper 
symmetry to mix with 0, 3up, those without such a node can interact with 1~” 
and 1~~. The strongest interaction with 3~s is observed in the radial metal d-a 
bonding group orbital, scheme 15. The degenerate antibonding combinations, 

scheme 16, are not involved in Ag-0 bonding. The degenerate radial metal 
d-u antibonding pair, scheme 17, and the antibonding Ags pair, scheme 18, 
are most strongly mixing with 0, lrrU and somewhat less with 1~~. Rather than 

showing each projected DOS, many of these features can be recognized in the 
Ag-0 COOP curve in fig. 6. As this curve is produced by weighting the total 
DOS by the contribution made to the Ag-0 overlap population (0.p.) over 
some small energy range 6E, the figure can help us to localize each of these 
interactions energetically. Most of the Ag-0 bonding is derived from prim- 

arily Agd states near - 14.0 eV, as seen from the large positive peak at this 
energy. The 3~s and lrr,, regions cycle through bonding and antibonding 
peaks. There is a strong Ag-17rg feature directly below er; the corresponding 
higher-lying antibonding levels are more diffuse. The total Ag-0 o.p. is 0.50. 

7. Comparison of 0, sites on Ag(ll1) 

Our main aim is to rate the O,-Ag interaction of the seven sites, schemes 
1-7, and to identify those state(s) most likely to lead to dissociation and those 
leading to charge transfer. Typically, one can follow the occupation of an 
antibonding MO, one that must be fully occupied for the desired reaction to 
proceed. In this case, it is lrU, which is half occupied in free 0,. Because the 

1~” level lies 0.4 eV below zF of Ag(lll), the reference point at infinite 

separation is Ot-, Ag(111)2+. But we know that the oxygen molecule must 
acquire a negative charge as it approaches the surface. Thus this particular 
reference point is not useful for our analysis. A second choice is to raise the 

H,; of the oxygen p orbital by 1.0 eV, so that 1~~ will fall above the Ag cr, and 
the reference becomes Oif, Ag(111)2-. Now difficulties arise at sites where 
the adsorbate-substrate interaction is minimal, for example the on-top per- 
pendicular of scheme 2. The 1 rs interaction is predicted to be small at such a 
site, the 1~. peak remains very peaked if d(Ag-0) = 1.6 A (see panel 2, fig. 7). 
However, because of the mixing between the various 0, MO’s, some 1~” and 
3up is pushed above er, into the 1~~ peak. The net charge on the 0, adsorbate 
becomes +2.1 e-, an unreasonable result. A third option is to artificially 
assign a neutral charge to both adsorbate and substrate at infinite separation. 
However, the Dooh symmetry of the 0, molecule is broken by the presence of 
the silver slab, even at infinite separation. Thus mixing will occur between the 
3us, 1~” and 1~s levels. The result is that the lower two will be depopulated at 
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Fig. 7. The projected DOS magnified 10x and integration of the 0, 1~ level, all with 

d(Ag-0) = 1.6 A. On this page: scheme 1, on-top parallel, top left; scheme 2, on-top perpendicu- 

lar, top right; scheme 3, bridging parallel, bottom left; scheme 4; di-o, bottom right. On the next 

page: scheme 5, bridging perpendicular, top left; scheme 6, 3-fold hollow parallel, top right; 

scheme 7, 3-fold hollow perpendicular, bottom. 
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DOS 

Fig. 7. Continued. 

a constant eF, and a fractional positive charge will develop on 0,. Although 
this may not cause a problem in the analysis, it should be taken into 
consideration. 
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Table 1 

Comparison of A&111)-0, sites a) 

Scheme Model Ag-0 

distance (A) 
1% Charge on 

occupation (8) 0, 

1 On-top parallel 1.6 70 

2.0 50? 

2.5 97 

2 On-top perpendicular 1.6 50? 

2.0 50? 

3 Bridging parallel 1.6 65 
2.0 70 

4 Di-sigma 1.6 70 

2.0 70? 
5 Bridging perpendicular 1.6 70 

2.0 75? 

6 3-fold parallel 1.6 70? 
2.0 75? 

7 3-fold perpendicular 1.6 70 
2.0 70 

a) 1~s occupations labeled with a “?” carry a f 10% uncertainty; see text. 

- 0.54 

+0.18 

+0.18 

+ 0.42 

+0.28 

+0.24 

-0.14 

+0.16 

+ 0.93 

- 0.22 

- 0.56 

- 0.38 

+0.18 

+ 0.08 

-0.32 

The last choice of reference point appears to beOthe best option. The 1~~ 
projected DOS of the seven sites at d(Ag-0) = 1.6 A are collected in the two 
pages of fig. 7. Table 1 lists the percentage occupation of the lrrg level and the 
total charge on 0,. In many cases, eF falls in the center of a sharp 1~s peak, 
particularly if the Ag-lrs interaction is too weak to cause substantial disper- 
sion of the peak. The 1~~ occupation becomes very dependent on the exact 
position of f r; unfortunately this makes the results sensitive to the particular 
number of layers chosen, or to the particular set of k points selected to 
represent the Brillouin zone. These entries are marked with a question mark. 
All in all, it is difficult to identify a pattern to the 17rsQoccupations. Neither do 
the total 0, charges follow any sort of rule. At 1.6 A, the strongest electron 
transfer occurs to the model of scheme 1, on-top parallel, but at 2.0 A to 
scheme 5, the bridging perpendicular mode. The bridging 0, moieties all 
become more negative at longer distance. This is due to the strong mixing 
between 3up, 1~” and lrs, causing depopulation of the occupied 0, MO’s. 

A more useful and reliable way to rank the Ag-0, interaction at the 
various sites is to measure the amount of dispersion induced in the 1~~ 
projected DOS directly. The greater the interaction, the more the dispersion. 
Regardless of whether we have chosen the proper parameters to obtain the 
correct eF and exact positions of the 0, MO’s relative to the Ag DOS, the 
relative extent of dispersion we calculate should be proportional to the ease of 
Ag + 0, electron transfer. 
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Table 2 

Calculating Ins dispersion a) 

Scheme Model Ag-0 Method 1 Method 2 Method 3 mz (a~~)“* 

Distance (A) 

On-top par 1.6 14 40 8.1 0.429 0.655 

2.0 5 10 0.9 0.124 0.352 

2.5 0 0 0.5 0.016 0.126 

On-top per-p 1.6 5 15 1.0 0.173 0.416 

2.0 0 0 0.9 0.034 0.184 

Bridging par 1.6 40 55 14.0 0900 0.949 

2.0 32 25 4.0 0.287 0.536 

Di-o 1.6 20 25 4.3 0.323 0.568 

2.0 18 25 3.0 0.288 0.537 

Bridging perp 1.6 23 31 7.0 0.347 0.589 

2.0 18 27 4.2 0.284 0.533 

3-fold par 1.6 22 25 6.1 0.394 0.628 

2.0 18 20 4.1 0.288 0.537 

3-fold perp 1.6 18 40 8.5 0.513 0.716 

2.0 30 37 4.4 0.418 0.647 

‘) Largest values are printed in bold face. Method 1 = zF lowered 0.5 eV 17s occupation; method 

2 = percentage 1~~s outside 0.7 eV window; method 3 = AE containing 90% of 17s. 

“Dispersion” is a useful concept, easy so see at its extremes of being small 
or large, but difficult to assign one unique numerical definition. We have 

experimented with four different ways to gauge dispersion. Results from the 
four methods are compiled in table 2. First, to circumvent the problems 
stemming from the placement of cF in the center of the main 1~~ peak, cF was 
artificially lowered by 0.5 eV so as to fall below that peak. This particular 
energy was chosen because the observed width of a non-interacting peak, 

defined by the two-dimensional net of adsorbates alone, is approximately 0.7 
eV. The non-zero width arises from interadsorbate interactions and the use of 
Gaussian functions to produce the DOS curves. The 1~~ occupation produced 
in this manner gives an indication of the amount of 14 density pulled down in 
energy by the substrate. From the listing in the first column, the most strongly 
interacting site is that of scheme 3, bridging parallel at 1.6 A. Somewhat less 
are the same geometry at 2.0 A and scheme 7, 3-fold hollow, perpendicular at 
2.0 A. The lowest values come from the two on-top geometries, schemes 1 and 
2. One obvious drawback of this method is that it ignores any possible 
asymmetry in the 1~~ projection, which may be severe as there are many more 
Ag, as well as O,, orbitals below than above. 

In the second column we thus tabulate the percentage of the 15 density 
which falls outside of a 0.7 eV-wide window about the main peak. As this is 
the defined width of a non-interacting orbital, any density outside this window 
should results directly from the Ag-OZ interaction. Again it is scheme 3 which 
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is found most interacting. Next is again one of the 3-fold hollow perpendicular 
geometries, but now the one with the shorter contact, as well as the on-top 
parallel, scheme 1, at 1.6 A. The remaining on-top models form the least 

interacting set. 
A more systematic method is to measure the energy width AE containing 

90% of the 1~~ states, i.e. AE = (E at 9.5% integration) - (E at 5% integration). 
These results should be less influenced by the smoothing function, and 
independent of some arbitrary and system-dependent definition of “non-inter- 

action”. The results are consistent with method #2, scheme 3 is strongest, and 
approximately tied for second are schemes 7 and 1, all at 1.6 A. The other 

on-top systems are again least interacting. 
The most rigorous way to measure the extent of dispersion is to use 

statistical methods designed to describe curve shape by, for example, comput- 
ing the moments of the curve. The rth moment of a function f(x) over the 
range x, to x, about some point X is defined as: 

n-’ i f(x,)(x, - x>, 
i=l 

mr = n (3) 

c f(x,) 
i=l 

If the range is continuous: 

/ 
XTf(x)(x - X), dx 

mr= 

/ 
X”f(x) dx ’ 

(4) 

The first moment gives the average of the distribution of a curve. It is zero 
if the curve is perfectly symmetrical about X and X is chosen to be the mean 

of the curve. The second moment measures the average of the square of the 
deviation about X. Higher moments weigh points far away from X more and 
more heavily. The second moment about the free 0, 1~~ energy, E= -8.78 
eV, is most suited to the present needs. If the 1~~ projected DOS p,(E) is 
defined over n discrete points E, in the energy window: 

/ 
p,(E)(E-E)‘dE 

mz= (5) 

s P,(E) dE 

The computed second moments are listed in the final column of table 2. 
Again, it is the bridging parallel site which is found to disperse most widely. 
Second is the 3-fold hollow perpendicular mode, and following that, the 
on-top parallel coordination, all at 1.6 A. 
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Importantly, the second moment of an adsorbate level projected DOS can 
be more formally related to the survival probability of an exiting negative ion. 

As previously mentioned, the survival probability is dependent on the likely- 
hood of back tunneling of an electron from 0, to the surface. The tunneling 
probability of an electron from (or to) a discrete level (lrrs) to a continuum of 
states (Ag surface) can be approximated by Fermi’s golden rule. By assuming 
the appropriate form of the projected DOS, the second moment can very 
simply be related to the tunneling probability. 

We first assume that the adsorbates serve as a pertubation to the bare 
substrate crystal orbitals. In the scheme developed by Muscat and Newns [25] 
to describe the chemisorption of atoms and molecules to surfaces, the pro- 
jected DOS of the the adsorbate will be a Gaussian: 

(6) 

where the level width r,(E) is given as: 

T,(E)=~CI(%lJVl~,)12 S(E-E,O). 
k 

(7) 

The level width r.(E) is proportional to the transition probability w, accord- 
ing to Fermi’s golden rule. In the weak chemisorption limit, T(E) can be 
assumed to be independent of energy. In addition, the exponential term can be 
expanded about E, and thus Muscat and Newns approximate eq. (6) by: 

P,(E) = ’ r(E) 
7r (E-,?)*+r2' 

which is the more familiar form of the projected DOS. Let us retain the 
Gaussian form; the second moment of the project DOS then becomes: 

m 2= 
/ 

O” (E-E)2& exp - 
-CC 

( (E--@2) dE. 

Substitution of variables x = (E - E) produces: 

2 
m2=- 

/ 
O” 2 

mr 0 
x exp (10) 

which reduces to: 

m, = r2/2fi. 

Thus as r is proportional to the transition probability w: 

(11) 

wa/m2. (12) 
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If we assume a Gaussian form of the projected DOS, the transition 

probability is proportional to the square root of the second moment of the 
curve. These numbers are given in the final column of table 2. The larger the 
second moment, the greater the back-tunneling probability, and the lower the 
survival probability of the newly formed negative ion. In general, it is the 
hollow and bridged sites which have the largest second moments, and thus are 
least likely to produce negative ions. However, because the charge transfer to 

0, along the incoming trajectory is strongest at these sites, more dissociative 

products are expected to form. 

8. Charge transfer: a comparison with experiment 

In the previous sections we showed that the interaction of the 0, 1~s level 
with Ag is strongest at the bridge and hollow sites (see table 2). Similar results 
were obtained for the lr,, and 30s 0, orbitals. In this section, we will use this 
result to explain the experimentally observed formation of 0, and O- in the 
scattering of 0: from Ag(ll1) [8,9]. 

The neutralization step (0: -+ 0,) along the incoming trajectory has been 
described extensively elsewhere [9b]. 0, molecules which survive the neutrali- 
zation without dissociation, are converted into 0; ions close to the surface. 
This ion formation is the net result of the depletion of the bonding 1% and 3up 
orbitals, and of the filling of the antibonding 1~s orbital [9b]. The interaction 

of these orbitals with the silver surface leads to a weakening of the O-O bond, 
which can result in dissociation. Alternatively, the impact with the surface can 
induce a ‘mechanical’ dissociation [ll-131. From dissociated 0, molecules, 0 
atoms and O- ions result. The 0; ions which survive the collision will 
partially neutralize, similarly for the O- ions from dissociated 0;. We expect, 
however, that the neutralization probability of O- to be smaller than that of 
0;) due to the larger electron affinity of oxygen atoms. 

Experimentally accessible is the O-/(0- + 0;) ratio, which is not only a 
measure of the dissociation probability, but of the reneutralization probability 
as well, as the likelihood of neutralization of the two ions differs. If the 
Ag(ll1) surface were perfectly flat, both processes would only be dependent 
on the normal component of the incoming velocity (see eq. (1)). It was shown, 
however, that the O,-Ag(ll1) potential is very corrugated [12,13,26,27]. For 
such a corrugated system, classical trajectory calculations indicate that with 
constant normal velocity, the probability for mechanical dissociation reaches a 
maximum for an incoming polar angle di (with respect to the surface normal) 
of about 60 o [13]. For larger Bi, the dissociation probability decreases, to 
finally reach a constant asymptotic value at Bi 2 80 O. For example, at incom- 
ing energies of 200 eV (8; = 70 o ) and 3000 eV ( Bi = 85 o ) and approximately 
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equal normal velocities, the mechanical dissociation probabilities are com- 
puted to be 0.65 and 0.40, respectively. 

The experimentally observed O-/(0- + 0;) ratio also shows a pronounced 
dependence on the parallel component of the velocity. However, the trends are 
reverse to the computed ‘mechanical-dissociation’ trends. The experimental 
O-/(0- + 0;) ratio increases rather than decreases with increasing incoming 

angle 8,. For example, in the two above cases, the experimental ratios are 0.20 
[8] and 0.80 [9], respectively. This difference between classical trajectory 
calculations and experiment could be explained by two factors: (1) a larger 
experimental dissociation probability at large ei due to covalent interactions 
between molecule and surface not taken into account in the classical trajectory 

calculations, and/or (2) an experimentally smaller 0, survival probability 
(i.e., without reneutralization) at large Bi. 

It has been previously pointed out that at very grazing incidence angles, 
only particles which have have been scattered from bridge or hollow sites can 

be detected [13]. This is due to shadowing of the top sites by surrounding Ag 
surface atoms. At less grazing angles, for example Bi = 70 O, however, a 
considerable number of particles scattered from top sites can be observed. 

Thus, 0, molecules with incidence angles around - 85O will have, on the 
average, a stronger interaction with the silver surface than molecules incident 

near 70”, due to the difference in the sites that are sampled. A stronger 
interaction for the more grazing incident molecules means that these molecules 
will experience a larger dissociation probability due to covalent interactions, 
but a smaller survival probability as molecular 0; ions. In such a way, we 
can explain that covalent interactions increase the O-/(0- + 0;) ratio when 
going to more grazing incident angles. This increase can be stronger than the 

decrease expected from mechanical dissociation alone, thus explaining the 
experimental results. 

9. Conclusion 

Of the seven sites considered in this study, bridging and hollow sites are 
found least likely to give charge transfer products. At these sites, the interac- 
tion of the Ag affinity level 15 with the silver surface is strong, producing a 
high tunneling probability of the electron from the molecule back to the 
surface. On the other hand, 0, dissociation is more likely than at on-top 
positions, as the initial charge transfer into the 1~~ level will weaken the O-O 
bond. 

In addition to the interaction of the 1~s states, one should also consider the 
depopulation of the 0, 1~” and 3~s levels. Generally, these orbitals will be 
strongly dispersed at sites which also show a strong Ag-lrs interaction. Their 
depopulation will enhance the possibility of 0, dissociation. However, com- 
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plete 0, dissociation must be accompanied by population of the high lying 3a, 
orbital (see scheme 8). Our choice of parameters places this level at +6.3 eV; 
much too high for effective interaction with the silver substrate. The density of 
silver states in this energy region is simply too low to provide such an 
interaction. However, in truth, as 1~~ becomes partially populated, the O-O 
bond will lengthen. The 30, energy will consequently drop, and start to 
interact with the substrate. Thus, although our models do not allow for 

complete 0, dissociation, we can consider the strengthening of the Ag-17rg 
interaction as a precursor to the O-O bond lengthening, the first step of the 
reaction. 
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