
VOLUME 46, NUMBER 25 PHYSICAL REVIEW LETTERS 22 JUNE 1981

type of step boundary ([112] steps). There is no
agreement for 5-1, 5-2, or 3-2 models. Nor is
there agreement for any model with the opposite
type of step boundary ([112] steps).

LEED experiments as interpreted here cannot
distinguish between an island model and the cor-
responding "trough" model where island and
trough are interchanged. What is definitely estab-
lished is that the islands (or troughs) are approx-
imately triangular with [112] step boundaries,
have area approximately half that of the 7& 7 unit
mesh, and have height close to the Si(111)double-
layer spacing.

In discovering these unprecedented structures
we have expanded the repertory of useful applica-
tions of kinematical LEED. The use of the shape
transform is an extension of previous highly suc-
cessful applications of kinematical LEED to par-
allel step arrays. " The same method should be
applicable to any crystal surface made up of large
repeating units that are individually of relatively
simple structure.
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Generalized valence-bond calculations suggest that atomic oxygen chemisorbed on
Ni(100) leads to two distinct low-lying states: (1) the radical state with R& =0.88 A and

O~i=55 meV and (2) the surface oxide state with R&=0.26 A and &=38 meV. We suggest
that the radical state dominates for P(2&2) and that the oxide state dominates for c(2x 2).
We find that atomic H, Cl, and S lead to only one low-lying state.

PACS numbers: 68.20.+ t, 71.45.Nt

In experimental studies of chalcogen bonding on
single-crystal nickel surfaces, oxygen has long
been known to exhibit anomalous behavior. The
results of high-resolution energy-loss spectros-

copy (HRELS),"Auger-electron spectroscopy
and low-energy electron diffraction (LEED), '
ultraviolet photoelectron spectroscopy (UPS), '
and reflection high-energy-electron diff raction
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(RHEED)' show behavior for oxygen that is differ-
ent from the other chalcogens and not explained
solely by its increased electronegativity or small-
er size.

In this Letter we report the results of first-
principles Hartree-Fock (HF) and generalized
valence-bond (GVB) calculations, comparing the
properties of atomic oxygen and sulfur bound to
a cluster of 20 Ni atoms chosen to model the
Ni(100) surface. For oxygen we find two distinct
low-lying states that have quite different proper-
ties and suggest an interpretation of the anoma-
lous experimental results in terms of these states.
For S, Cl, and H we find only one low-lying state,
implying that this anomalous behavior is special
to oxygen. A two-state system has been observed
experimentally for oxygen on Pt, ' Ni, ' and Pd, '
but no direct identification has previously been
presented for these states.

The calculations were carried out with use of
the same procedures as reported previously. ' "
For each geometrical configuration we obtained
the GVB wave function including electron correla-
tion in 'all electron pairs involved with bonding the
adsorbate and metal (for 0, S, and Cl, there are
three such pairs; for H there is one). The total
energy is calculated for several geometries, and
the resulting potential curves lead to A~ (bond
distance), &u~ (vibrational frequency), and D,
(bond energy).

The bonding of oxygen and sulfur atoms was
considered at both two-coordinate [denoted 2(001)]
and four-coordinate sites [denoted 4(001)]. Con-
sidering first the bonding of sulfur at 4(001), we
find from a projection of the N12pS orbitals onto
the original ¹i»ground-state orbitals' that a o

bond is formed between the sulfur 3P (a, sym-
metry) orbital and the highest occupied Ni» or
bital, an orbital with significant density in the
bonding region. The bond is diffuse, but localized
at the S atom. The three remaining sulfur 3p
electrons are in 3p„and 3p, (e symmetry) orbit-
als that extend across the 4(001) site. In forming
the bond to the cluster, the singly occupied e or-
bital of S becomes coupled to a high-lying cluster
orbital having e symmetry across the site (analo-
gous to a molecular w bond). Near the equilibri-
um geometry, this bond orbital and the remain-
ing e orbital (which is doubly occupied in the iso-
lated S atom) are equivalent in shape. The final
state then is one in which the v bond (a, ) is polar-
ized towards the S atom, and the e (or w bonding)
orbitals are polarized back towards the corners
of the site. The redistribution of charge at the

site is complex and serves to minimize charge
transferred onto the sulfur atom.

The optimum position for the sulfur is found to
be about 1.24 A (Table I, part A) above the 4(001)
site [LEED results" give 1.3 A for c(2 && 2) and
p(2 && 2)] with a bond energy of 4.3 eV. Compari-
son with c' bond energies for H, S (3.8 eV") and
NiS (3.5 eV") suggests that the w bond strength
here is about 1.0 eV. Only polycrystalline bond
energies" are available for direct comparison
with Ni»S, and they range from 4.8 to 4.9 eV.
The bond energy of S at the 2(001) site was far
weaker (see Table I, part D), partly due to the
weak w bond (less than 0.2 eV). Estimates of the
position of the ion states from small-configura-
tion-interaction calculations suggest that e and a,
levels should appear in the UPS spectrum at 4.6
and 7.0 eV, respectively, and a reduction in state
density near E& should occur.

Qualitatively, the lowest state (referred to be-
low as the surface oxide state) for oxygen chemi-
sorption at each site strongly resembles that
found for sulfur. At the 4(001) site, the a bonding
interaction was again with the highest occupied
cluster orbital. The 2p„and 2p, orbitals are
more diffuse than the 2P, orbital, but the back
donation here is less extensive than for sulfur,
resulting in greater charge transfer to the oxygen.
An (oversimplified) description of this state is in
terms of three doubly occupied 2P orbitals on the
oxygen (i.e., the closed-shell wave function, 0 ),
each delocalized back onto nearby Ni atoms. Thus
we refer to this as the surface oxide state.

As mentioned at the outset, a key difference be-
tween oxygen and sulfur is the appearance of a
second low-lying state for oxygen chemisorption
at the 4(001) site, one with no analog in tke Niz0S
system. This new state (referred to as the radi-
cal state) can be viewed as having two doubly oc-
cupied e or n orbitals and a singly occupied o'

(or a, ) orbital. The m orbitals are similar to the
oxide state, but the 0 orbital is only weakly coup-
led to the cluster.

Some insight into the nature of these states is
provided by comparison with the low-lying states
of the diatomic alkali oxides. " In each case the
molecule is highly ionic (M'0 ), leading to two
states that are almost degenerate: a 'Z' state
(with a singly occupied Pa orbital) and a 'Il state
(a singly occupied Pw orbital). The 'Z+ state rep-
resents a direct analog of the radical state de-
scribed above for Ni2pP while the 'lI state is
analogous to the oxide state (where the singly oc-
cupied oxygen e orbital is coupled to the cluster
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TABLE I. Bond parameters for N12P'. (A) Comparison with experiment for 0 and S at
4(001) sites, (8) other results for 4(001), (C) results for 3(111), and (D) results for 2(001).

D, (eV)
Theo r. Expt. Theo r. Expt.

~i (meV)
The or. Expt.f

(A) p(»2)-S
c(2x 2)-S
P(2& 2)-0
c(2& 2) —0'

{B) 0 [oxide (neutral) ]
0 [radical (ion)]
Cl
H

(C) 0 [ radical (neutral) ]
0 [oxide (neutral)]
S
H

(D) 0
S

4.34
4.34
3.29
3.85
3.63
2.78
4.90
3.04
2.59
2.35
3.85
3.21
2.15
2.47

2.87d

2.95

1.24
1.24
0.88
0.26
0.55
0.83
1.38
0.30
1.31
1.26
1.55
0.78
1.48
1.81

1.3 + 0.1
1.3 + 0.1
0.9+ 0.1

(0.9+ 0.1)

1.2+ 0.1
1.4+ 0.1

(37) 44f

(37) 44'
(46)
(33) 38'
(27) 36
(44)
(30)
(73) 73'
(64) 70f

(61) 67
(49)

(155) 155
{68) 75'
{48)

46'
44b

39"

74

139~

'Hef. 11.
Ref. 1.

'Ref. 16.
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Theoretical calculations for radical state of Ni2pO.

' Theoretical calculations for surface oxide state of Ni2pO

to form a weak w bond). Simple estimates of bond
energies for forming 0 and S on the surface
(obtained by comparing atomic electron affinities
and bond distances) indicate that 0 would be 2

eV more favorable than S, suggesting that only
0 should form low-lying radical states (of course,
charge redistribution from back donation makes
the net charge transferred less than one in each
case). Bonds to halogens could also be ionic;
however, this would lead to only one state, in
contrast to the two oxygen states.

The charge redistribution that occurs on bond-
ing of 0 implies that at higher coverage, neigh-
boring adsorbates would tend to withdraw charge
from any particular surface site. To model this
high-coverage situation, we used an Ni»' cluster
to which 0 was bonded. The radical state was
found to be insensitive to charge with ~i= —0.05
A, while the surface oxide ground state moves
much closer to the surface (~,= —0.29 A to A,
= 0.26 A. In these calculations all metal-atom
positions were held fixed. We expect that if the
metal-atom positions were relaxed this surface

oxide state would move closer to the surface,
perhaps penetrating the top layer. The qualitative
picture that emerges is one in which it should be
possible for oxygen to populate two distinct states.
The surface oxide state may be identified as a
precursor to formation of a bulk oxide, a state in
which the 0 atom ultimately enters the surface as
coverage increases. The oxygen radical state
should be more easily formed from initial disso-
ciation of 0, and should be highly reactive but
less sensitive to changes in the surface electron
density. The strength and character of the bond
found for this state indicates that a a bond might
form between it and an alkyl radical without great
energetic penalty. "

While the splitting between the two low-lying
oxygen states may be slightly different on the
bulk surface, the implications of these findings
on the current experimental picture of oxygen
chemisorption on Ni(100) are considerable. The
p(2x2) and c(2x2) HHELS spectra of Andersson'
each show a feature (at 53 and 39 meV, respec-
tively) that may be attributed to oxygen [a second
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low-energy feature in the p(2x 2) spectrum has
been shown to be due to phonons']. The corre
spondence between these two frequencies and our
calculated values" (55 meV for the radical and 38
meV for the ozide) suggests the following inter-
pretation: For p(2x2) most of the chemisorbed
oxygen is in the radical state, but at higher cover-
age the charge depletion due to other adsorbed
oxygen atoms facilitates conversion to the surface
oxide state so that for c(2x2) the surface oxide
state dominates. By comparison, peaks at 46 and
44 meV are observed' for p(2 x 2)-S and c(2 x 2)-S,
in agreement with our finding of a single state
with a frequency of 44 meV. Angle-integrated
photoemission may not be a good probe for the
two oxygen states since their ionization features
may overlap.

The two-state view of oxygen binding is also
supported by other experimental studies. LEED
studies have been interpreted in terms of oxygen
positioned 0.9 A above 4(001) sites for both P (2
x 2) and c(2 x 2) overlayers, " in excellent agree-
ment with our result of 0.88 A for the radical
state. However, in the BHEED work it was con-
cluded that the kinetics of the initial stages of
ozidation cannot be explained by a model in which
Oxide layers result from a "precipitation" of the
c(2 x 2) overlayer. The formation of nucleation
sites for oxidation was observed to become tem-
perature independent above a critical coverage,
leading to the conclusion that an equilibrium
exists between oxide and nonoxide forming nuclea-
tion sites and shifts towards the former with in-
creasing coverage. More recent x-ray photo-
emission spectroscopy (XPS) results' support
this finding and further conclude that the oxide
precursor is not identical to the species respon-
sible for the c(2 x 2) and p(2 x 2) LEED patterns.
de Bokx et al."found that a surface oxidized be-
yond the c(2 x 2) phase layer would revert to e(2
x 2) and yield water after admission of hydrogen.
As noted above, the radical species should be far
more reactive than the surface oxide species and
should be preferentially reduced by the hydrogen,
thus shifting the equilibrium in its direction, as
was observed.

The results presented here for sulfur and for
the surface oxide form are in qualitative agree-
ment with recent local-density studies that in-
clude surface periodicity. " Strictly speaking,
our results may be compared only at ~ where
similar splittings between a, and e levels are
found in both studies. Observation of the "radical"
state would require a spin-optimized local-densi-

1638

ty formalism along with some means of compar-
ing to'.al energies of the surface "oxide" and
"radical" forms. As noted above, comparing cal-
culated and observed UPS spectra is likely to
produce ambiguous results.

Since submission of this manuscript there have
been two reports providing support for our (@co-
state model of 0 chemisorption on Ni(100). Hah-
man, Black, and Mills' showed that coupling of
our parameters (for a rigid Ni lattice) with sur-
face phonon bands leads to a quantitative fit of
the full electron-energy-loss spectrum (EELS)
for both the p(2x 2) and c(2 x 2) structures if, and
only if, the radical state predominates for p(2x2)
and the surface oxide state predominates for c(2
x2). In addition, Fadley" has observed that the
angle- resolved photoemission for c (2 x 2) can be
understood only if the 0 is in or nearly in the Ni
surface In .addition, we have learned (i) that the
early LEED analysis for c(2x2)-0 was not car-
ried out for distances as small as 0.26 A,' and
(ii) that the fit for the LEED spectrum of c(2x 2)-
0 (assuming 0.9 A) is much poorer than for a'll

other chalcogenides. "
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