
PHYSICAL RKVIK% 8 VOLUME 17, N UMBER 4 15 FEBRUARY 1978

Electronic structure of c(2 X 2) oxygen cherstssorbed «n Ni(001)
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A detailed theoretical study of the ironic structure of an ordered c(2 X 2) oxygen overlayer adsorbed
on a Ni(001) surface is performed ~~g the layer-Korringa-Kohn-Rostoker multiple-scarring method.
Effects on the local density of states due to the extended nature of the substrate as well as adsorbate-
adsorbate interactions are discussed. Emphasis is placed upon the coherent role of Ni 4s and 3d states in
forming bonds with the oxygen 2p 1evels. The interaction with the 31 bands leads to a splitting of the p
levels into bonding states hkm and un611ed antibonding states above the d bands. These states extend
approxttttfgtely two layers deep into the substrate although in specif1c regions of the surface Brillouin zone
related to the bulk band structure, they may become um1siderably logpr ranged. Interferen(w with the Ni s-
p band broadens the oxygen-induced states up to 0.5 eV, the width depending on ofbital st))lfrletry and on
)tt. Both bonding and antibonding states are split apart due to the anisotropy of the crystal potential at the
surface. Their absolute as well as relative energies are shown to vary with ftt. The results are in qualitative
agreement with several spectaxeopic obstmations.

I. INTRODUCTION

One of the main goals of studying surfaces by
means of angle-resolved photoemission is to ob-
tain information on chemical bonds of adsorbed
species. ' Although measured spectra are not re-
lated to the electronic structure of adsorption sys-
tems in any direct manner, the understanding of
the ground-state electronic properties provides,
nevertheless, a useful basis for a theoretical in-
terpretation of spectral features. To achieve a
reasonably accurate description of adsorbate-in-
duced electron states, several methods are cur-
rently employed. ' In the so-called surface-mole-
cule' approach, the system is replaced by a rela-
tively small cluster of atoms containing the adatom
and several substrate atoms. By their very na-
ture, these models focus on the local aspects of
the bonding, thereby underestimating possible ef-
fects due to the extended character of the sub-
strate wave functions which participate in the bond.
In addition, measurements are usually performed
in the high-coverage region where ordered over-
layer structures are formed. The close spacing
between adsorbed atoms can also have observable
effects' on the surface electronic structure which
are not contained in a cluster approach. Two ob-
vious consequences of the extended nature of the
system are the finite width' of adsorbate-induced
states and the variation of their energies with k„.'
To include these types of long-range effects, var-
ious alternatives to the cluster scheme have been
developed which consider either a single adatom
or an entire adlayer on a finite or semi-infinite
slab of substrate layers. ' Self-consistency gen-
erally represents a crucial aspect of these studies,
in particular for quantities such as binding energy

or charge transfer. In the case of chemisorption
on transition metals, onLy one such calculation,
for N on Cu(001), has been performed to date. '

In the present paper, we discuss results ob-
tained for the local density of states of a c(2 x 2)
oxygen layer on the (001) face of a semi-infinite
nickel substrate. Since the density is not deter-
mined self-consistently, we make no attempt to
calculate the potential energy surface. Instead,
the aim of this work is to illustrate, for a rea-
sonable choice of the one-electron potential and
a known adsorption geometry, the character of the
adsorbate-induced states throughout the surface
Brillouin none (SBZ). Both local and extended as-
pects of the surface electronic structure are
pointed out. Also, the different roles of Ni 4s and
M bands in the bonding of the 0 2P states are dis-
cussed. %e show that the essential behavior of
the local density can be understood in relatively
simple physical terms. Although improvements
due to self-consistency will alter the detailed fea-
tures of our results, they should not affect the gen-
eral conclusions of this paper. The following pic-
ture emerges from our calculations:

(i) The presence of the oxygen layer leads to the
formation of two groups of levels, bonding states
below and unoccupied antibonding states above the
Ni d bands. ' This splitting is caused by the 0
2p-Ni 3d interaction. Both types of states are
predominantly of p character within the overlayer
and of d character in the first two or three sub-
strate planes. In certain parts of the SBZ related
to the Ni band structure, these states may, how-
ever, become rather long ranged. At energies
within the d band, the adatom density has only
very small featureless spectral weight.

(ii) The bonding, as well as antibonding, states
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are split, partly due to the direct coupling be-
tween oxygen levels and partly due to their inter-
ference with the Ni conduction bands. The splitting
differs at various points of the SBZ, i.e. , the energy
of the 2p resonances shows a dispersion with k„.

(iii} In contrast to the 0 2p-Ni M interaction,
the hybridization with the Ni s-P band broadens
the P levels up to about 0.5 eV. The peak width
depends strongly on k„and on the orbital symmetry.

These results are qualitatively consistent with
several experimental observations. Angle-inte-
grated ultraviolet photoemission spectra' (UPS)
and ion-neutralization spectra' (INS) for oxygen
on Ni(001) show an approximately 2-eV-wide ad-
sorbate-induced peak at about 5.5 eV below E~.
The calculations described in this paper suggest
that broadening, splitting, and dispersion of the
2p levels are important contributions to the ob-
served width. Furthermore, recent angle-re-
solved photoemission measurements'0 for c(2 x 2)
0 on Ni(001} indicate a splitting and dispersion of
the oxygen levels, in qualitative agreement with
our results. In this experiment, the individual 2P
components are identified by varying the polariza-
tion of the incident radiation. If unpolarized light
is used instead, "at least two of the P components
are excited simultaneously at any given emission
ang1.e. Since the p levels are energetically not re-
solvable due to their large intrinsic width, the re-
sulting 2-eV broad peak shows very little dis-
persion with k„." We also note that recent appear-
ance-potential spectra (APS) for oxygen on Ni in-
dicate" the existence of adsorbate-induced valence
states just above the Fermi energy similar to
those found in our calculations. This observation
is consistent with electron-energy-loss spectra
(EELS). These suggest" that, upon oxygen ad-
sorption, electronic excitations corresponding to
transitions between occupied and unfilled oxygen-
induced states take place. A quantitative com-
parison of our results with the available spectro-
scopic data cannot be made, of course, as this
would require consideration of the various excita-
tion processes.

Two analogous calculations of the electronic
structure of c(2 x 2) 0 on a thin Ni(001) slab have
been performed by Kasowski" and by Bullett and
Cohen. '~ Our results are comparable to these
studies only to a limited extent since they are not
aimed at the k„dependence of the local density of
states. In Sec. III we discuss some of these cal-
culations and also make contact to other related
chemisorption studies.

II. FORMAL PROCEDURE

We assume that the oxygen atoms are adsorbed
in the fourfold centered positions with a Ni-0

bond length of 1.98 A as found in low-electron-en-
ergy-diffraction (LEED) studies. " The geometry
is illustrated in Fig. 1. The self-consistent %'akoh
potential" is used for the Ni substrate up to the
surface plane. Since the Ni-0 bond is likely to be
relatively covalent, a neutral-atom Xo. potential
(+=0.744) is used for the oxygen overlayer Th. e
muffin-tin model is adopted with a constant of
-1,0 Ry in the interstitial region throughout sub-
strate and adsorbate. Using the same constant
in overlayer and bulk appears to be justified in
view of the small size of the oxygen atoms and the
short distance to the first Ni plane (see Fig. 1).
In the exterior, the potential is assumed to depend
only on the coordinate s normal to the surface.

Figure 2 shows the (a) two-dimensional unit
cells and (b) Brillouin zones of the clean Ni(001)
surface (solid lines) and of the oxygen overlayer
(dashed lines). The coordinates system is chosen
such that the x axis coincides with the crystallo-
graphic (110) direction. Because of the larger ad-
sorbate unit cell, k„points that differ by an over-
layer reciprocal-lattice vector are equivalent al-
though in the substrate SBZ they are not.

The technique of evaluating the bound states of
this system is based on the so-called complex
band-structure method" and has been employed
previously to determine photoemission spectra
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FIG. 2. Surface unit cells (a) and Brillouin zones (b)
for clean substrate (solid lines) and c(2x2) overlayer
(dashed lines). The shaded area indicates those %„
values at which the oxygen levels can hybridize with the
Ni s-p band. In the remaining parts of the Sag, they
form split-off states.
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FIG. 1. Adsorption geometry for c(2 x 2) overlayer
structure. The two Ni atoms are along the (100) axis.



ELECTRONIC STRUCTURE OF c(2 X 2) OXYGEN. . . I655

for a (1 x 1) oxygen layer on a Ni surface. " It is
equivalent to a scheme recently used by Ear and

Soven for the calculation of the field-emitted cur-
rent from an adsorbate covered substrate. "
Formally, three types of bound states of the met-
al-adsorbate system may be distinguished. At en-
ergies and k„points within the range of the sub-
strate conduction bands, the adsorbate levels are
able to hybridize with them unless the interaction
is forbidden on symmetry grounds. In the first
case, the bound states form, asymptotically, a
standing wave whose amplitude is strongly peaked
near the overlayer if the energy approaches the
adatom resonance. The second case is that of a
sharp adsorbate resonance whose wave function
falls off exponentially toward the interior. Final-
ly, below the conduction band or within band gaps,
there may exist split-off states that are also like
the sharp resonances, localized in the vicinity of
the surface. A state that hybridizes with the metal
bands is expressed inside the semi-infinite solid
as a superposition of a propagating Bloch wave in-
cident on the surface and a series of reflected
waves that propagate or decay toward the inter-
ior." All waves are characterized by the same
k„within the overlayer SBZ. The incident wave
is normalized such that it carries unit-normal
current. " The scattering properties of the ad-
sorbate are conveniently formulated in terms of
a transfer matrix which relates the two-dimen-
sional Fourier coefficients of a wave function and
of its normal derivative on one side of the plane
to those on the other. In the vacuum region, the
bound state is expressed as a superposition of
solutions to the z-dependent potential. In the case
of sharp resonances or split-off states, the state
in the interior consists only of evanescent waves.
The wave functions of these levels are normalized
to unity over the surface unit ceLL.~

According to the UPS' and INS' data, the oxygen
levels lie roughly in the range of the Ni s-P band
below the d bands. Thus at I', the conduction band
minimum lies below the 2p states. Going toward
X or M, however, the edge shifts rapidly to higher
energies until it lies above them. The shaded
area in Fig. 2(b) indicates approximately those k„
points at which it is energetically possible for the

P levels to hybridize with the Ni bands. In the re-
maining parts of the SBZ, they can exist only as
split-off states.

III. RESULTS AND DISCUSSION

A. k( =0

Figure 3 shows several partial wave projections
of the local density of states (integrated over the

muffin-tin sphere volume) at k„=0 as function of
energy, (a) at an oxygen site, (b)-(d) in the first
Ni plane, and (e) in the second. For clarity, only
two of the Ni d components are shown. The Ni s-p
band extends approximately from -12.5 to -8.5

eV, the Sd bands from -8 to about -4 eV. The
Fermi energy of paramagnetic Ni lies just below
the top of the d bands. The presence of the over-
layer induces five main featur es:

(i) The oxygen levels are split by about I eV into
two groups of states: a pair of bonding levels be-
low the Ni d band and a pair of unoccupied anti-
bonding levels, above the d band. At energies
within the range of the d band, the oxygen density
of states exhibits a rather weak spread -out weight.

(ii) Because of the anisotropy near the surface,
the bonding as well as antibonding levels are split
into a P,-derived state and doubly degenerate
P„,P„-derived states. As in the case of the (1 && 1)
adsorbate structure, "the P,-bonding level lies at
I' helms' the p„p„states.

(iii) The Ni d~ and d,„components are strongly
enhanced at energies near the p, levels, with the

d,& component having appreciable weight also in
the second Ni layer. At energies near the p„,p„
resonances, the Ni density has mainly d„„d„,
character (not shown here). While the bonding

p„,p„states extend about two layers into the sub-
strate, the antibonding p„,p„states decay more
slowly into the solid (to 1/e in the third layer) be-
cause of their small separation from the Ni d„„d„
bands. For the clean surface, the d density at the
energies near the oxygen levels is negligible
(dashed curves). This pronounced enhancement
indicates that a metal-adsorbate surface mole-
cule"' is formed with occupied valence states well
below E~ and unfilled states just above E~. Both
states have essentially p character on the oxygen
sites and d character within the Ni planes near the
surface. Oxygen-induced molecular orbitals of
similar character are also obtained in calcula-
tions performed for oxygen-nickel clusters. "
This picture is qualitatively consistent with 0 1s
appearance potential spectra for oxygen chemi-
sorbed on Ni which show" relatively narrow un-
filled states involving the oxygen atoms at about
2 eV above E~. Furthermore, EELS"'"for the
same system indicate that a transition of about
V eV exists from occupied to unoccupied nickel-oxy-
gen valence states. These spectra are shown in Figs.
4(c) and 4(d), respectively, together with (a) an-
gle-integrated UPS' and (b) INS data. The APS
data are of particular interest here since they can
clearly attribute the rather narrow feature above
the Ni d bands to chemisorbed oxygen in agree-
ment with our results. In contrast, the surface
oxide phase exhibits. "a much wider spectrum of
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FIG. 3. Various partial-wave projections of the local density of states at T', (a) at an overlayer site, (b)-(d) in the

first substrate plane, and {e) in the second layer. Energies are relative to the vacuum. In (b)-(e), the dashed lines
are for the clean surface, the solid lines for the adsorbate covered surface. Note the different scales.

empty states with considerable fine structure. In
collection to these observations, we also note that
recent photoemission data for c(2 x 2} 0 on Cu(001}
show" a small adatom-induced peak between the
top of the Cu d bands and E~. These results indi-
cate that metal-oxygen antibonding levels exist
similar to those for 0 on Ni, but that they are
partially filled as a result of the lower-lying Cu
d bands.

(iv) The p, -bonding level exhibits a width of
about 0.5 eV due to its hybridization with the Ni
s-p band. The 0 2p-Ni Sd interaction does not
contribute to this broadening as the oxygen in-
duced levels lie outside the range of the d bands.
The p, antibonding level is considerably narrower
as a result of the smaller Ni s-p density at the
higher energies. At the 1" point, the p„,p„states
remain sharp since their hybridization with the
s-p band is forbidden on symmetry grounds.

(v) Near the p, bonding level, the Ni 4s density
exhibits a pronounced resonance behavior. This

can be understood as follows. The clean-surface
s-p states may be represented essentially as
standing waves Cith a node near the solid-vacuum
interface. The effect of an overlayer potential on
these states is to modify their amplitude in the
vicinity of the surface and to introduce an energy-
dependent phase shift. This is illustrated in Fig.
5(a} which shows the s-wave density of states as
function of layer index at two energies, just be-
low and above the p, resonance. At the lower en-
ergy, the density has a maximum in the nickel-
oxygen bond region while at the upper energy, a
strong depletion occurs indicating the antibonding
character of the states. This interpretation agrees
with what one expects from the interaction of a
single level with a continuum of states each of
which leads to a small splitting. The result is
a broadened peak in which the bonding states ac-
cumulate in lower part and the antibonding states
in the upper part. Figure 5(b) shows the oxygen
induced phase shift g, of the Ni 4s states as a
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garding Fig. 3. The Ni 4s component (b) in the
surface layer is reduced near the p, bonding res-
onance, whereas at the antibonding resonance it
is enhanced. Similar behavior is obtained at finite
k„ indicating a small overall shift of s weight
toward higher energies above the M bands. The
d states are not shiNed. upwards, however, as
the d,~ components above -8.V and -4.8 eV might
suggest. These peak@ arise simply due to the
coupling to other substrate states via overlayer
reciprocal-lattice vectors. [The -8.V-eV peak is
related to k& at X in the bulk Brillouin zone (BZ).]
At general k„points, the aaygen-induced changes
in the d density tend to be very complicated with

range and magnitude of the perturbation depending
sensitively on energy as well as band symmetry.
Over the entire SBZ, a reduction of d weight in the
band region takes place near the first substrate
layer since some d states participate in the oxygen
bonding and antibonding levels. In the present
paper, we do not discuss these modifications with-
in the Ni d band any further and focus instead, in
Sec. IDB, on the behavior of the occupied oxygen-
induced states throughout the SBZ.

B. Finite k&

FIG. 4. {a) UpS data from a clean Ni film (dashed
line) and with oxygen adsorbed on it (solid line). (b)

INS transition state density from Ni(001) c{2x2) O.
(c) 0 lz APS data from oxygen adsorbed on a Ni fQm

(smooth background subtracted). (d) EELS from clean
Ni(001) (dashed) and Ni{001) c{2x2)0 {solid), primary
energy 27 eV Qef. 12).

function of energy. The width of the p, level in

Fig. 3(a) is directly proportional to the slope of

q, at the resonance energy [vertical dashed line
in Fig. S(b)]. Remarkably similar behavior has
recently been found by Gunnarsson et a/. '4 and

Muscat and Newns" in the case of hydrogen ad-
sorption on jellium. As the adatom approaches
the surface, the resonance level graduaQy loses
its atomic character and is increasingly lowered
as well as broadened. On moving the atom into

the substrate, the level becomes again sharper
until a bound state is split off below the bottom
of the conduction band. The comparison with Figs.
3(a) and 5(b) suggests that the oxygen p, level at
k„=0 forms, with respect to the Ni s-p band,
mainly an atomiclike x'esonance~' with some bond-

ing character. More strongly bound states can
occur, however, in the interior of the SBZ as will
be discussed further below.

Sevexal additional points should by made re-
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FIG. 5. (a) s-wave projection of local density of
states for clean surface (dashed lines) and overlayer
covered surface {solid lines). The dots represent cal-
culated values, the lines are schematic. (b) Oxygen-
induced g-wave phase shift near bonding p~ resonance.

The variation of the energies of the 2p levels
with k„may arise from two sources, the metal-
adsorbate coupling and the interaction between
adatoms. In order to analyze the relative signifi-
cance of these two contributions, it is useful to
determine first the effects of the direct interaction
between adatoms in the absence of the substrate.
This is illustrated in Fig. 6(a) which shows the
two-dimensional bands that result from the over-
lap of the atomic p functions for an isolated mono-
layer. ~ The oxygen atoms are arranged on a
square lattice with a unit cell cox'responding to



1658 ANSGAR LIEBSCH 17

7

-8

split-off state/resonance
——broadened p level

9

px =
py

y ~

~ q y& ~ ~

p2 x-p)

conduction bond
minimum

I I I I

k=k
I I

FIG. 6. (a) Tyro-dimensional energy bands of a free oxygen monolayer. The lattice constant corresponds to the
e.(2 x 2} geometry. (b) Dispersion for chemisorbed overlayer. The shaded area denotes the approximate halfwidth of
the hybridized levels.

the c(2 x 2) structure. The overall behavior is
similar to that of the (l x l) structure. " The band

width, however, is greatly reduced because of the
larger interatomic spacing. The qualitative be-
havior of the dispersion of the three p bands can
easily be understood in terms of a simple tight-
binding model.

Figure 6(b) shows the energy of the p states
along the same symmetry directions after adsorp-
tion of the monolayer onto the semi-infinite sub-
strate. The dashed line represents those levels
that are broadened due to the interference with
the s-p band. Plotted are the energies at which
the local density of states at an oxygen site
reaches a maximum. The shaded area indicates
the approximate halfwidth. The solid lines denote
the adsorbate levels that remain sharp, either as
split-off states below or as resonances above the
conduction band edge (dot-dashed line). Examples

of the latter type are the p„ level along I'M and
the p„=p„state along 1"X, respectively. Figure 7
illustrates in greater detail the dispersion and
broadening of the p levels for a series of k„points
along I'M. Indicated are the three p-wave pro-
jections of the local density at an oxygen site. The
arrows denote sharp resonances or split-off
states. The dot-dashed line represents again the
conduction-band minimum.

The dispersion of the p levels after adsorption
follows closely that of the isolated monolayer.
Several characteristic modifications, however,
can be noted:

(i) The levels are shifted downwards by about 2
to 3 eV depending on their symmetry and on k„.
The lowering has, in principle, two sources, (a)
the interaction with the Ni d electrons as indicated
by the formation of bonding and antibonding states,
and (b) the interaction with the s-p electrons
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which may be viewed as corresponding to an over-
all lowering of the potential near the oxygen atoms
in comparison to the free monolayer.

(ii) The comparison of Figs. 6(a) and 6(b) demon-
strates that the level broadening is entirely caused
by the adsorbate-substrate coupling. The direct
interaction between adatoms only leads to the
formation of discrete, two-dimensional bands.
The indirect interaction between oxygen atoms
via the Ni-substrate, on the other hand, influences
the broadening rather strongly. This is discussed
in more detail further below. Figure 6(b) shows
that the width differs greatly for the three levels
and depends sensitively on k„. The largest broad-

ening, about 0.5 eV, is obtained for the p, -de-
rived level at the 7 point.

(iii) In the case of the monolayer, the p, band
does not hybridize with the p„,p„bands. Due to
the lower symmetry of the metal-adsorbate sys-
tem, however, mixing of these states is allowed
which may cause deviations from the free mono-
layer dispersion. Along the X37 direction, for
example, this leads to a hybridization gap of about
0.25 eV between the p, and p„= -p„bands. Along
I'M and TX, strong mixing occurs between the

p, p„and p„p„=p„, respectively. A gap, on the
other hand, does not arise since these states are
broadened by the s-p band.

(iv) A striking departure from the monolayer
dispersion takes place as the states that are pre-
dominantly of p, and p„= -p„character cross the
conduction-band minimum. Both states are
strongly bent downwards below the edge, whereas
above the edge their weight is rapidly spread out
and shifted toward the p, resonance as clearly
seen in Fig. 7. In contrast, the other states enter
the s-p band without undergoing any such distor-
tion. As in the case of the above hybridization ef-
fect, this behavior indicates that the dispersion
is not entirely due to the intraoverlayer inter-
action, but that it is also related to the substrate
band structure.

To verify the basic correctness of this last fea-
ture, we have performed an elementary tight-
binding calculation for a simple cubic substrate
containing a single s band and a (1 x 1) overlayer
adsorbed in the centered position. As unperturbed
adsorbate states we take, at first, individual p
bands like those in Fig. 6(a). As Green's function
of the semi-infinite substrate, we use the expres-
sion derived by Kalkstein and Soven. ~' We include
only nearest-neighbor interactions between ad-
atoms and substrate atoms. Vfe find indeed that
the perturbation of the p„and p„=p„bands differs
qualitatively from that of the remaining bands.
Because of their symmetry, the latter retain their
cosine form regardless of the strength of the ad-
sorbate-substrate coupling. The former exhibit
below the band edge a characteristic lowering sim-
ilar to that in Fig. 6(b). Above the edge, they are
considerably broadened and also lowered except
for strong overlayer-substrate interactions which
lead to an upward bending. (Apparently, this latter
case approaches that of an effective two-layer
system. ) If all three levels are considered simul-
taneously, their dispersion above the edge is
dominated by their mutual hybridization. The low-
ering of the p„and p, = p„ levels corresponds evi-
dently to the formation of a bondinglike resonance
close to the conduction-band minimum. The be-
havior of the Ni s density in the surface region
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FIG. 8. s-wave projection of local density of states
near crossing of p„and conduction band edge (a) for
clean surface and P) for adsorbate-covered surface.
The dots represent calculated values; the lines are
schematic.

supports this interpretation as illustrated in Fig.
8. The s-wave projection at k„= (0.26, 0.0) (T'M

direction} is shown as function of layer index. The
p„resonance still lies within the band at this point
and the three energies are slightly above the bagd
minimum. For the clean surface (a), one obtains
standing waves whose wavelength becomes very
large near the edge. The presence of overlayer
(b) modifies these states in such a way that the
charge density reaches a maximum in the region
close to the overlayer. Approaching the edge,
these states take on a long-ranged exponential-
like character indicating the smooth transition
from essentially oscillating waves within the band
to decaying states outside the conduction band.
Thus, as the adsorbate-induced state is pushed
below the band minimum, its penetration depth
within the substrate becomes infinite. For larger
k„values, the degree of localization near the sur-
face increases rapidly and is proportional to the
inverse square root of the gap between the split-
off state and the band minimum. Near the crossing
point of p„resonance and band edge, the phase
shift of the Ni 4s states due to the adsorbate is
of the order of ~m, i.e. , the resonance is incom-
plete. ' Within the Newns-Anderson model, ' this
behavior is characteristic of a bondinglike reso-
nance" in contrast to the results obtained for the

p, level at k„=0, where the total shift is of the or-
der v [see Fig. 5(b)]. Thus, we are able to identi-
fy those regions of the SBZ in which weakly bound,

nearly atomiclike adatom resonances are formed
and those where the oxygen atoms interact more
strongly with the Ni s-p states. Because of the
nearly-free-electron shape of the s-p band, the
bondinglike resonances exist approximately along
a ring )k„( = const around 1 .

Comparing the results shown in Figs. 6 and 7
with those for the (1 x 1) overlayer structure, "
one notes that, apart from the smaller overall
splitting, the substrate-induced broadening of the
P levels is also diminished. At 1", for example,
the p, level has a halfwidth of about 0.5 eV. For
the (1 x 1) geometry, the corresponding value is
0.9 eV, even though the Ni-0 bond length as well
as the potentials are the same in both cases.
This difference is an indication of the substrate-
mediated jn4rect interaction between oxygen sites.
The presence of a chemisorbed atom modifies
the electronic structure at the substrate atoms
nearby. These changes, in turn, influence the
width of levels at other adsorbate sites. Analogous
differences, though on a smaller scale, can be
expected between the valence-electron distribu-
tions of the c(2 x 2) and p(2 x 2} structures. Such
effects due to the indirect adatom interaction
might be related to the observation that EELS
show rather distinct vibrational frequencies for
these two geometries, namely, 40 and 53 meV,
respectively. ' LEED data, on the other hand,
being mainly sensitive to the ion core potentials,
do not reveal any noticeable change. " A smaller
broadening for the oxygen levels for the p(2 x 2)
structure than for c(2 x 2} would imply a less ef-
fective overlap between adatom and metal states,
i.e., an increased potential barrier for vibra-
tions against the Ni surface. This, in turn, en-
hances the force constant for the p(2 x 2} geome-
try and, accordingly, the vibrational frequency,
in qualitative agreement with the observed spec-
tra."

It should be emphasized that the absolute ener-
gies of the p levels as well as their relative posi-
tions are sensitive to the choice of the one-elec-
tron potential. The use of the same muffin-tin
constant -1.0 Ry within overlayer and bulk, as
well as the rather small oxygen muffin-tin radius
(see Fig. 1), tend to overestimate the dispersion
of the 2p resonances. In the case of the free
monolayer, reasonable adjustments of these pa-
rameters were found to produce a decrease in the
overall width of the oxygen bands by roughly a
factor of 2. Choosing an exchange parameter
greater than o. = 0.744 also decreases the band-
width. " On the basis of our results, therefore,
a dispersion of the order of 0.5 eV would appear
to be realistic. Finally, there is some uncer-
tainty in the surface barrier potential which in-
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fluences the relative position of the p, and p„,p„
states. A self-consistent treatment is clearly re-
quired for a more quantitative determination of
the various absolute as well as relative level en-
ergies T. he dispersion of the 2p levels in Fig. 6(b)
suggests that the ordering of the oxygen reso-
nances does not remain the same throughout the
SBZ. At 1', the p, level lies belosv the doubly de-
generate p„,p„states while at M, it lies above
the doublet. It is not certain at present whether
this feature will be reproduced by an improved
potential. We have not investigated this point
further since the primary aim of this work is to
obtain a qualitative understanding of the nature of
the Ni-0 bonds.

Recently, Lapeyre et a/. "have performed an-
gle-resolved photoemission measurements for
c(2 x 2) 0 on Ni(001). Using polarized light at
8& = 26 eV, they were able to resolve two compo-
nents of the broad oxygen peak that is seen in angle
integrated spectra. At normal emission (k, ~

= 0), a
mixture of s-and p-polarized light shows a peak
near -6.0 eV below' E~ while pure s polarization
gives a peak at about -5.5 eV. Since normal emis-
sion from the p.-like level with s-polarized light
is forbidden as a consequence of selection rules,
the data imply that at T the energy of the p, state
lies helot the p„,p levels. At emission angles
corresponding to k„close to the M point in the
SBZ, a peak near -5.5 eV is observed for s-po-
larized light if the polarization vector lies within
the emission plane. The spectrum shows a fea-
ture at roughly -6.5 eV below E~ if the polariza-
tion vector is perpendicular to the emission plane.
Since a transition from the p, -like state is not
allowed for the latter configuration, the p, level
has to lie above the p„,p, doublet at N. These ex-
perimental results indicate that a dispersion of
the oxygen peaks with k„of the order of 0.5-1.0 eV
does in fact exist. Furthermore, the ordering of
the p levels at T' is opposite to that at the M point
as is also found in our calculations. While this
qualitative consistency between experimental and
theoretical results is encouraging, it should be
treated with some caution. The semilocalized
nature of the adsorbate-induced states suggests
that aspects not included in the present calcula-
tion may be important factors in the correct in-
terpretation of observed spectral features. " Ex-
perimental evidence for the existence of such ef-
fects is the fact that despite the high angular res-
olution (a2'), the individual P levels show a width
of nearly 2 eV." This is much greater than what
can be expected from our results as a consequence
of 0 2p-Ni 4s hybridization. In fact, the oxygen
levels exhibit this rather large width even at those
symmetry points at which the induced density be-

comes 5-function-like (e.g. , p„,p, at I', sse Fig.
'f). Evidently, lifetime, and/or phonon broadening
of these levels play an important role. It remains
to be investigated to what extent the dispersion
relation derived in the present work will be modified
if such phenomena are taken into consideration.

Using a localized-orbital scheme, Bullett and
Cohen" have recently determined the k„-integrated
local density of states for a c(2 x 2) oxygen mono-
layer on a slab of three Ni layers. They obtain an
approximately 1.5 eV wide adsorbate peak, with
the p, and p„,p„projections occuring at about the
same energy. Since the quoted width is presum-
ably the result of contributions from different
parts of the SBZ, these calculations would imply
that position and ordering of tpe p resonances
vary with k„. Also, antibonding states are found
above the Ni d bands in agreement with the results
described in the present paper. Kasowski" has
used the muffin-tin orbital method" to calculate
the bound states of a (1 x 1) oxygen layer on a five-
layer Ni film at the I' point. He obtains, below
the d bands, two oxygen derived levels which are
separated by 2 eV and whose ordering is the same
as that in our case (p, below p„,p„). On the other
hand, the energy of these states apparently does
not vary significantly with k„. This would imply
that the p, and p„,p„projections of the k„-inte-
grated density lie at rather different energies in
contrast to the results described in this paper and
those of Ref. 14. We have at the moment no ex-
planation for this discrepancy. Paulson and Bho-
din" have estimated the substrate-induced broad-
ening of the energy levels of a NiO molecule.
Within a tight-binding approximation of the in-
dented solid, they obtain, to second order in the
molecule-substrate hopping integral, a width of
about 0.001 Ry. This value appears to be rather
small in view of our results. A quantitative corn-
parison, however, between the c(2 x 2) structure
and the single adatom limit is difficult since the
broadening depends on the adsorbate coverage,
as we have pointed out above.

In summary, we have presented a detailed analy-
sis of the electronic structure of c(2 x 2) 0 on
Ni(001). Several effects on the local density of
states due to the extended nature of the substrate
and due to adsorbate-adsorbate interactions have
been discussed. These include the finite width of
the oxygen-induced levels and the variation of
their energies with k„. We have shown that the
qualitative behavior of the local density can be
interpreted using relatively simple physical argu-
ments and that its main features are consistent
with available spectroscopic observations. These
calculations should be improved by taking into ac-
count self-consistency requirements. Also, for
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a quantitative comparison with angle-resolved-
photoemission spectra, some consideration of the
excitation process appears necessary.
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