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Chemisorption of CO on Co(0001). Structure and electronic properties
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Angle-resolved photoemission with synchrotron radiation, low-energy electron diffrac-
tion, and x-ray photoelectron spectroscopy have been combined to study the behavior of
chemisorbed CO on the hexagonal Co(0001) surface as a function of coverage, temperature,
and CO partial pressure. The band structure was measured for the (V 3K&3)R30'(cover-
age 8= —, monolayer) and the (2~3X2v 3)R30' (8=—„monolayer) phases. The results

are compared to tight-binding calculations and show that hybridization effects for the 50.

and 1m bands and orbital mixing are important. The photoemission cross sections (shape
resonances) are found to be significantly different for the high- and low-temperature phases.

I. INTRODUCTION

The chemisorption of CO on the cubic (fcc and
bcc) group-VIII transition metals has been studied
extensively in the past. ' Much less work has been
done on the hexagonal metals Co (Refs. 2—4) and
Ru (Refs. 5 and 6), although they are known to be
some of the most efficient catalysts for the reduc-
tion of CO by hydrogen. In this and a paper
planned for future publication we report on a de-
tailed study of the interaction of CO molecules with
the (0001) surface of cobalt by combining the sur-
face techniques of low-energy electron diffraction
(LEED), angle resolved and integrated uv photo-
emission, and x-ray photoelectron spectroscopy
(XPS). Cobalt occupies a significant place in the
periodic system between the well-studied metals Fe
and Ni, on which CO adsorbs either dissociatively
(Fe) or molecularly (Ni) at room temperature.
Furthermore, the (0001) surface of cobalt is hexago-
nal close packed, just as the (111) surface of a fcc
structure. This allows a direct comparison to the
corresponding fcc transition-metal surfaces where a
number of structural phase transitions have been ob-
served upon compressing the CO layer with increas-
ing coverage. ' " ' ' In the present study we re-
port on the related changes in the photoemission in-
tensities and energies due to the lateral CO-CO in-
teraction for adsorption at room temperature and at
-170 K.

After a short description of the experimental pro-
cedure in the following section, we will discuss in
Sec. IIIA the adsorption in the well-defined room-

temperature phase and in III B we discuss the results
for the incommensurate low-temperature phase. In
Sec. IV we compare the experimental results to sim-

ple tight-binding calculations for an isolated, or-
dered CO layer. The Appendix contains data and
analysis for the shape resonance in the photoioniza-
tion cross section. A paper planned for future publi-
cation discusses the multielectron excitations in ad-
sorbed CO compared to gas-phase CO and Co car-
bonyls.

II. EXPERIMENTAL PROCEDURE

The angle-resolved photoemission experiments
were carried out at the Synchrotron Radiation
Center of the University of Wisconsin. The polar-
ized light from the storage ring was dispersed by a
toroidal grating monochromator and an angle-
resolved hemispherical energy analyzer with an an-
gular resolution of +2.5' was used for detection of
the photoemitted electrons. ' The overall energy
resolution was typically kept at -0.3 eV. The in-
coming photon flux was measured by a tungsten
mesh photodiode. The base pressure was kept below
2&10 ' Torr by using an ion pump and a liquid-
nitrogen-cooled Ti sublimator. The sample was
mounted on a two axis of rotation manipulator,
which allowed cooling down to —170 K and heating
to 700 K or higher. A similar sample mount was
used for the angle integrated (+6' collection angle)
uv- and x-ray photoemission experiments, which
were done on a VG ESCALAB 5, equipped with a
four-grid LEED optics, a uv-resonance lamp, and a
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twin Mg/Al anode. The latter system is pumped by
diffusion pumps and a Ti sublimator, with a base
pressure below 1&(10 ' Torr routinely obtained.
The crystal was obtained cut, polished, and oriented
to within 1' of the (0001) axis from the Cornell Ma-
terials Science Center in Ithaca, New York. Carbon
and oxygen were found to be the main contam-
inants. Initial cleaning of the crystal was accom-
plished by many cycles of Ar (or Ne) ion bombard-
ment and annealing at 350—400 C. Care was taken
to stay below the hcp-fcc phase transition at
-400'C.

It was found that oxygen adsorption at room tem-

perature and subsequent heating to (400'C is very
efficient in depleting the surface region of carbon,
which segregates from the bulk. Surface oxygen, on
the other hand, can be removed by heating in hydro-
gen or adsorbing CO at room temperature and sub-

sequent flashing to -250'C. After a prolonged
cleaning procedure it was sufficient to use a mild
sputtering followed by annealing at -350 C for
-20 min.

The cleanliness of the surfaces was monitored ei-
ther with XPS or judged from the intensity of the
A~-surface state" while doing the angle-resolved
photoemission experiments. It was found that this
surface state stayed unaffected for 1—2 h under our
vacuum conditions at room temperature, but is im-
mediately quenched by adsorption of CO or hydro-
gen. The in-plane orientation of the crystal was

determined in a first step by LEED, which showed a
well-ordered hexagonal pattern, and then more pre-
cisely by using angle-resolved photoemission.

III. EXPERIMENTAL RESULTS

A. Adsorption at room temperature

A saturation exposure of &10 L (1 L=1 lang-
muir=10 Torr sec) CO at room temperature pro-
duces a clear (v 3 X V 3)R30' LEED pattern on the
Co(0001) surface. This structure is observed on all
hexagonal transition-metal surfaces ' and has been
reported for Co before. ' The CO molecules form a
hexagonal overlayer with a coverage corresponding

1

to 8= —, tnonolayer (ML) and a nearest-neighbor

distance of 4.35 A as illustrated in Fig. 1(a). All the
molecules occupy the same lattice site, although the
site is not yet known for cobalt. Possible bonding
sites are the two threefold hollow sites as for Ni(111)
or Pd(111), but these are not always the energetically
most favorable places as the examples of Pt(111) and
Cu(111) show, where the on-top site seems to be pre-
ferred (see compilation in Ref. 12). Upon CO ad-
sorption at room temperature we observe a work
function increase of 0.75+0. 1 eV (clean work func-
tion: 5. 1+0.1 eV), which is slightly higher than the
value of +0.65 eV reported by Papp" for the max-
imum LEED intensity of the (V 3&(W3)R30' struc-
ture for adsorption at 100 K.

( J 3 x M3 ) R 30' OVERLAYER (2M3 x 245 ) R 30' OVERLAYER

Co ATOMS

~ CO MOLECULES
(b)

FIG. I. (a) Co(0001) surface (open circles) with a (~3X V 3)R 30' CO overlayer (solid circles), e= —MZ, . Note that

t uctu e fo th
'

om e surate (2~~+2~~)II30
8= —, ML. (The position of the coincidence lattice is again unknown. )
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Figure 2 shows photoemission spectra for the
room-temperature phase for three different collec-
tion geometries. Based on the known symmetry of
the molecular-ion states the orientation of the
molecular axis with respect to the surface can be
determined. ' The two adsorbate-induced peaks at
—10.7 and —7.9 eV in Fig. 2(a) are readily assigned
to the 4o and the almost degenerate 5o. and 1m. ion
states, just as observed in most other CO adsorption
studies. ' The bonding of CO to the transition metal
is the result of donation from the CO 5o level to the
substrate and a metal to CO back donation into the
empty CO2m orbital as discussed in the literature
(see references in Ref. I). In this simple picture the
bonding is mainly done by the 5o orbital, which has
most of its amplitude on the carbon atom and un-
dergoes a shift of -3 eV toward the lm. and 4o lev-
els due to the formation of the CO—substrate bond.

The orientation of the molecules can be obtained
by using symxnetry selection rules and the polarized
light of the synchrotron, as is illustrated in Figs. 2(b)
and 2(c). The light is set at normal incidence; the
polarization vector A therefore lies in the plane of
the surface and electrons are collected in a mirror
plane of the crystal with the A vector either parallel

CO /Co (0001 )

IOL at RT

hv =55eV

(a 6 =5o'I

8, =o'

zA

—10 -5 E =0
F

INITIAL- STATE ENERGY (eV )

FIG. 2. Typical spectra for saturation coverage at
room temperature (RT) for p-polarized light and normal
emission (a) and s-polarized light with the polarization
vector A parallel (b) or perpendicular (c) to the collection

plane, which was the 1 K mirror plane.

[Fig. 2(b)] or perpendicular [Fig. 2(c)] to the collec-
tion plane. These are usually referred to as the "al-
lowed" or "forbidden" geometries since a state with
even symmetry with respect to the collection plane
has a vanishing dipole matrix element for the for-
bidden geometry. ' The almost complete disappear-
ance of the 4o level in the forbidden geometry of
Fig. 2(c) proved that CO prefers to bond perpendic-
ular to the (0001) surface as it does on most other
transition metals studied so far. The incomplete
suppression of the 4o intensity in Fig. 2(c) can be
explained by the 'incomplete polarization of the
light, the finite angular resolution, an uncertainty
(+1.5') in the alignment of the crystal, and the pos-
sible presence of crystal defects, as well as a possible
thermal fluctuation of the bond angle. The peak at
—7.7+0.2 eV in Fig. 2(c) is due to the emission
from the odd m orbital plus a small contribution
from the incompletely suppressed So. orbital.

Further evidence for a perpendicular orientation
of the molecules comes from the observation of the
shape resonance in the 4o and So.-lm cross sections.
At resonance the emission is strongly peaked near
the molecular axis. In the present experiment this
peaking was observed along the surface normal, as

we will discuss later (see Appendix). Taking these
facts together we find that the CO molecules adsorb
molecularly on Co(0001) at room temperature with

the molecular axis along the surface normal with the
carbon end down. Essentially the same behavior
was found for adsorption at 170 K except for the
significant changes in the shape resonance, as dis-
cussed in the Appendix. No signs of dissociation
were observed for the (0001) surface under normal
conditions, in agreement with other findings.
Prior et al. ' and Papp, however, report dissocia-
tive adsorption above room temperature for the
higher indexed (1012) and (1120) surfaces. Extend-
ed LEED or ultraviolet photoelectron spectroscopy
(UPS) work at high CO pressures ( —1 X 10 ~ Torr)
showed in the present experiment a weak carbon and
oxygen buildup on the (0001) surface as well.

The interaction among the CO molecules in the
well-ordered (v 3)&~3)R30' room-temperature
phase is strong enough to form a two-dimensional
band structure for the overlayer. Such a band for-
mation has been observed before for CO adsorption
on Ni(100), ' Pd(100), ', Fe(110),'6 and Ir(111).'7

The band dispersion can be directly mapped out by
means of angle-resolved photoemission, where the
relation between the surface reciprocal wave vector

kII and the quantities measured in the experiment is

k~~=(2m, R e)'~ sin8

where 0 is the collection angle with respect to the
surface normal and kinetic energy e=hv —eb —P,
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with eb the binding energy and P the work function.
The results are summarized in Fig. 3 for the two
symmetry directions I M and I IC of the surface
Brillouin zone and have been reported before in a
short paper. ' Most of the data has been collected
with p-polarized light at an angle of incidence of
81 ——50' and for photon energies of 30—40 eV, where
the So contribution to the unresolved Scr-1m emis-
sion is dominant. The dispersion of the 4o. and 50.
bands behave qualitatively as expected. Bands de-
rived from 0. orbitals should have minima at I and
maxima at E or M while the behavior of the 0-
derived bands is reversed. A simple analysis of this
dispersion behavior will be given in Sec. IV. Along
the I E direction the dispersion flattens out at large

kll since we follow the line EM E in the second sur-
face Brillouin zone. Along the 1 M I direction the
40. dispersion is periodic about the M point return-
ing to the value of I in the second zone. This is not
clear for the 5o-ln dispersion where at large collec-
tion angles (i.e., large kll) the emission from the ln.

orbitals becomes more important, " as we can see
from the increase in the linewidth. This results in a
slight upwards shift of the combined 5o-lvr peak p.o-
sition and explains the observed deviation from the
expected behavior as we penetrate the second zone
(along I M I ). Some data points ( X 's) for the odd
1m band obtained in the forbidden geometry are
shown as well in F'g' 3 o

II
along EM%. Ex-

tending the measurements to larger values for kII
(i.e., higher photon energies) would, in principle, al-
low one to map the odd m. band in the third zone
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FIG. 3. Measured 4cr(O), Sa.-lm.(), and odd 1w(X)
dispersion for the iv 3XV 3}R30' structure. The extend-

ed surface Brillouin zone and the observed LEED pattern
are shown as insets.

and hence to obtain the missing dispersion around
r.

The overall bandwidth in the saturated room-
temperature phase is 0.15+0.OS eV for the 4' band
and 0.35+0.05 eV for the 50. and l~ bands, as can
be seen from Fig. 3. A word of caution is appropri-
ate here about the determination of the molecular
level sequence ' for a system with band formation.
The orbital sequence can be a strong function of kll,
as is evident from Fig. 3. Further care is appropri-
ate if there is a tendency for island formation at low
coverage, as in the present case (see Sec. Ill B).

Thermal desorption spectra for the room-
temperature phase show a single desorption peak at
—160'C, in agreement with the picture of a single
type of adsorption site. Adsorbing more CO than
necessary to produce a (V 3 X v 3)R 30' structure at
room temperature does not cause a change in the
LEED pattern, in agreement with Bridge et al. At
a standing CO pressure of pco~5)&10 Torr,
however, the overlayer spots were observed to be-
come diffuse and started to split. This indicates the
onset of the formation of a new overlayer structure,
which Bridge et al. tentatively assigned to a
(V7Xv 7)R19.2' structure with e= —, ML. At the
same time the thermal desorption spectrum shows a
shoulder on the low temperature side of the main
peak. Both these observations indicate a compres-
sion of the commensurate room-temperature phase
to a denser packed phase, but a detailed understand-
ing of the thermal desorption spectrum for this
phase must include the effects of the structural re-
laxation in the compressed CO layer during the
desorption process.

In the "angle-integrated" photoemission experi-
ments we observe a -0.1 eV shift for the 0. levels to
higher binding energy and a work-function increase
of -0.2 eV at room temperature if the CO pressure
is held at 1)&10 Torr. The compressed phase con-
verts immediately back to the stable (v 3X v 3)R30'
structure whenever the CO is pumped out of the
chamber. This is in agreement with the measured
heat of adsorption, which drops by -25% as the

1

coverage is increased above 6= —, ML. Of course it
is very likely that further phase transitions can be
found at different places in the I'-T phase diagram
for CO/Co(0001).

Upon cooling the substrate some of the
compressed phases can be obtained as stable phases
even at zero CO partial pressure for most of the hex-

agonal transition-metal surfaces. The size of the
substrate lattice spacing thereby plays a crucial role
in deciding which overlayer structures are possible.
The CO-CO repulsion sets a lower limit for the
nearest-neighbor distarice, which seems to be of the
order of -3.3 A. '8
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FIG. 4. Dispersion of the 4cr, and 5o and lm bands for
the (2V3X2V 3)R 30' overlayer. The probed direction in

the surface Brillouin zone {solid lines) and the observed
LEED pattern are shown as insets.

B. Adsorption at low temperatures {—170 K)

At low coverage ( —1 L) a sharp (V3X v'3)R30'
LEED pattern is observed as the first ordered low-
temperature phase. With increasing CO exposure
this pattern becomes weak and diffuse and suddenly
develops into a sharp (2V 3 X2V 3)R 30' structure, as
first reported by Papp for adsorption at 100 K.
This is the only observed ordered high-
coverage —low-temperature phase. In the present
study we did find the same structure for saturation
coverage at a higher temperature of 170 K. The
LEED pattern (see inset in Fig. 4) is very similar to
the one reported by Comrie and Weinberg "for the
saturated Ir(111) surface at 250 K and the one ob-
served by Williams and Weinberg for Ru(0001) at
110 K. In the latter case this was not yet the sa-
turated low-temperature phase due to the larger
lattice spacing (a=2.70 A) for Ru compared to
(a =2.51 A} Co (Ir: a =2.71 A). Assuming a per-
fect hexagonal array of molecules, the nearest-
neighbor distance for the 2v'3 structure turns out to

0 7
be 3.29 A for Co and the coverage 8= » ML. The
resulting incommensurate overlayer structure is
schematically shown in Fig. 1(b). Interestingly
enough the same 2V 3 structure has not been found
for the Ni(111) surface, where the substrate lattice
spacing is smaller by only 0.8% compared to Co.
saturated Ni(111} surface shows a ( V 7/2
XV 7/2)R19. 1' overlayer at 200 K and a corre-
sponding coverage of 8= —, ML, which is only 2%
less than for the 2v3 structure. ' " No denser
structures could be observed on Co, not even with a

standing CO pressure of 1X 10 Torr at 170 K. At
10 ' Torr the LEED pattern disappeared within
-30 sec under the influence of the electron beam,
but came back at a standing CO pressure of
y1&10 Torr. No signs of dissociation were ob-

served for a short exposure of the overlayer to the
electron beam, indicating that desorption rather
than dissociation takes place. After an extended
operation time at high CO pressure, however, it was

no longer possible to get the 2v'3 structure and a
(v 7/3X V7/3)R10. 9' LEED pattern was observed

instead, corresponding to 6= —, ML. At the same

time the XPS showed an increase in the C 1s signal,
indicating the blocking of certain sites by carbon
atoms.

The photoemission data for the low-temperature
phase were collected at 170 K and saturation cover-

age. The directions probed in k~~ space are I M I
and I E M K of the Brillouin zone of the clean sur-

face. The primitive unit cell of the
(2V3 X2v'3)R30' structure is rotated by 10.9' with

respect to the primitive unit cell of the clean surface
(the nonprimitive 2V 3 unit cell with 7 molecules per
cell described the coincidence lattice of adsorbate
and substrate). This means that we actually probe
the CO overlayer along two perpendicular directions
in kI~ space, rotated by 10.9' from the main symme-

try directions I M and I"KM of the isolated CO
layer, as is shown in the inset of Fig. 4. Two
domains are possible for this structure. '

Figure 5 shows a set of photoemission spectra for
the low-temperature phase for various photon ener-

gies and polar angles of collection and illustrates the
dispersion of the 4o., 5o., and 1n bands. The data
were again collected with p-polarized light in the
photon-energy range where the 50. emission is
strongest (see Appendix). The contribution from the
1m band can be seen as a pronounced shoulder in

certain geometries in Fig. 5. The measured disper-
sion is summarized in Fig. 4. From the comparison
of Figs. 3 and 4 it is obvious that the denser packing
of the CO in the low-temperature phase results in an
increase of the width of all bands. The nearest-

neighbor distance decreases from 4.35 A at room
temperature to 3.29 A for the 2V 3 structure, result-

ing in an increase in the 4o. bandwidth from 0.15 to
0.48+0.05 eV. Qualitatively the same observation is
made for the 5o band (increase from 0.3 to 0.8 eV),
although hybridization effects with the 1m bands are
quite important, as we will discuss later.

In Fig. 4 the bands are observed to turn around at
a larger k~~ than for the (V3XV 3)R30'structure, in

agreement with the reduced lattice spacing in real
space. The expected zone-boundary crossings for
the 2V 3 structure are shown in Fig. 4 by the vertical
lines and agree with the data within the experimen-
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0 overla er at 170 K (k is along line a in Fig. 4).FIG. 5. Spectra illustrating the dispersion found for a saturated C over aye
II

tal uncertainties. The dispersion is not symmetric
about these zone boundaries since we penetrate the
second surface Brillouin zone along nonsymmetric
lines (see inset of Fig. 4).

Mapping out the dispersion of the m bands is in
general quite difficult and we will only discuss here
their behavior at I, the center of the surface Bri-
louin zone. For normal emission (k~~ =0) transitions
from all orbitals are symmetry allowed for @-

polarized light. The emission from the o. orbitals,
however, can be significantly suppressed by going to
low photon energies (hv&25 eV), where the cross
section is small relative to the 1m, and/or by using
s-polarized light, since the o intensity scales with
the square of the electric field component 3, perpen-
dicular to the surface (see Refs. 1, 19 and 20). This
allows us to estimate and separate the contribution
from the 5o. orbital to the overlapping 5cr and 1m

peaks, as is illustrated in Figs. 6 and 7.
Figure 6 shows spectra taken in normal emission

as a function of exposure at 170 K for nearly nor-

mally incident light (almost s polarized). For low

exposures (&2 L) only the 5cr lvr peak can-be
resolved clearly at —7.5+0. 1 eV. The 4o. emission
is rather weak in this geometry and at this photon
energy. y. B analyzing the normal emission data over
the photon-energy range hv=25 —40 eV, we can
identify the 1m. level at I at —7.25+0.3 eV and the
5o. and 4o. orbitals at —7.9+0.1 eV and
—10.75+0.05 eV, respectively. The latter values
are within the given uncertainty identical to those
for the saturated room-temperature phase. Below 2
L no coverage dependence of the peak positions an

O1j

v =31eV

T = 170K

o L, 6, =50.

OL, 8, =15'

I—
(/)

LL1

Z'.

5L

2L

—io Er 0

0.5L

LEAN

INITIAL- STATE ENERGY (eV)

FIG. 6. Coverage dependence for CO adsorption at
170 K. These spectra are for normal emission with the
parallel component of A in the I E direction of the clean
surface.

only an exposure-dependent intensity increase are
observed. This indicates the growth of islands of
(v 3X~3)R30' structure, in agreement with the
LEED observations. Increasing the exposure to a
total of 5 L results in a splitting of the 5o.-l~ peak
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(in normal emission) as seen in Fig. 6. The 4o. and
50. levels at I are lowered in energy while the 1m.

level is pushed up toward the Fermi level. Further
CO exposure does not influence the peak positions
and increases the intensity of the CO features by
only a few percent. Angle-integrated measurements
at low temperatures with a CO partial pressure of
1X10 Torr did not show any changes, indicating
that this phase cannot be compressed any further.
The room-temperature phase, on the other hand, can
be compressed, as mentioned above. This agrees
with our observation that the HeI spectra at room
temperature and a high CO pressure resemble those
of the saturated low-temperature phase and are
characterized by a lm-derived shoulder at the low-
binding-energy side of the 5o.-lm. peak for nearly
normal collection.

Spectra for the saturated low-temperature phase
at I have been measured for light incident at
01 ——15', 20', and 50' and the observed strong angu-
lar dependence of the u emission is illustrated at the
top of Fig. 7. This angular dependence can be es-
timated and we can subtract out the 50. contribu-
tion to the spectra taken at 81——15'. The remaining
m contribution is shown in Fig. 7 by the shaded area.
In the saturated low-temperature phase we find the
m bands at I centered at 6.6+0.3 eV binding energy.

hv= 25eV

2L

p hv = 25eV

EF =0

INITIAL STATE ENERGY (eV)

FIG. 7. Tentative separation of the 5o and 1m emission
at the center I of the surface Brillouin zone. The 1m con-
tribution is shown as the shaded area for both the
(V3XV 3)R30' (2 L) and the (2V3X2V 3)R30' (10 L)
overlayers.

The unusual line shape indicates split ~ bands at I .
This splitting of the m bands is rather surprising,
since in an isolated hexagonal CO layer the two m.

bands must be degenerate at I due to the high sym-
metry (C6„) of this point. The observed splitting,
therefore, means that in the low-temperature phase
the relevant symmetry is lowered (lower than C3„)
and the degeneracy of the vr bands at I removed.
This could be due either solely to a lowering of the
symmetry by including the incommensurate sub-
strate or to a possible structural deformation of the
overlayer under the stress introduced by the incom-
mensurate substrate. At best only one out of seven
CO molecules occupies a high-symmetry lattice site
for a perfect hexagonal array in the 2v 3 struc-
ture. ' ' Most of the molecules, however, are very
close to a symmetric site (within -5—10% of their
nearest-neighbor distance) and it might be energeti-
cally favorable to slightly distort the overlayer lat-
tice toward these sites, without changing the
(2v 3&(2U 3)R30' coincidence lattice. Pritchard ( '

did show by optical-simulation techniques that such
small distortions are difficult to distinguish by
LEED. The effect on the band dispersion in the
present experiment would be to smear out the loca-
tion of the zone boundaries and it seems reasonable
to assume that, due to their relatively large spatial
extent, the m orbitals are most sensitive to these
short-range distortions. We will discuss these points
in some more detail in the following section and
only mention here t,hat it certainly goes beyond the
present experiment to deduce a model for a possible
distorted local structure. Table I summarizes the
binding energies and bandwidths observed for the
two different ordered phases of CO on Co(0001).
We will compare this experimental data to theoreti-
cal calculations in Sec. IV.

To conclude this section we briefly discuss the
strong changes observed for the metal d bands upon
CO adsorption as is evident from Figs. 6 and 8. The
surface electronic structure at I of clean Co is
characterized by an sp-like surface state at 0.3 eV
binding energy. " Owing to its b,

&
symmetry (At in

fcc notation"), this surface state is seen only with
p-polarized light and its emission is strongest at low
photon energies. Adsorption of CO or hydrogen
quenches this state as is evident from Fig. 8. Tran-
sitions from bulk states are also significantly affect-
ed by CO adsorption. This is shown in Fig. 6, where
the emission from the surface state is suppressed by
the almost complete s polarization of the light and
the high photon energy. " The overall d-band inten-
sity decreases upon CO adsorption and the higher-
binding-energy peak at —0.7+0. 1 eV, which
represents transitions from the 46 minority-spin
band, " disappears almost completely. Two effects
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may contribute to this behavior: First, the bonding
of CO to the metal changes the character of the sub-
strate wave functions in the surface region and
hence the photoemission matrix element, and
second, the presence of the overlayer creates an extra
scattering source for the outgoing final-state wave
function at the metal-vacuum interface. The latter
effect might be particularly important for an incom-
mensurate overlayer, as the comparison of the room-
and low-temperature spectra in Fig. 8 (or the spectra
for ~2 L exposure in Fig. 6) indicates. Hence care
must be taken not to assign such effects to metal-
CO backdonation, for which we did not find any
clear evidence throughout the experiment.

IV. TIGHT-BINDING LINEAR COMBINATION
OF MOLECULAR ORBITALS (LCMO)

CALCULATIONS OF DISPERSION

In order to achieve a qualitative understanding of
the experimental results presented in Sec. III we
have carried out tight-binding calculations, ' assum-
ing only nearest-neighbor interactions with ab ini-
tio wave functions and semiempirical CNDO-type
(where CNDO means complete neglect of differen-
tial overlap) wave functions to determine the inter-
m.olecular interaction parameters. The matrix ele-
ments of the Hamiltonian H can be written as

—4 -2 E e0
F

INITIAL STATE {eV)

FIG. 8. Modification of the d-band emission at I for a
commensurate or incommensurate CO overlayer and after
chemisorption of H2.
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H(q(K)=N ge' ' "A J(n),

=ESj . (3)

The proportionality factor is represented by the ma-
trix (K&„), where p and v are the indices of atomic
orbitals that have been used to describe the molecu-
lar wave functions as a linear combination of atomic
orbitals (LCAO} function. For each type of atomic
orbital, i.e., s, p, or d functions, a K„„has to be
determined. The simplest choice is to take the ma-
trix element from textbooks on semiempirical calcu-
lations where these values are tabulated. We have
chosen the values used in the CNDO method, where
the values of K&„do not depend on the atomic ex-
pansion coefficients of the molecular-orbital wave
functions. Another way to determine interaction
matrix elements is to do a self-consistent Hartree-
Fock calculation for a pair of CO molecules and
look for the orbital splitting of equivalent orbitals.
This procedure has the pronounced disadvantage
that the interaction matrix elements have to be
determined separately by self-consistent-field (SCF)
calculations for each separation of the molecules
and for different molecular-orbital expansions. The
results of both types of calculations are summarized
in Table II for the two nearest-neighbor CO dis-
tances found in the (v 3Xv 3) and (2v 3X2V3)
structures, namely 4.35 and 3.29 A. The results for

where

A; (n}=(g;(r—Rn) ~H ~QJ(r})

using the molecular-orbital wave functions P(r) of
CO as basis functions. The matrix 8 determines the
position of the molecules in real space, with
n = ( n ~, n q ) being the two-dimensional Miller in-
dices. Since we are only interested in the dispersion
of the CO bands we have chosen to set the matrix
elements A,J(n ) to be proportional to the overlap be-
tween the basis functions 1(t;( r ) and pz ( r ) centered
at different positions in real space:

(g;(r —Rn) ~H
~

QJ(r))=K(f;(r Rn)
~

P—J(r))

the interaction matrix elements are rather similar
for the two procedures, which reflects the small in-
fluence of self-consistency due to the lack of charge
rearrangement upon interaction of two CO mole-
cules. This result justifies the use of the simpler ap-
proach based on the semiempirical formulas. A
closer inspection of Table II reveals some interesting
results, which are schematically illustrated in Fig. 9.
The two components of the 1m orbital are no longer
degenerate for two interacting CO molecules. One
part establishes a ~-type interaction, the other part a
o.-type interaction, of which the latter is by far the
larger one [Fig. 9(a)]. The magnitude of the inter-0
interactions (4cr 4o or 50--5o) is intermediate be-

tween the two interaction channels of the 1~ orbi-
tals. The 50. interaction [Fig. 9(c)] is a factor of 2.5
larger than the 4o interaction. This is due to the
composition of the molecular orbitals in terms of
atomic orbitals. The 40. consists of about 60% oxy-
gen atomic orbitals which are more contracted
(higher Z} than the carbon orbitals, which make up
almost 80% of the 5rr molecular orbital of free car-
bon monoxide. Finally, we have to consider the in-
teraction between m and o orbitals indicated in Fig.
9(b). It is already clear from the schematic drawing
that the o-m interaction is at least as large as the
5o.-5o interaction. In fact, the calculations indicate
that it is larger by 10% (see Table II). We will see
that this 0-~ hybridization interaction becomes im-
portant in order to properly describe the dispersion
of a CO layer bound to a transition-metal surface.

Figure 10(a) presents the results for the
(2v 3X2~3) structure assuming a free CO layer.
We have used the experimentally known ionization
potentials of free CO as orbital energies of the iso-
lated molecule. The bandwidths are 1.6 eV for 50.,
0.62 eV for 4o., and 2.1 eV for the 1m derived bands.
For the corresponding (v 3XW3) structure with a
CO-CO spacing of 4.35 A we find 0.4 eV for 5o, 0.1

eV for 40, and 0.5 eV for the 1nderived ba. nds. The
important result is that the calculated bandwidths
are smaller than the separations of ionization poten-
tials in the isolated molecule. Therefore, although
there is a O.-m. overlap in real space, the energy

TABLE II. Interaction parameters for band-structure calculations (SCF-HF stands for
self-consistent-field Hartree-Fock).

Overlap,
type

3.29,
S,q

3.29,
ESJ

3.29,
~SCF-HF

4.35,
~SCF-HF

(4~ ~4~&
(5o

i
Se)

(1~~1~&.
(1~(1~).
(t~[s~)

3.23x10 '
8.61 x 10
2.28 x10-'

—16.71x 10-'
—7.88 x 10-'

0.34X 10-'
0.87 x 10-'
0.14x 10-'

-1.78 x 10-'
—0.79x 10-'

0.068 eV
0.179 eV
0.049 eV

—0.329 eV
0.199 eV

0.004 eV 0.07 eV 0.002 eV
0.008 eV 0.21 eV 0.005 eV
0.001 eV 0.04 eV 0.001 eV
0.012 eV 0.36 eV 0.008 eV
0.009 eV
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FIG. 9. Three-dimensional orbital plots for two CO molecules (dc o. 1.15 A) at an intermolecular separation of 3.29 A.
The plotted lobes enclose 99% of the electrons. Positive lobes are plotted as solid lines, negative lobes as broken lines. The
orbital wave functions have been generated using the CNDO formalism: (a) o-type interaction between 1m orbitals, (b)
50.-1m hybridization interactions, (c) Scr-5' interaction, (d) 4cr-4' interaction. The schematic orbitals in the center of the
figure show an end-on view of the molecular-orbital plots.

separation between the two band systems is too large
to significantly influence the dispersion of the bands
of an isolated layer of CO molecules.

Before we consider the changes in the CO band
structure introduced by the substrate we will briefly
discuss the qualitative behavior of the band disper-
sion shown in Fig. 10(a). The wave functions for

this system are two-dimensional Bloch functions so
that the wave function at a lattice site specified by
the real lattice vector R

&
is related to the wave func-

tion at another site R2 by

g„(R,)=exp[ik (R, —R,)]f„(R,),
where exp[ik (R, —Rz)] gives the phase difference
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FIG. 10.. Calculated electron energy bands for a hexagonal overlayer of free CO molecules. (a) Experimental ionization

potentials of the three outer levels of free CO are used to determine the noninteracting CO energy levels (see right-hand
side). (b) Same as (a) with the 50. ionization potential shifted 0.5 eV below the 1m. ionization potential. The 5o.-lm hybridi-
zation is neglected. (c) Same as (b) with the 50.-1m hybridization interaction turned on. The arrows mark the free CO ioni-
zation potentials in each figure.

between the two sites for a state specified by the
wave vector k. We can easily illustrate the qualita-
tive features of the dispersion by plotting schemati-
cally the real parts of the tight-binding wave func-

tions in real space for values of k corresponding to
high-symmetry points in reciprocal space. Figure
11(a) shows the real- and reciprocal-space unit cells
for the hexagonal structure being considered. The
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FIG. 11. Schematic representation of wave functions (real part) for a hexagonal CO overlayer: (a) real and reciprocal
lattices of hexagonal structure, (b) real part of wave functions for 0. and m states at various values of k. The arrows indi-
cate the direction of k.

real and reciprocal lattices have two mirror planes,
one along the line I M I (reciprocal space) and the
other along the line 1"EME. These two mirror
planes are shown by the dashed lines on the recipro-
cal lattice. The wave functions along these lines will

be even (a') or odd (a").
Figure 11(b) illustrates phases of a cr and the two

m states at four different values of k. The two left-
hand-side columns are for the I"~M mirror plane
while the three right-handed columns are for the
I EM mirror plane. At 1 (k=0) all of the wave
functions at the different lattice sites are in phase.
This results in a strongly bonding configuration for
the cr state (top row), but an antibonding configura-
tion for both m states because the individual a func-
tions change sign about the molecular axis. The ~
functions have been chosen in columns 1 and 5 so
that one is even and one odd with respect to the
specific mirror planes. It is easy to see from the pic-
tures in column 1 that the odd and even m states are
degenerate at I . Therefore, at I we have a strongly

bonding o band and a degenerate antibonding w

band.
In the I to M mirror plane k increases from zero

at I to m /(a cos30') at the zone boundary (M). The
second column shows the wave functions at M
where the arrow indicates the direction of k. All
rows of atoms perpendicular to k have the same
phase but each row has a phase change of m. . The
result for the o. states is that each atom is surround-
ed by four atoms of opposite phase (antibonding)
and two bonding atoms. The o. bands, therefore,
disperse upward from I to M. In contrast the even
m state is strongly bonding since each lobe of the
molecular m orbitals sees only bonding nearest
neighbors. The even m band disperses downward
from I to M with the largest difference that will be
seen in the m bands. The odd ~ state at M is just
slightly more bonding than the ~ state at I since the
overlap of the lobes in a line perpendicular to k is
antibonding but the overlap between these lines of
atoms is bonding. Thus we have explained the qual-
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itative features of the dispersion in the I to M direc-
tion shown in Fig. 10(a).

In the I KM direction the wave-function pictures
are slightly more complicated because I K is not an
integral multiple of the rom spacing in this direc-
tion. The rows of lattice sites perpendicular to the
I K direction are separated by a/2. Therefore, we
have shown the phase of the wave functions at
k=0.75kl x=m/a and at 1.5kr ~

——2m. /a. 1.5k 1 x
is the M point in the extended-zone scheme.
Column 5 shows (again) the phases of the o and a
wave functions at I . We have now used a different
representation of the m functions so that one is even
and the other odd with respect to this mirror plane.
At k =0.75kpg each row of lattice sites perpendicu-
lar to k is out of phase with the adjacent row by vr/2
so that the amplitude of the phase is + 1, 0, —1, 0,
+ 1, etc. The sites with zero phase are shown as

dots. The 0. state at 0.75k&& is antibonding with

approximately the same energy as the 0. band at M.
The even m. band becomes bonding with two
nearest-neighbor sites being in phase while the odd m.

state is basically nonbonding with respect to
nearest-neighbor overlap. At k =1.5kf=z the o. state
is at approximately the same energy as at
k =0.75k&+. At both values of k there is an excess

of two antibonding nearest neighbors. The even n.

band becomes more antibonding at k =1.5k&~. No-

tice that the wave functions of the ~ bands at
k =1.5k&x are the same as at k =kM (column 2) if
you rotate the picture by 30' and change the symme-

try. The symmetry is different because the I M mir-
ror plane is different from the I"KM mirror plane.
Again this simple picture predicts the correct band

topology. The o. band disperses upwards from I to
K with the energy at k=0.75k&+ approximately

equal to the energy at k=1.5k&&. The ~ band

disperses downward as k goes from I to K. At
k =0.75k& ~ the even band is more bonding than the
odd band, but at k = 1.5k&+ the odd band is strong-

ly bonding while the even ~ band becomes more an-
tibonding.

The two-dimensional band structure for an isolat-
ed CO layer in Fig. 10(a) is not expected to repro-
duce many of the features seen experimentally in the
CO/Co system, because the CO is not bonded to a
substrate in this model. The bonding of the CO to
the cobalt substrate will change the wave functions
and consequently induce shifts in the energy-level
scheme. As explained in the Introduction the CO
bonds to the metal primarily through the CO 50. lev-
el causing this energy level to drop in energy with
respect to the other CO valence levels. We made a
first-order attempt to calculate the effect of the sub-
strate bond upon the CO band structure by using

CO gas-phase wave functions with the 50. ionization
potential shifted relative to the 1~ and 40. ionization
potentials to correspond to the energy separations
observed on the surface. ' Figure 10(b) shows the
calculated band structure of Fig. 10(a) with the 50
energy shifted to lie 0.5 eV below the 1~ level. In
this figure there is no o-~ interaction included.

Figure 10(b) shows that the 5e and lm bands will

overlap in energy for CO on the surface due to the
relative drop in the 5o. ionization potential caused
by the bonding to the substrate. The 0.-~ interaction
will cause the bands with the same symmetry to
mix, thereby producing hybridization gaps. The
only symmetry element along the lines in Fig. 10 in
the two-dimensional Brillouin zone is a mirror plane
so that bands are either odd (a") or even (a') [see
Fig. 10(b)]. Consider as an example the 1 to K
direction. The even (a') 5cr band disperses upward
from I toward K crossing the odd and even m

bands, which disperse downward from I . The even
o. and ~ bands will hybridize forming a gap in the
even bands. Figure 10(c) shows the resulting band
structure calculated with the 0.-m interaction turned
on. The even o. and m bands also cross in the I to
M and M to K directions.

The even bands in the 1~-50. region are now no
longer pure ~ or 0.. For example, the bottom even
band going from 1 I to E3 in Fig. 10(c) is a band
with mixed o.-~ character. At I

&
it is pure o and at

K3 it is pure ~, but in between I and K this band
has a continuously changing orbital character. This
band mixing makes it impossible to uniquely define
a vr or 0. bandwidth. The data listed in Table I for
the experimental and theoretical bandwidth is 1

~
to

K3 for the 50 band and I 6 to K3 for the 1 m. band.
The reason that this definition of the bandwidth has
been used is that the doubly degenerate K3 point is
easy to determine experimentally. Adopting this
definition of the bandwidths gives an accurate
description of the ~ band because the I 6 and K3
points are pure ~ in character. In contrast, this defi-
nition always underestimates the 0.-character band-
width because the K& point lies above the K3 point
and is pure 0. in character.

Figures 12 and &3 shorn a comparison of the
theoretical calculations and experimental data for
the two CO lattices observed experimentally. The
overall agreement is surprisingly good considering
the simplicity of the calculation. In particular, the
changes in the bandwidths between the two struc-
tures are remarkably well reproduced. The 4o band-
width increases from 0.15 to 0.48 eV experimentally
in going from the low-coverage (v 3 && ~3)R 30'
structure to the higher coverage (2W3&&2W3)R 30',
compared to 0.1—0.6 eV theoretically. The calculat-
ed 1m bandwidth from I to K changes from 0.4 to
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1.6 eV while the experimental data shows a change
from 0.35 to 1.1 eV. Likewise, the experimental and
theoretical So bandwidths for the two structures are
in good agreement. The last column of Table I lists
the ratio of the 50. and 1m. bandwidths compared to
the 4o. bandwidths. The theoretical and experimen-
tal ratios for the high-density CO layer agree very
well. There is a larger disagreement for the low-
coverage phase but the relative experimental errors
are large for the small dispersion seen in this case.
Note that the dispersion calculations for the high-
coverage phase (Fig. 13) were made along lines a and
b in Fig. 4 to match the experimental data.

We have not included in our calculations any
change in the CO wave functions caused by the
presence of the Co surface. The simplest way to in-
corporate these effects into our calculational scheme
is to do a cluster calculation for a linear transition-
metal CO cluster, then "cut off" the CO from the
metal and renormalize the CO wave functions. This
procedure leads to some interesting qualitative
changes in the relative bandwidths of the 4o- and
So.-derived bands. When the CO molecule bonds to
the transition metal the 40. and the 50. CO orbitals
mix. That is, the 40. level acquires more diffuse car-
bon character, while the 5o. admixes more contract-
ed oxygen character. A consequence of this mixing
is that for a given CO-CO spacing in the hexagonal
overlayer the 4o bandwidth increases while the 50.
bandwidth decreases. Therefore, the band dispersion
calculated with metal-CO wave functions would not
agree as well with the measured bands as it does
with the calculation based on free CO wave func-
tions. This fact should not be interpreted as imply-
ing that there is no mixing of the gas-phase 4o and
5o levels upon bonding of CO to a transition metal.
Instead it illustrates the simplicity of our calcula-
tional scheme. The intensity of the So. shape reso-
nance in adsorbed CO compared to the 4cr intensity,
as well as the sign of the work-function change, in-
dicate that there is 4o.-So. mixing in the adsorbed
CO (Ref. 25) (also see Appendix).

Another aspect of the experimental spectra that
we wish to discuss in this section is the splitting of
the m bands at I that is suggested by the broad
feature observed in Fig. 7. Although, as mentioned
above, the bands are degenerate at I in an isolated
CO layer the bands may split due to the incommen-
surability of the overlayer with the Co substrate in
the high-coverage phase. This reduces the global
symmetry such that the symmetry is less than C3,
even at I . For the commensurate (v 3X~3) struc-
ture on the substrate the symmetry at I reduces
from C6„ in the isolated layer to C3„. All other syrn-
metry points have reduced symmetry. For example,
E no longer has a threefold axis so that the levels

can split at this point even in the commensurate
layer. The observed splitting at I is rather large,
1.1+0.3 eV. In order to check whether this magni-
tude is compatible with theoretical predictions we
have carried out a calculation ' of the simplest
imaginable bridge-bonded site, namely two neutral
metal atoms set apart by the bulk nearest-neighbor
distance and bridged by a CO molecule with its axis
perpendicular to the metal-metal separation. Now
the two m levels split due to the fact that one m. com-
ponent can form a O.-type interaction with the two
metal atoms, while the other component can only in-
teract through the m channel. For computational
convenience available wave functions for Ni-
substrate atoms were used. The calculated split-
ting is 1.9 eV, which should represent an upper limit
to the observable value due to the chosen geometry.
Rosen et a/. have calculated the splitting in the m

levels for a bridge-bonded (Ni)&CO system in a self-
consistent Hartree-Fock-Slater calculational scheme.
Their calculated splitting was only 0.8 eV.

Finally, we should discuss briefly the shift in
binding energy between the two phases of CO. Con-
sider the example the 4o level of the low- and high-
coverage phases. The weighted average (over the
bandwidth) of the 40 binding energy referenced to
the vacuum level is 16.5 and 16.9 eV for the low-
and high-density CO layers, respectively. We have
used the measured work function to determine these
binding energies. The high-density phase has ap-
proximately 0.4 eV higher binding energy than the
low-density phase, presumably because of the reduc-
tion in the metal screening due to the weaker cou-
pling between the CO and the metal. A detailed
analysis of these binding energies would have to in-
clude the changes in the intralayer screening as well.

V. CONCLUSIONS

We have measured the two-dimensional energy-
band dispersion for two hexagonal overlayers of CO
on the Co(0001) surface. The CO lattice spacing
changed from 4.35 A in the low-coverage commens-
urate (v 3X~3)R30' structure to 3.29 A in the
high-coverage (2v 3 X2v 3)R 30' incommensurate
structure. The CO bandwidths increase by approxi-
mately a factor of 3 as the density increases 7S%.
The magnitude and shape of the measured disper-
sion as a function of CO-CO spacing can be ex-
plained in a semiquantitative fashion by a tight-
binding calculation utilizing gas-phase CO wave
functions if the 50. ionization potential is artificially
shifted to account for the bonding shift induced by
coordination of the CO to a transition metal. The
shifted 5o. level forms a band which hybridizes with
the 1m. bands. This hybridization is important to
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C
0
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CO

—0.0483
+ 0.0483

NiCO

+ 0.0862
—0.0986
—0.0124
+ 0.0124

+ 0.1345
—0.1469
—0.0124
+ 0.0124

Laboratory of the University of Pennsylvania under
the National Science Foundation Grant No. DMR-
79-23647. H.J.F. would like to acknowledge the
support of the Deutsche Forschungemeinschaft.

FIG. 14. Comparison of experimental 40. bandwidths
vs CO nearest-neighbor distance for various CO chem-
isorption systems. The dashed lines indicate corrections
based on the different geometries of the Ni and Fe sys-
tems (fewer nearest neighbors than the other hexagonal
overlayers). The bandwidths are plotted on a log scale.

understand the dispersion and photoemission prop-
erties of ordered CO on a surface.

The implication of the data and theory is that the
band dispersion is primarily a consequence of direct
CO-CO interactions and not due to indirect interac-
tions through the substrate. Figure 14 shows a com-
pilation of the measured 4o bandwidths for ordered
CO layers on various substrates as a function of the
CO-CO spacing. The dashed lines show a first-
order (tight-binding) correction of the c(2X2)
square CO structure on Ni(100) and the p(1)&2)-
Fe(110) structure to correspond to an equivalent
hexagonal structure. All of the other structures
are either quasihexagonal or real hexagonal over-
layers. The data points, especially for the true hex-
agonal overlayers (Ir and Co), follow an exponential
dependence on the nearest-neighbor distance with a
decay length of —1.3 A. This strongly supports the
conclusion that the 4o. dispersion is caused by direct
CO-CO overlap. The only direct experimental ob-
servation which depended upon the coordination
geometry of the overlayer with respect to the sub-
strate was the splitting of the degenerate lm level at
I in the incommensurate structure.
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APPENDIX: SHAPE RESONANCES

Figure 15 shows plots of the photoionization cross
sections for the 4o and 5o.-l~ levels as a function of
photon energy for the low- and high-coverage
phases of CO on Co(0001). It is known theoretical-
ly and experimentally' ' ' that the energy
dependence of the cross section of these levels in the
free molecule is dominated by a molecular shape res-
onance. Allyn et al. have shown that this feature
persists when the molecule is adsorbed onto a sur-
face and Loubriel and Plummer have demonstrat-
ed that the resonance exists in transition-metal car-
bonyl complexes, This resonance has o symme-
try ' and has been used to identify the symmetry
of ion states. ' The resonance emission for the exci-
tation from the 4o level is directed out of the oxy-
gen end of the molecule and has been used to deter-
mine that CO is bound carbon end down to the sur-
face. Calculations for the free CO molecule indicate
that the resonance emission from the 5o level should
be primarily out of the carbon end.

The cross section versus photon energy for all CO
adsorption systems except CO on Cu(111) (Refs. 1

and 38) shows a stronger resonance in the combined
5o.-1~ peak than in the 4o. peak, which contradicts
the predictions for gas-phase CO. This increased
resonance emission is not likely to result from 1m.

emission since the 1m does not couple to the
resonant state for free CO (Ref 36) and th. e ln level
is not significantly perturbed by bonding to the sub-
strate. It is also easy to rule out backscattering from
the substrate because the resonance is basically the
same for the commensurate and incommensurate
structures (Fig. 15). The unresolved question is why
the resonant emission from the 5o level is so intense
in normal emission for chemisorbed CO.

The data in Fig. 15 have been normalized to the
coverage as determined from the LEED patterns, so
the intensity scale is proportional to differential
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FIG. 15. Angle-resolved photoionization cross sections from the 40 and 5o-1m. levels of CO/Co(0001).

cross sections per molecule. The maximum intensi-

ty in the 40 resonance goes from —14 at room tem-
perature to —18 at low temperature. This -25%
change is probably not significant because the two
sets of data were accumulated several days apart and
factors such as movement in the synchrotron beam
orbit or changes in the multiplier gain could produce
this small change. For example, there are two sets
of data shown in the room-temperature 40 reso-
nance plot showing up to 25%%uo variation in calibra-
tion. In contrast, the emission from the 5o.-lm level

goes from a maximum of 29 at room temperature to
-90 at low temperature, a threefold increase in the
normal emission. This implies that the 50. resonant
emission out of the oxygen end of each CO molecule
has increased by 200% in the high-coverage struc-

ture compared to the low-coverage structure.
Loubriel and Plummer have proposed a simple

picture of the resonant emission which qualitatively
explains the increased 5o resonant emission out of
the oxygen end of the molecule. Briefly, these au-
thors determine the overlap between the dominant
radial part of the resonant wave function, namely an

f wave with 1=3 and m =0 and the initial state,
e.g., a 40 or So. orbital. The plot of this overlap as a
function of electron position makes it possible to
determine which spatial regions of the initial state
contribute to the resonance excitation. Since the
amplitude of the resonance is determined by the di-
pole matrix element

(A1)
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with Pf and g; the final and initial states, a strong
signal is expected if the overlap plot exhibits a large
dipole moment. Loubriel and Plummer clearly
showed that most of the overlap occurs in the oxy-
gen side for the 4cr initial state with only small con-
tributions on the carbon side. On the other hand,
the 50. has about as much overlap on the carbon as
on oxygen and therefore exhibits no strong dipole
moment. Upon adsorption the Scr wave functions
and final state will change. Therefore, the resonance
behavior of the 50. level drastically changes when
CO is bound to a transition-metal atom. Following
these lines of thought we are able to qualitatively es-
timate what happens.

Upon adsorption the So. orbital is shifted towards
the 1~ orbital with respect to free CO because of the
interaction with metal orbitals. This stabilization of
the 50. orbital decreases the 40.-50. energy separation
considerably. The consequence is a remixing of the
4o. and 5o orbitals (or better, of all o orbitals) of
bound CO. This leads to a redistribution of elec-
trons on CO toward the oxygen. In other words, the
occupied orbitals gain more oxygen character, which
is a "more natural" electron distribution than in free
CO where the electron distribution is such that the
carbon is negative and the oxygen is positive. The
electron redistribution introduces more oxygen char-
acter also in the So. orbital and hence leads to more
oxygen character in the above-discussed overlaps.
At the same time this induces a strong dipole mo-
ment into this overlap distribution allowing for a
large shape resonance intensity.

In order to substantiate the qualitative analysis on
charge distributions we have carried out self-
consistent-field molecular-orbital (SCF-MO) calcu-
lations on a linear metal-CO cluster, namely Ni-CO.
We employ a semiempirical CNDO Hamiltonian
that has been fit to reproduce Hartree-Fock (ab ini
tio) results on molecules. We augment the results by
means of a configurational interaction treatment in-
cluding the 2400 lowest-lying single and double ex-
cited configurations. ' The charge densities calcu-
lated using this method for free CO and Ni-CO on
the one-particle and CI level are given in Table III.
The calculated charge distribution is consistent with
the experimentally determined increase in the work

function for CO on transition metals. This explana-
tion of the change in the resonance intensities offers
the advantage that one can discuss the shape reso-
nance intensities observed for various substrates as a
function of molecule-substrate interactions. ' As an
example, the So. resonance for CO/Cu(111) is very
weak, which is probably due to the much weaker
CO—metal bond. At the same time, the work func-
tion decreases instead of increasing upon CO ad-
sorption. The charge distribution on adsorbed CO
clearly is a function of several parameters, one of
which is the bonding site. As far as the bonding site
is concerned a bridge bond usually leads to stronger
charge separation on the CO unit compared with
linear bonding, with the oxygen carrying the nega-
tive charge. This, also, could lead —in line with
the above arguments —to a resonance enhancement.

Another parameter that may be important is in-
termolecular interactions. It is known that inter-
molecular interactions strongly influence the in-
frared intensities and frequencies of adsorbed
species due to dipole-dipole coupling. Pfniir et al.
have demonstrated for the (V 3 && V 3) and
(2~3 &(2V 3) phases of CO on Ru(0001) that a shift
of approximately 60 cm ' is connected with the
phase transition. This type of effect should influ-
ence the relative intensities of the 4o and 5o. shape
resonances.

In conclusion, the main mechanisms leading to
the increased So. resonant emission in the room-
temperature phase compared to free CO is due to
mixing of o. states upon adsorption. The simplest
application of this model would predict that the 4o.
emission would decrease as the 50. emission in-
creases. A comparison of the room- and low-
temperature phases in Fig. 15 show that this does
not happen; in fact, the 4o. emission is basically
unaffected while the 5o. emission changes by a fac-
tor of 3. A detailed analysis of the wave functions is
necessary for a quantitative comparison. Alterna-
tively, the large increase in the 50. resonant emission
in the low-temperature phase versus room-
temperature phase might be caused by multiple met-
al bonding with a reduction in symmetry of the
bonding site, as is already suggested by the observa-
tion of the split lm. level at I .
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