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Interaction of O,, CO and CO, with Co films
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Metastable impact electron spectroscopy (MIES), ultraviolet photoelectron spectroscopy (UPS(Hel)) and
x-ray photoelectron spectroscopy (XPS) were applied to study the interaction of O,, CO and CO, with Co
films at room temperature. The films were produced on Si(100) surfaces under the in situ control of MIES,
UPS and scanning tunnelling microscopy (STM). For O,, dissociative adsorption takes place initially and
then incorporation of oxygen starts at exposures of ~5 L. Comparison of the MIES and UPS spectra with

those published for CoO shows that near-stoichiometric CoO films can be obtained by co-deposition of
Co and O,. The CO is adsorbed molecularly up to a maximum coverage of ~0.6 monolayer, with the C-end
pointing towards the surface. The CO, adsorption is dissociative, resulting in the formation of Co-CO
bonds at the surface. The resulting oxygen atoms are mostly incorporated into the Co layer. For all studied
molecules the interaction with Co is similar to that with Ni. Copyright © 2005 John Wiley & Sons, Ltd.
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INTRODUCTION

The properties of Co films and particles and their interaction
with ambient gases and vapours are of practical and
fundamental interest. In the following, a few examples are
mentioned:

Coisanimportant element in new high-temperature solid
oxide fuel cells (SOFC)! and consequently its reaction with
gas molecules from the ambient atmosphere is of practical
concern.

Permanent magnets play a key role in technology and
industry, ranging from the generation and distribution
of electrical power to communication devices and the
processing of information.? The magnetic anisotropy energy
(MAE) is the key variable that describes the tendency of
the magnetization to align along specific spatial directions.
With respect to bulk solids, surface-supported nanoparticles
offer additional degrees of freedom to tune the MAE by
modification of the particle size, shape and coupling with the
substrate. Among the 3d ferromagnetic elements hexagonal
close-packed Co possesses a large MAE, particularly in the
Co/Pt system, owing to the strong spin-orbit coupling of the
Pt 5d states. Again, the stability of the magnetic nanoparticles
against environmental gases and their influence on the MAE
is of obvious interest.

The structure and stability of Co nanoparticles for fer-
rofluidic applications is a recent focus of interest. Here, the
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stability of such nanoparticles against the ambient atmo-
sphere or fluidic environments during their production
requires detailed knowledge of the Co particle-molecule
interaction.?

The interaction of O, with Co single-crystal surfaces and
films has been the subject of a number of studies whereby a
variety of surface analytical tools were applied.*~* Although
it is generally agreed that oxidation is preceded by dissocia-
tive oxygen chemisorption, details of the oxidation process
appear to be not well understood. Cobalt oxide films on
different substrates (Ag(100), Au(111) and Au(100)) were
investigated with UPS, STM and scanning tunnelling spec-
troscopy (STS).”~!! The structures seen in the photoelectron
spectra appear to be poorly understood and so far can not be
related to the density of states obtained from first-principle
calculations.?

A few studies exist on the interaction of CO with Co
surfaces'®~1¢ but the mechanism that leads to adsorption at
room temperature is not understood; it is not even clear
under which surface conditions molecular adsorption takes
place. It was claimed that dissociative adsorption takes place
at Co nanoparticles whereas it is non-dissociative at films.'>

Although the interaction of CO, with Ni is well
studied,”!® only little attention has been paid to the study
of the interaction of CO, with Co.™

The aim of the present work is a systematic study of the
interaction of Co with O,, CO and CO, at room temperature
by combining MIES and UPS(Hel) with XPS and STM. Owing
to its inherent surface sensitivity, MIES is ideally suited
for the investigation of gas—surface interactions.’®* With
the exception of Ref. 8 no MIES data are available for the
interaction of O,, CO or CO, with Co. Emphasis is put on
comparison of the present results with the corresponding
results available for interaction with Ni.

Copyright © 2005 John Wiley & Sons, Ltd.
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EXPERIMENTAL

The apparatus was described in detail previously.? Briefly,
it is equipped with a hemispherical analyser (VSW HA
100) in combination with He*/Hel and a source for XPS
providing either A1 K, or Mg K,,. Metastable impact electron
spectroscopy (MIES) and UPS are performed by applying
a cold-cathode discharge adapted to the ultrahigh vacuum
chamber via a two-stage pumping system. A time-of-flight
technique is integrated to separate electrons emitted by
He* (MIES) and Hel (UPS). The MIES and UPS spectra
are recorded with a resolution of 250 meV under normal
emission within 100 s. The angle of incidence for the mixed
He*/Hel beam is 45°. X-ray photoelectron spectroscopy
is performed using a commercial x-ray source (Specs
RQ20/38C). The photons hit the surface under an angle of 80°
to the surface normal. Emitted electrons are analysed under
10° with respect to the surface normal, with a spectrometer
resolution of 1.2 eV. The base pressure of the apparatus is
2 x 107! mbar.

Metastable He* atoms with thermal energy (~85% of
them in the 23S state) can interact via three different
mechanisms depending on the electronic structure of the
surface and its work function (for details see Refs 19 and 20).
In the present work only Auger neutralization (AN) and
Auger de-excitation (AD) are observed. For metals with
work functions of >3.5 eV, the first step in the interaction
is the resonant transfer of the 2s electrons into unoccupied
metal surface states. Subsequently, the remaining He* is
neutralized by AN: hereby a surface electron fills the He 1s
vacancy, thus emitting a second surface electron carrying
the excess energy. The AN-induced MIES spectrum is a self-
convolution of the surface density of states (SDOS). For metal
surfaces with work functions of <3.5 eV or for wide-bandgap
insulators, as with MgO for example, the interaction takes
place via AD: a surface electron fills the He 1s vacancy,
thus emitting the He 2s electron with excess energy; AD-
type MIES spectra essentially image the SDOS. The situation
is more delicate when molecular adsorption onto metals is
studied. Often, a transition from AN (on clean metals) to AD
takes place as a function of the adsorbate coverage because
either an insulating surface is formed or transfer of the He 2s
electron into the metal, which is the prerequisite for the AN
process, becomes inhibited.

Co films were produced by evaporating Co bulk material
with a commercial evaporator (Omicron EFM3) at a flux
of ~0.65 ML min'; they were deposited on clean Si(100)
targets at room temperature. The Si targets were cleaned by
flashing to 1100 °C for several seconds. The absence of oxygen
and other possible contaminants was verified by MIES, UPS
and XPS.

The same techniques were utilized to monitor the quality
of the Co films. The Hel spectra (see bottom spectra in
Figs 2, 4 and 5) are very similar to Co(1120),* Co(0001)° and
Co/Si(111);"® in particular, they show no signs of emission
from the Si substrate. Typical film thicknesses employed in
this work are of the order of 1.4 nm, as estimated by XPS from
attenuation of the Si 2s/Si 2p peaks during Co exposure.
In addition, the film topology was studied by applying
tunnelling microscopy. Figure 1 shows STM images of the

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 1. Scanning tunnelling microscopy images of the Co
film prepared on Si(100): (a) 500 x 500 nm?, BIAS voltage 1V,
feedback current 0.5 nA; (b) 3.28 x 3.28 nm?, BIAS voltage
0.1V, feedback current 1.5 nA.

Co film produced in this manner. As already concluded from
the UPS data, the surface is completely covered by Co, which
can be seen from a typical image with of size 500 x 500 nm*
(Fig. 1(a)). Part of the layer consists of Co particles (see top
area). Other regions are covered by a flat Co layer displaying
the geometry of Co(0001) (see Fig. 1(b) for identification of
the Co(0001) unit cell).

Cobalt oxide films were produced by Co evaporation
at a rate of ~0.1 ML min"' in an oxygen partial pressure
of 5x 1077 mbar at a sample temperature of 370K; the
conditions are similar to those employed for the production
of CoO films on Au(111).!° Subsequently, the sample was
heated at 5 x 1077 mbar at 370 K for 5 min without further
Co supply. Even at oxygen saturation the contributions from
metallic Co are still visible in the UPS spectra. Taking the
finite depth resolution of UPS into account we estimate that
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the CoO layer possesses a thickness of <3 ML. Also on
Ni(100) surfaces the formation of oxide layers appears to be
limited to a thickness of ~3 ML at room temperature.?

Neither the Si(100) sample nor the ultrathin adlayers
cause any charge-up problem, therefore, the surface work
function and the work function changes (AWF) could be
determined from the low-energy onset of the MIES or the
Hel spectra with an accuracy of +0.1eV. All spectra are
displayed as a function of the electron binding energy with
respect to the Fermi level, Er, which is determined by the
high-energy cut-off obtained on metallic samples in UPS and
MIES.

RESULTS

Oxygen interaction with Co films
Figure 2 shows the MIES and UPS(Hel) spectra collected
during the interaction of O, at room temperature with a Co
film produced in the manner described above. The bottom
spectra are for clean Co. The UPS(Hel) spectra are dominated
by a strong emission at and below E that is due to ionization
of Co 3d states of metallic Co. The MIES spectra in contrast
are less structured because the interaction between He* and
the Co surface is apparently dominated by AN, as shown by
comparison with the MIES spectra from Ni(100).1% Both the
MIES and UPS results are very similar to the corresponding
results obtained from Ni(100) surfaces.?? With increasing
oxygen exposure both UPS and MIES display structures that
are related to the beginning of oxidation of the Co film. In
Fig. 2 we have indicated the energy positions of features
A-E: A, 19eV; B,37eV; C,5.0eV; D, 6.8eV; E, 11.3eV.
Similar structures are seen at these positions in the UPS
spectra for Co interacting with O,°~!! (our notation follows
this work) for LaCoO32* and for NiO.!??? The surface appears
to be saturated at an exposure of ~500 L. Even for >10°L
UPS still displays intensity at Eg. The origin of the shoulder
(seen between Er and Eg = 1 eV) will be discussed below.
In order to relate the structure developing during the O,
exposure, we compare the MIES and UPS spectra for O,/Co
with those from a CoO film produced on Si(100) as described
in the Experimental (Fig. 3). The positions A-E introduced
in connection with Fig. 2 are also displayed. Our UPS spectra
for CoO agree well with those for CoO(100),% CoO films on
Au(111)° and CoO films on Au(001).!! The energy positions
of the UPS structures seen for CoO agree well with those
seen for NiO, and are very close to A-E. Structures occur
also in the MIES spectra at similar energies but only a weak
shoulder appears in the region of A and B. The structure
found in the region of C and D is considerably narrower in
MIES. On the other hand, feature E, which is weak in UPS,
appears rather pronounced in MIES. Similar behaviour was
found for LaCoO;%* and NiO surfaces.? If AN were to take
place at the CoO surface, pronounced structures in the MIES
spectrum, such as seen in Fig. 3, would not be expected. This
forbids attributing the differences seen between MIES and
UPS to the occurrence of the AN process. As was done for
LaCo0;,2* we attribute the MIES spectrum for CoO to the
AD process. Later an attempt will be made to relate the MIES
and UPS spectra and to come to an interpretation of features
A-E.

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 2. The MIES (a) and UPS (b) spectra during interaction
of Oy with Co films. The meaning of A-E and Co 3d is
explained in the text. Oxygen was introduced at a constant rate
between any of two adjacent exposure values; accordingly, the
exposure rate increases from the bottom to the top.

Weak emission is seen in the UPS spectrum in Fig. 3
between Er and Eg = 1eV; in Fig.2(b) a comparatively
strong shoulder shows up in the same region. Angle-
resolved UPS spectra on 10 ML CoO, grown on Au(111)
in an oxygen atmosphere,'® do not show this emission.
Moreover, soft XPS was applied to thin Ni films deposited on
SrTiO;(100), interacting with oxygen.? Before the complete
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Figure 3. The MIES and UPS spectra of a CoO film produced
by Co-0, co-deposition. The meaning of A—E and Co 3d is
explained in the text.

transformation of the originally metallic Ni overlayer into
NiO as a function of oxygen exposure at room temperature
has taken place, emission is seen between Er and Eg = 1€V,
which is attributed to emission from Ni 3d states.”® For the
thin Ni films employed in Ref. 25 the Ni 3d-induced emission
reappears after annealing the NiO film to 850 K. The results
of Refs 10 and 25 suggest that the weak emission seen in
Fig. 3 between Er and Eg = 1 eV and the shoulder seen in
the same region in Fig. 2(b) are caused by contributions from
metallic-like Co 3d states originating from subsurface Co
atoms.

Interaction of CO with Co films

Figure 4 shows MIES and UPS spectra for the interaction
of CO with a Co film produced as described earlier. The
bottom spectra are for clean Co. Already at an exposure of 2
L strong changes occur in the MIES spectra. Two structures
develop at Eg = 7.8 and 11.1 eV. These peaks are, as in
the case of Ni, attributed to ionization of the CO 1x/50
and 40 molecular orbitals.?*® Although the peak positions
are very similar in MIES and UPS, their intensity ratio is
quite different. The fact that the MIES spectra developing
during CO exposure display sharp structures at about the
same binding energies as UPS strongly suggests that they
are due to AD. Apparently, CO molecules located on top of
the surface modify the interaction between the He* 2s orbital
and the surface, thus inhibiting the resonant transfer of the 2s
electron into unoccupied states of the surface, which would
be the initial step of the AN process. From the decrease of
the metallic Co 3d emission (emission seen near Er) we can
estimate the CO saturation coverage to ~3 L. Our estimate is
based on the following facts: in UPS(Hel) the Co 3d metallic

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 4. The MIES (top) and UPS (bottom) spectra during
interaction of CO with Co films. Inset shows details for binding
energies up to 4 eV. Carbon monoxide was introduced at a
constant rate between any of two adjacent exposure values;
accordingly, the exposure rate increases from the bottom to
the top.

contribution is barely attenuated, therefore the CO coverage
is <1 ML; and with MIES we see no emission that could be
attributed to ionization of Co 3d in the metallic environment,
therefore, those Co species must be shielded against access
by the He" probe atoms. Combining these two facts allows us
to conclude that at room temperature CO saturation occurs
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below but close to a monolayer. Additional information on
the coverage comes from XPS.

The inset in Fig. 4(a) shows a magnification of the MIES
spectra for 4 eV < Eg < Eg; the top spectrum corresponds to
zero exposure and the bottom spectrum to 15 L. A similar
spectral feature developing during the adsorption of CO
on Pd, Cu, Ni and Ru has been reported previously® and
was attributed to the population of the CO 27* antibonding
molecular orbital.

Interaction of CO, with Co films

Figure 5 presents the MIES and UPS spectra obtained during
interaction of the Co film with CO,, starting with the clean Co
film (bottom spectra). Peaks appear in MIES and UPS, which,
as comparison with Fig. 4 shows, have to be attributed to
emission from the CO 17/50 and CO 40 molecular orbitals.
Carbon dioxide chemisorption via CO;~ formation would
result in three structures at Ez = 6.9 11.5 and 13.3eV.”
Activation of CO, via CO,~ formation would lead to the
appearance of three structures at positions similar to those
for CO3 ™. We conclude that, as for the interaction of CO,
with Ni (100).® CO, dissociation takes place during the
interaction, resulting in the formation of Co-CO bonds.
At room temperature saturation is reached at ~200 L, the
coverage then being comparable to that for CO.

Work function and XPS studies

The work function of the clean Co film amounts to
5.0+£0.1eV and corresponds well to the photoelectrically
measured work function of 5.0 eV for Co bulk material. 3
It can be compared with the value of 4.7 eV for a Co film of
5 ML thickness on Pt(111).3! We attribute the difference of
0.3 eV to the different surface structure and roughness.

Figure 6 shows the work function change (AWF) versus
exposure for the interaction with the studied gases. The
error bars result from the uncertainty in the determination
of the cut-offs in the spectra. Similar to what was found for
oxygen adsorption on Co(1120), the work function increases
initially by 0.43 eV, followed by a decrease to a saturation
value 0.37 eV below the work function of the Co film. This
behaviour was attributed to dominant chemisorption in the
initial phase of oxygen interaction, followed by oxygen
incorporation into the Co lattice.® In saturation, the work
function is still ~1 eV larger than expected for bulk-like
CoO films.*1° During CO exposure the initial work function
increase is 0.55 eV, saturating at 3 L. For CO, the work
function increases by 0.87 eV and saturates at 30 L.

From XPS measurements (not shown here) we have
estimated the intensity ratios of the O 1s and the Co L;VV
peaks in the cases shown in Figs2-5 (from the bottom
to the top). Additional information on the stoichiometry
of the Co films exposed to gases could be obtained from
analysis of the Co 2p peaks.*> We have also applied XPS
to a Co film exposed to 15 L CO and post-oxygenated
with 200 L (see Table 1). The peak ratios for the completely
oxygen-saturated Co film and the film exposed to both CO
and O, are comparable. Both do not show the value for
the stoichiometric CoO film, displaying an O 1s/Co L;VV
peak ratio of 0.32 (see Table 1). The oxygen-saturated Co

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 5. The MIES (top) and UPS (bottom) spectra during
interaction of CO» with Co films. Carbon dioxide was
introduced at a constant rate between any of two adjacent
exposure values; accordingly, the exposure rate increases
from the bottom to the top.

film (corresponding to Fig. 1) as well as the CO-saturated
(corresponding to Fig. 4) and subsequently oxidized Co films
show peak ratios of ~0.24. Consequently, these Co films
are not completely saturated with oxygen during oxygen
exposure. In the present work a completely saturated film is
only obtained during simultaneous Co and oxygen exposure
at 370 K.
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Table 1. Peak ratios of O 1s/Co L3VV for different gas
exposures to a Co film

Adsorption system Peak ratio O 1s/Co LMM;
1300 L O,/Co 0.26 +0.12
15L CO/Co 0.08 £0.04
200 L CO,/Co 0.15£0.07
15L CO/Co+200 L O, 0.23+0.12
CoO 0.32£0.16

Carbon monoxide saturation gives an O 1s/Co L3VV
ratio of 0.08. On the basis of our XPS data presented
for CO in Table1l we can give a rough estimation: a
nearly stoichiometric CoO gives an O 1s/Co LMM ratio
of 0.32 £ 0.16. Its thickness has been estimated to be <3 ML
(see above). Following this, a Co surface completely covered
with 1 ML of CO should give an O 1s/Co LMM ratio of
0.32/3 ~ 0.11. The measured value of 0.08 £ 0.04 therefore
suggests a CO coverage of ~0.75 monolayers. This supports
the estimate arrived at from analysis of the MIES/UPS data.

DISCUSSION

Interaction of Co with O,

During the initial stage of oxygen exposure MIES shows a
strong and immediate decrease of the intensity attributed
to the AN process involving the Co 3d states of metallic
Co. Instead, a new structure appears both in MIES and
UPS close to the positions of A-E. Above ~20L, the
gradual growth of spectral structures characteristic for CoO
formation can be noticed both in MIES and UPS. We
suggest that with increasing oxygen exposure the interaction
process in MIES switches from AN to AD, involving Co
and O species in a non-metallic environment. Around 3 L
the work function passes its maximum, suggesting that
oxygen incorporation starts at these exposures (see previous
section). Summarizing, our observations are consistent
with the assumption that initially oxygen species become
chemisorbed before the oxidation process starts.?

Copyright © 2005 John Wiley & Sons, Ltd.

At 300 L both the MIES and UPS spectra already
display all the spectral structures seen for CoO films (Fig. 3).
According to MIES (cf. Figures2 and 3), the electronic
structure of the top layer is already rather similar to that
of CoO. However, in contrast to MIES, UPS still shows
considerable emission in the region between Er and A (see
Fig. 2(b)). We attribute the shoulder seen in UPS between
Er and A to metallic-like 3d-states of Co species located
underneath the surface (see discussion of Fig. 3 in Results
section). Support for the formation of only an ultrathin CoO
film comes from the fact that the work function at saturation
(4.7 eV) is still considerably larger than for CoO (3.7 eV).
The formation of only a thin oxide-like film reduces the
probability for electron tunnelling from the metallic layer
through the surface oxide; consequently, the probability for
O, dissociation and further progress of the oxidation process
become inhibited.

In the following, we discuss the structures located near
the positions A—E seen in UPS and MIES for CoO as well
as for O, adsorption on the Co film. Our results can be
compared with MIES and UPS studies on thin films of NiO
grown on Ni(100).!? and those reported by the same group
for NiO(100);?? in both cases structures A—E were seen. As in
the case of Ni, the emission, between 1 and 4 eV attributed to
ionization of 3d states?®?3 (structures A and B) is rather weak
in MIES compared with UPS. It was pointed out that the
Ni?" 3d orbital is rather localized whereas the O 2p orbitals
are rather diffuse, as also evidenced by the large dispersion
of the corresponding valence band,® and therefore protrude
outside the surface. The activity of an orbital in MIES reflects
its electron density at the position of the He probe atom
at distances of the order of 2 A in front of the layer that
terminates the surface.!*?’ Therefore, it was anticipated that
He* interaction takes place with the O 2p rather than with
the more localized Ni**3d orbitals.'*?? We assume a similar
behaviour for CoO and will discuss this point later in detail.

The MIES and UPS(Hel) spectra were reported for
polycrystalline LaCoO3.2%* Both spectra display a close
similarity to those for CoO (Fig.3) and NiO? (featuring
five structures denoted by (1)—(5) in Refs 20 and 24). The
main characteristics of the spectra can be summarized as
follows: as in the present results, the Co 3d-derived bands
(A and B in our notation) are strongly suppressed in MIES
relative to the O 2p-derived structures C and D. Also, as
in the present MIES results, peak E appears considerably
enhanced compared to that in UPS.

For O,/Ni(100), NiO and LaCoO; the MIES spectra were
attributed to the AD process.

To arrive at a consistent interpretation of both the MIES
and UPS spectra for CoO on the basis that the MIES spectra
are due to the AD process, we adapt the interpretation given
in Ref. 24 to our situation. Hereby, we suppose that the Co**
ions in CoO are in a local environment similar to that felt
by the Co®" ions in LaC00;.2?* The Co*" 3d atomic orbitals
are rather compact (1.58 atomic units) compared with the
diffuse O 2p orbitals in O* (2.8 atomic units). Consequently,
He" can be expected to interact efficiently with the outermost
O 2p orbitals, protruding farthest into the vacuum, rather
than with the Co®" 3d orbitals; (p — d) transitions (from
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ionization of O 2p) will appear comparatively pronounced
compared with (d — d) transitions (involving Co*"3d). In
the following, we consider a Co,0Oy; cluster as model for
Co0O, as was done for LaCoOjs in Ref. 24. The cluster includes
two Co ions that are embedded into an octahedral oxygen
environment, OsCo, OCogOs (see Ref. 20 for a more detailed
discussion): (d’d”) denotes the ground-state configuration
of the two Co ions in the Co0,0;; cluster; (d°Ld®) is a
configuration where the transfer of a O 2p electron to one
of the Co ions has taken place; L denotes a vacancy located
at an oxygen species close to the Co*" ions;?*?* and (d°d®)
represents a configuration in which the transfer of a Co 3d
electron has taken place between the two Co ions of the
C0,01; model cluster. The initial state is a superposition
of these three configurations.*® We propose the following
assignment of the observed structures: A and B correspond
to the (d — d) transitions (d’d” — d°d”) and are therefore
seen only weakly in MIES; C, D, and E are due to the
(p — d) transitions (d’d” —» d’Ld’) and (d°d® — d°Ld®),
respectively, and for this reason are seen strongly in MIES.
The peak assignment proposed above is at variance with
that of Ref. 10, solely based on UPS work: angle-resolved
UPS spectra were collected from CoO films (thickness 10 ML,
grown on Au(111) at 350 K). It was proposed!® that A and
B are due to a (d — p) transition leading to a d” Ld)
final-state configuration, and that their separation is due to
crystal or ligand field splitting. As proposed above, states
C and D were assigned to emission from states of the O 2p
bands, i.e. to (p — d) transitions. Again, in contrast to the
present interpretation, peak E was attributed to unscreened
emission from Co 3d states, i.e. to a (d — d) transition. This
assignment does not offer a straightforward way to explain
the rather different intensities in MIES and UPS.

Interaction of Co with CO and CO,

For most of the metals, molecular adsorption of CO occurs via
its 50 molecular orbitals whereby the C-end of the molecule
points towards the surface.’® Our MIES results show a strong
enhancement of CO 4o relative to CO 1z compared with UPS.
The same behaviour was seen for CO/Ni(110) at 120 K.20-23.26
In that case the intensity of the 4o0-derived band increased
up to 0.66 ML but decreased remarkably at larger coverages.
In order to explain the enhancement of the 40-derived band
seen in MIES, we follow the suggestion made in Refs 20,22
and 26 that the CO 40 molecular orbital stands up normal to
the surface, thus protruding the most into the vacuum. This
enhances its interaction probability with the impinging He*
atom. Consequently, its intensity relative to that of 17/50 is
enhanced compared with UPS. Our MIES spectra for CO/Co
at room temperature in saturation (reached at ~3L; see
also the work function results in Fig. 6) correspond to those
obtained at 0.66 ML for CO/Ni at 120 K. This is consistent
with our estimate for the CO coverage at room temperature
of <0.75 ML made earlier.

From MIES we concluded that the CO 27* antibonding
molecular orbital is populated (Fig. 4(a)). For CO/Ni, several
models were discussed that can account for the population of
the CO 27* antibonding molecular orbital as a consequence
of the CO interaction with metals.?® Among these, one model
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assumes the back-donation of surface d-electrons into 2w*,
as proposed originally in Ref. 34. For CO/Co, support of this
model comes from the observed increase of the surface work
function upon CO adsorption, signalling a transfer of charge
from the surface to the adsorbate. Thus, the work function
becomes constant when additional CO cannot be adsorbed
anymore (above ~3 L). Other models take into account the
hybridization of 27* with the broad Co valence band or the
interaction between the CO adsorbate and the impinging
He* atom.?

As for CO; on Nj,'® dissociation of impinging CO, into
CO and O is observed on Co surfaces; the CO molecules
resulting from dissociation of the impinging CO, molecules
are adsorbed on top of the Co surface. The observed increase
of the work function is at least partly ascribable to the charge
transfer from the Co film to the dissociation product CO. For
CO,, saturation is achieved at ~200 L instead of at 2 L for
CO. The different behaviour may be due to a low sticking
probability and/or a low probability for dissociation of CO,
at room temperature. The XPS ratios for CO saturation and
CO, saturation (see Table 1) indicate that almost all of the
oxygen atoms arising from the dissociation are incorporated
into the Co film.

A two-step mechanism was proposed to explain the CO,
dissociation on Sr:¥ the incorporation of oxygen atoms in
the metallic layer, suggested by the occurrence of a peak
at Eg = 5.0 eV; and the formation of carbonate (CO%‘) on
top of the surface. In contrast, we observe no indications
for this two-step mechanism in the present case: no peak at
Eg = 5.0 eV in MIES and no peak structure characteristic for
CO%‘. The information available for CO,/Ni(110) provides
a hint concerning the mechanism that may underly the
observed CO, dissociation:'® in this case, physisorption is
limited to temperatures below 200 K. The work function
increase observed during CO, exposure was attributed to
the formation of CO,~ species on the basis of vibrational
spectroscopy; these chemisorbed species was found stable
up to 150 K. At higher temperatures they became highly
reactive: the CO,™ intermediates appear to dissociate into
chemisorbed CO and O atoms, as evidenced from the
presence of strong CO losses and O surface vibrations at
270 K. The observed rise of the work function versus CO,
exposure, seen also in the case of Co, may be evidence that
the mechanism for CO, dissociation on Co films involves a
CO;" intermediate that, at room temperature, decays into
CO and O. In principle, MIES measurements carried out
below 150 K could provide additional information on the
eventual formation of a CO,™ intermediate if it is long-lived
enough to be accessible to electron spectroscopies.

SUMMARY

Co films were deposited on Si(100) substrates at room
temperature under the insitu control of MIES, UPS and
STM. The interaction of the films with O,, CO and CO, was
studied with MIES, UPS with Hel, XPS and work function
measurements.

For O,, the interaction takes place in two steps: initially,
impinging O, is, after dissociation, chemisorbed at the
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surface. Exposures larger than about 5 L lead to oxygen
incorporation into the Co layer and to the onset of Co
oxidation. Near-stoichiometric CoO films were produced by
Co deposition in an oxygen atmosphere at 370 K. The spectra,
both for Co-0, interaction and for Co-O, co-deposition, are
rather similar to those with Ni instead of Co. Characteristic
differences seen in MIES and UPS from CoO are attributed
to the different sensitivity of the two techniques for detection
of the Co 3d and O 2p states of surface-near species. The
simultaneous use of MIES and UPS(Hel) allows for a more
reliable identification of the spectral features seen in the
valence-band spectra from CoO.

Carbon monoxide is adsorbed molecularly up to satura-
tion at ~1 ML; no dissociation is observed. Comparison of
the MIES and UPS spectra gives detailed information on the
adsorption geometry: from the strong enhancement of the 4o
emission in MIES (compared with UPS) it is concluded that
the CO species adsorb with the C-end pointing towards the
surface, allowing the CO 40 molecular orbital to protrude
farthest into the vacuum; this enhances its interaction prob-
ability with the impinging He"* atom. The combination of
work function and MIES results suggests that back-donation
of charge from the Co film into the CO 2z* antibonding
molecular orbitals plays an important role in the adsorption
process.

Carbon dioxide dissociates into CO and O as a con-
sequence of interaction with the Co surface. The CO,
dissociation leads to adsorption of CO at the surface and
the incorporation of O atoms into the Co film.

For all three studied molecules the interaction with Co
films is similar to their interaction with Ni.
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