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over the last two decades for metals cannot be simply transferred to try to un-
derstand bonding towards oxide surfaces.

Therefore several groups have started to investigate adsorption on oxide sur-
faces experimentally. We have chosen to use bulk oxide single crystal surfaces as
well as thin epitaxial oxide films as substrates [4-7]. The main reasons to study
both types of substrates are:
i) Bulk single crystals may be cleaved in vacuo and stable surfaces with very

few defects are created.
ii) Thin oxide films with various crystallographic orientations including non-

polar and polar surfaces may be grown on metallic substrates.
iii) Through variation of the preparation conditions of the films the number and

type of defects on such films can be varied and thus their influence on the ad-
sorption behaviour may be studied in comparison to bulk single crystals.

iv) Thin films on metal substrates can be cooled to liquid nitrogen or liquid he-
lium temperatures without sacrif}'ing the conductivity of the samples needed
for application of electron spectroscopies.
Oxide surfaces play important roles in catalysis. Some transition metal ox-

ides are catalytically active and others, mainly simple metal oxides are often used
as support materials for catalysts. So far we have studied NiO(100) [8-14],
NiO(III) [15-17], Cr20](III) [18-22], CoO(III) [23] and y-Al2O](lll) [13,24-
27]. Ni and Co ions prefer the oxidation state 11+ and do not have the tendency to
change oxidation states while Cr with oxidation state ill+ in Cr203 may relatively
easy change its oxidation state either to lower or higher values. In this sense NiO
and CoO represent limiting cases as opposed to Cr203' Al2O] is an example for a
support oxide material.

2. Results and Discussion

2.1 NiO

The most thoroughly studied oxjde surface in our laboratories is the non-polar
surface of NiO, i.e. NiO(100), which we investigated both as a bulk single crystal
sUlface and as a thin film.

We start our discussion by considering this sUlface. We shall, when possible,
compare the properties of the NiO(lOO) surface with the polar NiO(lll) sUlfate.
Figure 1 shows the ideal geometric arrangement for both surfaces. LEED
investigations on the bulk NiO(100) sUlface reveal that the surface is rumpled by
less than 0.02 A with an inward relaxation of the surface layer by 0.04 A which
is about 2% [28]. In other words, the deviation from the bulk terminated structure
is not dramatic. The quality of a cleaved NiO(100) surface, as indicated by the
LEED pattern in Fig. I, is quite comparable to the quality of metal single crystal
surfaces, indicating that the number of point and line defects is rather low. While
also NiO(100) [8,9] and NiO(lll) [16,17] films exhibit distinct LEED patterns,
the spot sizes are considerably larger and the background intensities are higher as
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bands at 0.57 eV and 1.62 eV of the clean surface are shifted to 0.9 eV and
1.75 eV, respectively.

These findings represent clear experimental evidence for the existence of sur-
face states at oxide surfaces. The nature of these states has been explained
through ab-initio cluster calculations: [12]: The states between 0.57 eV and 2 eV
are due to d -.d transitions localized on the Ni iorui. The lowest lying d -.d
transitions in bulk NiO occur at I.O~) eV and 1.79 eV and are due to excitations
between the ground 3 A2a-state and :the 3T 2a and 3T la-states, respectively. They

may be well described via electronic excitation within an octahedral NiO61O-
cluster. The surface states can be derived from these bulk states by realizing that
the Ni ions in the surface are coordinated only by five 02- ions which reduces the
ligand field strength with respect to the bulk and stabilizes the excited states. A
particularly pronounced effect is observed for the lowest lying state shifting by
0.48 eV. It is this state that is strongly influenced by the presence of NO but not
by OH. We believe that this is due Ito the preferential adsorption of OH on the
defects at the surface while NO adsorbs preferentially on the regular NiO(IOO)
terrace sites. As a consequence of the localization of the d -.d excitations to the
Nj2+ centers, the shift of the surface state proves that NO binds to the Ni2+ centers
and not to the oxygen ions in the surface. This conclusion is in line with vibra-
tionallmEELS results where the stretching frequency is found close to the gas
phase value which is compatible with this bonding configuration [8,9]. The NO
axis turns out to be tilted by about 450 with respect to the NiO(IOO) surface

EELS~x: x200 13eV

: 1

NIO(ICIO)
film
NO

aalurall4n
CO'i.rag.~,

NJO(100)
c!8Gv,d
In VOO'LIO
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Fig. 2: ELS spectra in speCUlar reflection
at Ep = 13 eV of a) a cleaved NiO(IOO)

surface, b) a clean thin NiO(IOO) film, c)
a thin NiO(lOO) film after H2O adsoxption
and d) a thin NiO(IOO) film after
NO + H2O adsorption.
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do have experimental evidences from XPS data that such species may be present
on the NiO surfaces of thin films [17]. This example illustrates how the presence
of hydroxyl groups may influence the reactivity of an oxide swface. Bonding of
CO on the NiO surfaces is considerably weaker than that of NO. Desorption
temperatures are around 100 K. The experimental studies for CO adsorption have
not yet been completed for NiO.

2.2 CrzOJ

Cr203(111) may be prepared by oxidation of Cr(110) [19,20]. Similar to NiO
there are surface states on the Cr"O3(111) surface [19,20]. The surface is hexago-
nal and polar. Therefore the termination ambiguity disc:ussed above for NiO( Ill)
exists here as well. Electronic EEL-spectra show that !be surfacc~ Cr ions adopt an
oxidation state of 2+ as opposed to 3+ in the bulk. ThiJ; means, the surface has a
high reduction potential which is documented by the formation of oxygen ad-
sorbates and simultaneous attenuation of the surface Crz+ state. CO forms an
ordered (...J3 x ...J3)R300 structure on the Cr203(111) surface. The orientation of the
molecular axis is peculiar in this cw;e: The CO axis is oriented parallel to the
surface plane as revealed by angle resolved photoemission and NEXAFS [18,20].
It is evident from the discussion presented elsewhere [18-20] that the bonding of
CO to Cr"O3(111) is different from the bonding of CO to all metallic surfaces

investigated so far.

2.3 AJ1OJ

As an example for a non-transition metal oxide we have investigated Al2O3.
Aluminiwnoxide is the prototype of a support material and particularly interest-
ing in this respect. An Al2O3 layer with a quasi-hexal~onal oxygen layer as the
terminating surface may be grown via oxidation on top of al NiAl(IIO) alloy
surface. The oxide layer is very thin, i.e. it exhibits a thickness of about S A as
revealed by XPS and AES. The structure of this film has been studied with vari-
ous techniques including scanning .ttJnI!e~1lg micrO!iCOpy, LEED, EELS and

ARUPS [24].
LEED indicates a well ordered structure with a laJ'ge unit cell in real space.

ISS measurements show that the oxide surface is oxygen terminated. The analysis
of the intensity distribution among the LEED spots points to a hexagonal or
quasihexagonal arrangement of oxygen atoms in the terminating layer.

This conclusion is corroborated by ARUPS measurements of the. oxide band-
structure dispersion parallel to the surface [4-7]. The experimental dispersion
curves are shown in Fig. 3 together with a computer simulation for a distorted
hexagonal oxygen 2p band structure. The oxygen-oxygen distance in the quasi-
hexagonal oxygen layer is by about 6% larger as compared with bulk Al2O3 but
this is compatible with the limited thickness of the film. The dispersions have
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Most molecules interact with the 'Y.Al2O3(111) swface rather weakly. As an
example we show in Fig. 4 ELS spectra of CO physJs:orbed on Al2~ taken at
35 K [25]. The ELS spectra of the multilayer system. show rather pronounced
vibrational splitting of the electronicoilly excited states. The comparison with gas
phase spectra indi~.at~-! the rather close correspondence. It is interesting to note
that in the mono~yer regime the 1iJ]1e widths of the vibrational compoDeDts in.
crease and the bands shift to higher excitation energy which is dem.o!l.-ctrated in
Fig. 5 for the a3n excitation of CO. 'rhere are various CO states idenrifi~ble via
their line positions and line widths in ELS and their ms spectra (see inset in
Fig. 5). On the basis of such results we can estimate the presswre one would have
to apply in order to create a coverage similar to the low tempc:ranue situation at

higher temperamre [4.7].

2.4 Metal Deposits on Oxide Surfaces

One goal of our activities is to modc:l a catalytic sysu:m by depositing metal on
oxide surfaces. In the following we sllortly refer to two examplc~ for metal/metal-

oxide systems:
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surfaces and the adsorption properties of the oxide swface are dramatically modi-
fied by depositing metal onto the swface.
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