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Chapter 8
Molecules on well-structured oxide surfaces
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Fritz Haber Institute of the Max Planck Society, Department of Chemical
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1. INTRODUCTION

Oxide surfaces under ultrahigh vacuum conditions are thermodynamically not
well defined, due to the absence of a gas phase [1]. However, it is possible to
kinetically stabilize the surfaces by forming thin films on metallic substrates, or
by cleavage of single crystals in vacuum, and by keeping the temperature of the
system below the threshold for oxygen vacancy formation. These surfaces can
be investigated by surface science techniques. The literature contains books and
several review articles on such systems [2-14]. We will focus on some specific
aspects of geometric and electronic structure concerning the interaction of mole-
cules with oxide surfaces.

We discuss a variety of cases: MgO(100) and NiO(100) surfaces are exam-
ples for bulk terminated non-polar surfaces of rocksalt-type crystals with very
moderate relaxations of the interlayer spacings. Cr,05(0001) and V,05(0001)
surfaces are depolarized polar surfaces of corundum type materials with strong
relaxations several layers down into the bulk. TiOx(1 10), RuO,(110) and
VO(110) surfaces are intermediate cases. The V,05(0001) surface is an exam-
ple for a layered oxide structure. The electronic structure of these surfaces has
been investigated by various electron spectroscopic methods resulting in a
deeper understanding of the ideal”, i.e. defect “free” surfaces, giving us a refer-
ence point to address the question of defect formation and defect structure.

Several adsorption studies on probe molecules such as CO, NO, CO,, H,0,
H; and O, have been undertaken. Here we mention the remarkable differences
we find for CO adsorption on rocksalt (100) and corundum (0001) surfaces.
While CO stands upright - as expected — with the carbon end pointing to the
substrate on NiO(100) it lies almost flat on Cr,03(0001) and V,05(0001). We
show, that while the adsorption energies are similar in both cases, CO as a probe
molecule reacts strongly towards differences in the electric field distributions on
the surfaces. The experimental observations are complemented with theoretical
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Fig. 1. Structure of rocksalt oxides. Lattice constants from [15].

considerations in order to address and rationalize details of the molecule surface
bonding.

Another remarkable issue concerns the adsorption and dissociation of mo-
lecular oxygen on oxide surfaces. When such surfaces are metal terminated in
UHYV, the dissociative adsorption of oxygen may lead to oxygen terminations,
very different from bulk terminations. This is exemplified for the case of
Cr,05(0001).

Special techniques in surface science to study molecular motion in adsorbed
layers are a problem that has found little attention in surface science, even
though it is of utmost importance. Electron spin resonance is one such method.
We discuss diffusion of NO,, rotational motion of ((CH;);C),NO and melting of
self-assembled layers of spin-labeled fatty acids adsorbed on Al,05(0001).

2. SURFACES OF OXIDES WITH ROCKSALT STRUCTURE

Fig. 1 shows the rocksalt lattice [15]. We will discuss MgO and NiO as limiting
cases of oxides, one containing a simple metal ion and the other one a transition
metal ion. The (100) surface of such a material represents a non-polar surface,
the (111) surface represents a polar oxide surface. Since the lattice constants are
very similar for both oxides (MgO: 4.21 A, NiO: 4.17 A) [15], we expect the
surface structures to be similar. The non-polar surface exhibits a nearly bulk
terminated surface as shown in Fig. 2a and it is very similar for both materials.
We have put together information from LEED [16-21] and STM [22-25]
analysis. There is very small interlayer relaxation and only a small rumpling of
the surface atoms, whereby the larger anions move outwards and the small
cations very slightly inward. A completely different situation is encountered for
the polar (111) surfaces. Due to the divergent surface potential [13] on an
ideally, bulk terminated polar surface, the surface reconstructs and exhibits a so



Surface structural parameters for MgO(100) and NiO(100):

Oxide Relaxation Buckling Method Reference
NiO -3..0% <5% IV-LEED R1
MgO 112 % 5+2.5% IV-LEED R2
MgO -0.5610.35% 1.07+0.5% GIXS R3

Buckling:  Ag surf - Ame, surf
Relaxation: Apy-(Ao surt + Ave,surf)/2

Fig. 2a. (a): Model for buckled surfaces of oxides with rocksalt structure and some experi-
mental results for the surfaces of NiO(100) and MgO(100) (R1: ref. [21], R2: ref. [17], R3:
ref. [34]). (B): STM image of a UHV-cleaved NiO(100) surface [25]. Vsampte = 1.3 V, Tnynet =
1.0nA.

called octopolar reconstruction or even a mesoscopic facetting as opposed to the
nanofacets in the case of the octopolar reconstruction [26, 27]. The structural
and morphological evidences based on LEED [28], GIXD [29-31], STM [32]
and electron microscopy [33] are collected in Fig. 2b. The data reported so far
suggest that the d-electrons of the transition metal ion have a very small influ-
ence on structural parameters.

Before we proceed to a more detailed discussion of the binding of adsorbed
molecules, a few remarks concerning the electronic structure of oxide surfaces
are appropriate. Early on, Stefan Hiifner and coworkers have investigated the
electronic structure of transition metal bulk samples and a great deal has been
learned [35, 36]. There have also been attempts to investigate the surfaces of
these materials with respect to electronic structure, notably in the recent work by
Noguera and Mackrodt [37, 38]. Qualitatively, it was expected that, due to the
high ionicity of some compounds, there are pronounced surface effects.
Photoelectron spectroscopy has been used to experimentally verify these
expectations through the detection of chemically shifted core levels. However,
the shifts are not large enough to be detectable due to the relatively complex
satellite structure accompanying metal core ionization [36]. Eventually, this was
also rationalized via more sophisticated quantitative calculations which showed
that there are several compensating contributions rendering the surface fields
only slightly different from the bulk. Applying techniques allowing for higher
energy resolution have then clearly demonstrated surface effects. In the
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Fig. 2b. (o), (B): Models for the bulk-terminated and the (2x2) reconstructed NiO(111) sur-
face. In both images the surfaces are terminated by nickel atoms. (y): Structural parameters for
the (2x2) reconstructions of NiO(111) and NiO(111)/Au(111) determined with grazing
incidence X-ray scattering [31]. The meaning of some of the parameters is schematically
illustrated in the left part. &, means a vertical displacement of the n™ layer, and 8, a lateral
displacement. If an s is added in the index then displacements correlated by symmetry are
meant. For the single crystal surface only nickel termination was observed whereas for the
thin film nickel and oxygen termination occur. (5): SEM image of the MgO(111) surface after
annealing at 1400 K for 1 min [33]. Large facets terminated by (100)-type surfaces are visible.
(e): STM image of a thin NiO(111) film on Au(111) recorded with a non-metallic tip
apex [32]. U=-03V, I=0.5nA. The dark part of the image is due to the (2x2)
reconstruction whereas the bright part in the lower left corresponds to Au(111).
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Fig. 3. Electron energy loss spectra of NiO(100) surfaces. Lower panel: clean NiO(100) sur-
faces, UHV-cleaved single crystal. The assignment of the features according to theory is
given and supported by spin polarized measurements [44, 45]. Upper panel: adsorbate cov-
ered NiO(100) films. Lower trace: defects OH saturated, before NO adsorption; upper trace:
after adsorption of NO [40].

Merz group [39] and our laboratory [40] electron energy loss spectroscopy
(EELS) in the regime of electronic excitations has been used to identify
excitations in the surface layer.

Fig. 3 shows a set of spectra taken on NiO(100) surfaces. The lowest trace
has been taken on a clean single crystal. The broad features peaking at 4-5 eV
correspond to charge-transfer excitations crossing the band gap of the insulating
NiO bulk. In the gap there are narrow features due to excitations within the d-
electron state manifold of the open shell Ni** jons. As the excitation energy
within this manifold increases the number of states increases, so that near the
charge-transfer band those states overlap and lead to the monotonous increase of
intensity in this energy region. Most of the optically allowed transitions have
been spectroscopically observed by transmission spectroscopy of bulk sam-
ples [41-43].

Birbel Fromme and Eberhard Kisker have performed spin-polarized EELS
measurements, which allow an assignment of the spin character of all states via
the control of spin-polarization in the scattering conditions [44, 45]. The as-
signment and a spin-polarization measurement have been superimposed on the
spectra. The important point here is that there are additional spectroscopic fea-
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Fig. 4. Correlation of structural data with electronically excited states on NiO(100). Lower
panel: (left) coordination of a Ni ion in the bulk, (middle) coordination of a Ni ion in the clean
(100) surface as well as (right) in the case of adsorbed NO. Upper panel: orbital diagram and
total energies from cluster calculations [40, 46].

tures, most pronounced at 0.6 eV excitation energy which are not due to excita-
tions in the bulk but rather in the surface layer. This can be experimentally dem-
onstrated by an adsorption study [40]. Those excitations localized in the surface
should be most strongly affected by adsorbed species. The experiment has been
performed on a thin film sample because the surface has to be cooled to adsorb
an appreciable amount of NO in this case. It is very obvious that the peak at 0.6
eV is influenced. In fact, it is shifted towards the position of a feature originating
from an excitation in the bulk. In passing we note that the NiO(100) film has
been treated with water before the experiments had been performed, in order to
saturate the defects with hydroxyls via dissociative adsorption of water. The vi-
brational losses caused by the hydroxyls are clearly visible before NO adsorp-
tion took place. NO adsorption then induces yet a further vibrational loss at
lower loss energy.

What is the nature of the surface excitation and why is it different from the
bulk excitation? Volker Staemmler and his group have performed ab-initio
cluster calculations [40, 46], the result of which can be summarized as follows:
Due to the localization of the Ni-d-electrons it is sufficient to consider a single
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Ni** ion within its octahedral coordination sphere if we consider the situation
encountered in the bulk (see Fig. 4). The ground state is a 3A2g state with two
unpaired d-electrons in the e, orbitals of the ligand field split set of d-orbitals.
The first excited state results from an excitation from the completely filled t,,
subset into the partly filled e, subset giving rise to an excitation located near 1
eV. There are many more higher excited states, some of which are assigned
according to the work of Fromme et al. [44, 45].

In the surface, however, one of the coordinated oxygen ions is missing and
the symmetry of the local Ni*" site is reduced to C4,. Consequently, the degener-
ated e, subset is split. The t,, subset is also split, but this effect is not so impor-
tant. The d-orbital of the former e, subset pointing along the Ni-O axis has lost
part of its destabilizing interaction and, consequently, its energy decreases. The
calculation shows that still both orbitals in the former e, subset are singly occu-
pied after reduction of symmetry. Therefore, the first excited state in a Ni** sur-
face ion is at lower energy than in the bulk, as also revealed by the experiment.
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Fig. 5. Orbital diagram for the bonding of CO to Ni-metal (left) and to Ni-oxide (right).
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If an NO molecule is now coordinated to the Ni** surface ion, the energetic po-
sition of the orbital is raised again, (similar to the presence of the sixth oxygen
ion) effectively moving the excitation energy back close to the bulk position. It
is clear from these results that the surface effect on the excitation energies is of
the order of 0.4 eV, and thus the above mentioned lack of evidence from other
techniques can be rationalized.

There has been an interesting attempt to look with EELS for the surface
states at higher excitation energies at ~ 1 eV and 2.1 eV which have not been
addressed here but have been mentioned by Freitag et al. [40] and discussed by
Fromme et al. [44, 45]. Miiller et al. [47] have varied the thickness of the NiO
layer between one and several layers and determined the EELS spectra. This
study supports the previous assignment of the peak at 0.6 eV to a surface state
but they cannot find evidence for a surface state contribution at 1 eV. The
authors argue that this may be due to cross section limitations under the chosen
experimental conditions. They do find clear evidence for a surface contribution
at2.1eV.

At this point we return to the question raised above, on the binding and in-
teraction of molecules with oxide surfaces. Molecules bind to oxides via a
bonding mechanism considerably different from metal surfaces. A CO molecule,
for example, binds to metals via chemical bonds of varying strength involving
charge exchanges [48]. Fig. 5 illustrates the bonding of CO to a Ni- metal atom
via the so-called o-donation/n-back-donation mechanism schematically on the
basis of a one electron orbital diagram.

The o- and =n-interactions lead to a relative shift of those - and m-orbitals
involved in the bond with respect to those orbitals not involved. The diagram
reflects this via the correlation lines. This may be contrasted by the electrostati-
cally dominated interaction between a CO molecule and a Ni ion in nickel-ox-
ide [46, 49]. There is a noticeable o-repulsion between the CO carbon lone pair
and the oxide leading to a similar shift of the CO 5c-orbital as in the case of the
metal atom. However, there is no or little =-back-donation so that the CO w-or-
bitals are not modified [50, 51]. Conceptually, the situation is transparent and
one would expect that a detailed calculation reveals the differences quantita-
tively. However, as it turns out the description by ab-initio calculations is very
much involved and today a full account cannot be given [52].

Theoretically (Table 1) [46, 52-63], the prediction is that CO as well as NO
bind very weakly to NiO [52]. The predicted binding energy of CO is of the
order of 0.1 eV and it is expected to be similar to CO binding to MgO(100), i.e.
the influence of the Ni d-electrons should be negligible [52].

To shed light on this problem it was necessary to perform thermal desorp-
tion measurements on cleaved single crystal surfaces, being the surfaces with the
least number of defects [64]. In Figs. 6 and 7 TDS data for CO and NO on va-
cuum-cleaved NiO(100) are compared with data for thin NiO(100) films grown
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by oxidation of Ni(100). At temperatures of 30 K and 56 K multilayer desorp-
tion for CO and NO, respectively, shows up. The pronounced features at higher
temperatures correspond to desorption of the respective adsorbate at

Table 1. Literature data for adsorption of CO and NO on NiO(100) and MgO(100).

Author ~ System Method Adsorption
energy (eV)
Pacchioni and CO/NiO(100) ab-initio cluster  0.24
Bagus [53] calculation
Kliiner [54] NO/NiO(100) ab-initio cluster =0
calculation, BSSE
_ - _ _correction. B
Pohlchen and CO/NiO(100) ab-initio cluster  0.03 to 0.1
Staemmler [46] calculation, BSSE
correction
Cappus et al. [55] CO/NiO(100)/Ni(100)  TDS, Redhead 0.32
Vesecky et al. [56] CU/N1O(1UU)/N1(1UU)  IKS, Clausius- 0.45
Clapeyron
Staemmler [57] NO/NiO(100) ab-initio cluster 0.1
calculation, BSSE
correction
Pohlchen [58] NO/NiO(100) ab-initio cluster  <0.23
calculation, BSSE
correction
Kuhlenbeck et NO/NiO(100)/Ni(100)  TDS, Redhead 0.52
al. [59] and NO/NiO(100)
Nygren and CO/MgO(100) ab-initio cluster  0.08
Pettersson [52] calculation, BSSE
correction
Chen et al. [60] CO/MgO(100) DFT 0.28
Neyman et al. [61] CO/MgO(100) DFT, BSSE cor- 0.11
rection
He et al. [62] CO/MgO(100)/ IRS, Clausius- 0.43
Mo(100) Clapeyron,
TDS, Redhead 0.46
Furuyama et al. [63] CO/MgO powder IRS, Clausius- 0.15to0 0.17
Clapeyron

BSSE: Basis Set Superposition Error. TDS: Thermal Desorption Spectroscopy. DFT: Density
Functional Theory. IRS: InfraRed Spectroscopy. Clausius-Clapeyron: evaluation of pressure
and temperature dependent IR-intensities with the Clausius-Clapeyron equation. Redhead:
evaluation of TDS data with the Redhead equation [65].
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Fig. 6. Thermal desorption spectra of CO on
NiO(100) cleaved in vacuum (upper part)
and CO on a thin NiO(100) film grown by
oxidation of Ni(100) (lower part). The mass
spectrometer was set to mass 28 (CO). CO
doses are given relative to the dose needed

Fig. 7. Thermal desorption spectra of NO on
NiO(100) cleaved in vacuum (upper part)
and NO on a thin NiO(100) film grown by
oxidation of Ni(100) (lower part). The mass
spectrometer was set to mass 30 (NO). NO
doses are given relative to the dose needed

to prepare a monolayer. to prepare a monolayer.

(sub)monolayer coverage. In the case of the CO adsorbate at 34 K desorption of
the second layer is found and the states at 45 K and 145 K for CO and NO, re-
spectively, are due to adsorption on defects as concluded from data obtained
from ion bombarded surfaces (not shown here). It is obvious that for both adsor-
bates the thin film data and the data of the cleaved samples agree well, in par-
ticular for NiO(100) the thin film data are comparable to those from the more
perfect surfaces of the cleaved samples. The higher defect density of the thin
film surfaces leads to small, but clearly visible additional peaks in the TDS data
which show up as shoulders near to the main peak, for example in the NO spec-
tra. Nevertheless, the general shapes of the thin film spectra of both adsorbates
are very similar to those of the cleaved samples.

For CO the shift of the peak maximum with increasing coverage indicates
that at higher coverage repulsive lateral interaction comes into play which may
lead to occupation of energetically less favorable sites. This is not the case for
the NO adsorbate which may be attributed to smaller lateral interactions and to
the higher adsorption energy which makes adsorption more site specific, and
thus may inhibit compression of the layer involving site changes.
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TDS data for NO and CO on vacuum-cleaved MgO(100), for comparison,
are plotted in Figs. 8 and 9. Multilayer desorption is found at 29 K and 56 K for
CO and NO, respectively. The small features around 45 K and 100 K are likely
due to defect adsorption since they saturate at rather low coverage. Desorption
from layers with small coverage is found at 57 K and 84 K for CO and NO, re-
spectively.

The data for CO and NO on NiO(100) have been evaluated using the leading
edge method as well as a complete analysis. Details of the procedures may be
found in [66, 67]. Both methods determine the heat of adsorption as a function
of the coverage of molecules already on the surface. The results of the evalua-
tion are shown in Figs. 10 and 11. Both graphs exhibit a trend which is generally
to be expected for laterally interacting adsorbate layers: the adsorption energy
decreases with increasing coverage. At coverages near to one monolayer the en-
ergies converge towards the multilayer values (0.09 eV and 0.18 eV for CO and
NO, respectively [68]). At low coverage the lateral interactions are most likely
small so that the corresponding adsorption energies may be compared with theo-
retical results since in the calculations lateral interactions have not been consid-
ered. As indicated in Figs. 10 and 11, the low coverage adsorption energies are

Table 2. Compilation of low-coverage bonding energies for NO and CO on NiO(100) and
MgO(100) obtained in [10]

NiO(100)  MgO(100)
CO 0.30eV 0.14eV
NO 0.57eV 0.22eV
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0.30 and 0.57 eV for CO and NO, respectively.

The low coverage adsorption energies for CO and NO on NiO(100) and
MgO(100) are compiled in Table 2. According to theory the interaction of the
adsorbates with MgO(100) and NiO(100) are expected to be similar since the
bonding should be mainly electrostatic in nature [52] (the electric fields at the
surfaces of NiO(100) and MgO(100) are similar). However, according to Ta-
ble 2 the bonding energies are considerably different, with the higher values
being obtained for NiO(100). Covalent interactions involving the Ni3d electrons
may play a role for the adsorbate-substrate interaction which do not show up in
the calculations published so far.

As far as it concerns the basis set superposition error (BSSE) corrected cal-
culations listed in Table 1 which are expected to yield qualitatively better results
as compared to the non-corrected calculations, it appears that the theoretical re-
sults for adsorption on MgO(100) are in general in line with our experimental
results, whereas a similarly favorable comparison can not be made for
NiO(100). It appears necessary to re-investigate the role of the Ni3d electrons in
future theoretical studies.

The interaction between the molecule and the d-electrons of the substrate
system is more obvious in the case of NO interaction with NiO. The molecule is
tilted with respect to the surface normal as is experimentally evident from X-ray
absorption measurements [59] as well as photoelectron diffraction investigations
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by the Woodruff group [69]. The tilt angle is near 45-60° with the nitrogen end
of the molecule pointing towards a Ni ion. The interatomic distance between N
and O is near the one known from the free molecule, the separation from the sur-
face Ni ion is determined to be 1.88 + 0.2 A. It was early pointed out by
Staemmler and his group that this tilt is a consequence of the interaction of the
unpaired electron on the NO moiety with the open shells on the Ni ion. A de-
tailed discussion of the bonding mechanism can be found in ref. [57]. On
MgO(100) preliminary calculations have indicated that the NO molecule is ori-
ented perpendicular to the (100) surface plane. This appears to be reasonable in
light of the missing d-electrons of the Mg ion. There are further indications for
weak chemisorptive interactions between NO and the NiO(100) surface: Al-
though there is only one NO species on the surface, the N1s photoelectron spec-
trum exhibits a broad band with two maxima. Such phenomena are connected
with the dynamics of the screening processes accompanying the formation of the
core hole. Detailed studies on screening phenomena have been reported for
molecules on metal surfaces, [70-72], and it is well known, that systems with
weak chemisorptive interactions exhibit the most complex line shapes. For weak
chemisorption systems there is a high probability to find the final hole, both on
the adsorbed molecule itself or, through extra molecular screening, on the sub-
strate, giving rise to several final states, and thus to several intense components
in the spectrum. It was proposed some time ago that such phenomena are also
responsible for the line shapes observed for NO/NiO(100) [59]. The above men-
tioned recent photoelectron diffraction investigations have clearly demonstrated
that the observed components in the N1s spectrum stem from a single species.

The adsorption of CO on MgO has been thoroughly investigated by
Heidberg and his group using IR-spectroscopy [73] and by Weiss and Toennies
using helium atom scattering spectroscopy (HAS) [74]. They have clearly dem-
onstrated that CO develops ordered phases on the cleavage planes and that order
and spectroscopic properties depend on the quality of the prepared surfaces.
From their experiments the influence of the presence of surface defects on ad-
sorption properties is very obvious but a quantitative evaluation based on the
number and the nature of the defects has not been reported.

The quantitative evaluation of defects is a well defined but hard to tackle
problem for future studies that has to be taken on by our research community.
Water adsorption is an example that lends itself to a study of the influence of
defects, because at lower coverage the (100) cleavage planes of MgO and NiO
do not dissociate water, while the presence of defects does induce water disso-
ciation.

Water adsorption on MgO(100) is the best studied system so far [64, 75-77].
The groups of Heidberg [75], Weiss and Toennies [76] have studied it with IR,
LEED and HAS. While these groups have used surfaces prepared through in situ
cleavage, Stirniman et al. [78] have employed bulk single crystals prepared via



339

.l - ~41~‘

B NiO(100)

18 UHV-cleaved

Ble — —
225 K

0.59 eV
i (2,5,8, 10,

Yy
-

Fe s 16 L Hy0)
i "
.Jegt i
;% {[ MgO(100)
'!e 3 | | UHV-cleaved
BB
" (5,8, 13,
- 29 L Hp0)
G4 -
MgO(100)
i sputtered
i| 0,3 Ar'/Mg 2kV

(416, 8,17 L H,0)

CO flux [arb. units]

196 K 239K
0.51 eV 0.66 eV (Redhead)
heating rate 0.5 K/s

100 150 200 250 300 350
temperature [K]
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is shown.

sputtering and heating in oxygen. Their TD spectra correspond grossly to the
TDS data published by Wichtendahl et al. on in situ cleaved MgO(100) surfaces,
which are shown in Fig. 12 [64]. Data taken on a thin MgO film [79] reveal the
essential features, although the peaks appear to be shifted significantly with re-
spect to the temperature-calibrated data of Wichtendahl et al. The assignment of
the feature at 196 K was unclear so far, although it was near at hand to assume
that it is connected with the phase transition from the c(4x2) to the (3x2)pg
phase which occurs at about this temperature and was reported by several
groups [75, 76, 79]. It could be shown that the molecule density within the
¢(4x2) phase is higher than in the (3x2)pg phase (~ 1.3 atoms and ~1.0 atoms
per magnesium surface ion, respectively) [78] so that a transition between these
phases must be accompanied by a desorption peak in TDS. The TDS data of
H,0/MgO(100) in combination with data for H,O/NiO(100) taken in our
group [80] shed new light upon this question. Fig 12 [80] reveals the data. The
feature near 150 K is due to multilayer desorption and shall not be discussed
here in more detail. The peak at 196 K, which corresponds to the transition from
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the c(4x2) phase to the (3x2)pg phase, is observed in the spectra from both sur-
faces at the same temperature.

This observation is a first hint that part of the molecules of the c(4x2) phase
belong to the second layer and do not have contact with the oxide surface. The

highest temperature peak, which corresponds to desorption of the (3x2)pg phase
in the MgO(100) case, i.e. the monolayer, is found at slightly different tempera-
tures, i.e. 225 K for NiO(100) and 239 K for MgO(100), because the direct in-
teraction between water and the Ni and Mg sites, respectively, is different. This
conclusion is supported by results of molecular dynamics simulation by the
Besangon group on H,O/MgO(100) [77]. Results are displayed in Fig. 13 [77].
The interesting result is that a monolayer of H,O forms with the H,O molecules
oriented with the plane parallel to the oxide surface and with a network of H-
bonds within that layer, but fully disconnected from the second and higher lay-
ers. This monolayer, which is to be identified with the (3x2)pg phase, com-
pletely shields the higher layers from the underlying oxide surface. Therefore,
the molecules desorbing during the phase transition from the c(4x2) phase to the
(3x2)pg phase may be identified as being part of the second layer, since these
molecules do not feel the differences between NiO(100) and MgO(100) as
documented by the data shown in Fig. 13.

In closing this chapter we would like to mention that there are several stud-
ies in the literature where more complex molecules, which are also of technical
interest, have been studied. These include methanol, formic acid and aromatic
compounds [81-88]. We shall not dwell on these studies here but merely refer
the reader to the literature.
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Fig. 13. Simulation of water on MgO(100) at coverages higher than one monolayer at 150 K
and 300 K, according to ref. [77]. a) top and side views of map-shots at 150 K. b) top and side
views of map-shots at 300 K. (The first layer molecules are not represented in the top view.)
The side views show that the overlayer beyond the monolayer tends to aggregate.



341

3. SURFACES OF OXIDES WITH CORUNDUM STRUCTURE

Fig. 14 shows the lattice structure of a non-magnetic system, i.e. o-alumina [15].
We note here in passing that there are antiferromagnetic corundum structures
where the metal centers carry different spin-orientations which renders the size
of the unit cell considerably larger [89-91].

The surface energies for a structure as shown in Fig. 14 has been calculated
for a variety of orientations [93]. Some of these energies are compiled in Table
3. Surfaces with (0001) and (1120) orientations have been investigated with the
large data set available for the (0001) orientation. We therefore restrict ourselves

Corundum(0001) Corundum
surface unit cell

Lattice parameter for differ-
ent corundum-type oxides

STM image of oxide a c
F6203(0001) a-AlLb,O; 4.7628 13.003

a-Cr,0; 4954 13.584
V503 5.105 14.449
a-Fes03 5.035 13.72

~ 2,5F

< ,ol  Cross Section
S 1,5
210

0 80

20 40 60
line scan direction (A)
Fig. 14. Top: Schematic representation of the corundum unit cell and surface structures with
different terminations. Bottom left: Scanning tunneling image of the Fe,03(0001) surface. The
darker area is believed to be metal terminated and the brighter area metal terminated accord-
ing to corundum(0001)-Me [92]. Bottom right: List of lattice parameters for different oxides
with corundum structure [15].



342

Table 3. Recent Surface Energies from First Principles [93]

Surface Orientations Surface Energy

0001 2.76 Jm™
1011 2.55 Jm™
1012 1.97 Jm™
1120 1.86 Jm™

to a discussion of the latter case. The (0001) surface is an example for the so-
called charge neutralized polar surfaces. These surfaces exhibit relatively strong
relaxations remnant of the phenomena discussed in connection with the polar
(111) rocksalt type surfaces, because if the (0001) surface were terminated be-
tween an oxygen and a metal layer, these surfaces would be polar with a di-
verging surface potential. However, the surface is terminated with only half of a
metal layer present. Formally, this corresponds to a surface created by cutting
the bulk structure within the buckled metal ion layers.

Fig. 15 shows the results of structural determinations for the three related
systems Al;03(0001) [8], Cr,03(0001) [94, 95] and Fe,03(0001) [96]. In all
cases a stable structure in UHV is the metal ion terminated surface retaining
only half of the number of metal ions in the surface as discussed above [92]. The
interlayer distances are very strongly relaxed down to several layers below the
surface [10]. The perturbation of the structure of oxides due to the presence of
the surface is considerably more pronounced than in metals, where the interlayer
relaxations are typically of the order of a few percent. The absence of the
screening charge in a dielectric material such as an oxide contributes to this ef-

Side view

as| 3% R
Agl 1% Egkh

Fe term. and O term.

Fig. 15. Experimental data on the structure of corundum type depolarized (0001) surfaces
(side and top views).



343

Fig. 16. Low energy electron diffraction diagram of V,03(0001) grown on Au(111) [98]

fect considerably. Another material belonging to this family is V,0; which can
also be prepared as a (0001) surface [97]. The structure of this system has, how-
ever, not yet been thoroughly investigated, although the LEED pattern, as shown
in Fig. 16, is quite sharp [98]. In this case the V,05 (0001) surface has been pre-
pared as a thin film on a Au(111) substrate by evaporation and oxidation. We
assume that the surface structure is similar to the related cases discussed above.

It has recently been pointed out that oxide structures may not be as rigid as
one might think judged on the relatively stiff phonon spectrum in the bulk [99,
100]. In fact, at the surface the phonon spectrum may become soft so that the
geometric structure becomes rather flexible, and thus also very much dependent
on the presence of adsorbed species [100]. The vibration modes of a clean
Cr,05(0001) surface have been studied under ultrahigh vacuum conditions with
high resolution electron energy loss spectroscopy [100]. Fig. 17 shows the spec-
trum of the clean surface at the bottom. A mode, which is confined to the first
few atomic layers of the oxide, was detected, in addition to the Fuchs-Kliewer
phonons, at 21.4 meV. This mode shows only a very small isotopic shift when
the Cr,03(0001) film is prepared from '®0, instead of 160,. In contrast to the
Fuchs-Kliewer phonons which extend deeply into the bulk the 21.4 meV mode
is very sensitive towards the presence of adsorbates, as is shown in Fig. 17. This
can be seen by its attenuation upon exposure of the surface to CO, which in this
case is only weakly adsorbed. Full-potential linearized augmented plane wave
calculations [100] show that this mode is an in-phase oscillation of the second-
layer oxygen atoms and the Cr atoms of the two layers below. A schematic rep-
resentation of the mode is shown in the inset of Fig. 17.

Bulk oxide stoichiometries depend strongly on oxygen pressure, a fact that
has been recognized for a long time and we have alluded to above [10]. So do
oxide surfaces, structures and stoichiometries, a fact that has been shown again
in a recent study on the Fe,03;(0001) surface by the Scheffler and Schligl
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HREELS cr,0,4(0001)/Cr(110) at 90 K
E,=7.5 eV, FWHM=2.3 meV

co
exposure
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Fig. 17. Electron energy loss spectra in the vibrational regime of clean and CO-covered
Cr,03(0001)/Cr(110) surface. (E,: 7.5 €V, specular scattering) The inset shows a schematic
representation of the calculated normal mode of a Cr,03(0001) surface at 21.4 meV, accord-
ing to ref. [100].

groups [92]. In fact, if a Fe,O; single crystalline film is grown in low oxygen
pressure, the surface is metal terminated while growth under higher oxygen
pressures leads to oxygen termination. This surface would be formally unstable
on the basis of electrostatic arguments [10]. However, calculations by the
Scheffler group have shown that a strong rearrangement of the electron distribu-
tion as well as relaxation between the layers leads to a stabilization of the sys-
tem. STM images by Weiss and co-workers corroborate the coexistence of oxy-
gen and iron terminated layers and thus indicate that stabilization must occur. Of
course, there is need for further structural characterization. For the surface of
Cr,03(0001) infrared spectroscopic data suggest a different termination when
the clean surface is exposed to oxygen [101] as will be discussed below.

The electronic structure of corundum type oxide surfaces have been studied
with photoelectron spectroscopy [102, 103] as well as with electron energy loss
spectroscopy [104]. Henderson and Chambers [103] have recently reviewed the
photoelectron spectroscopic evidences. Still, there seems to be an ambiguity
about the oxidation state of the chromium ions in the immediate surface layer.
XPS Cr 2p data may be to a large extent reconciled as being due to Cr(I1l) in the
surface, because there is obviously no change in the spectra as a function of
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emission angle. However, cluster calculations indicate that even though the
number of d-electrons on the Cr ions is compatible with Cr’*, the total charge on
the Cr ions is closer to Cr** because of a considerable hybridization between the
chromium and oxygen wave functions [104]. In a previous review we have dis-
cussed the assignment of the local d-excitations on chromia surfaces and the
reader is referred to this paper for details [7]. We would like to mention, how-
ever, a particular aspect of surface charge transfer excitations for the case of
chromia(0001) which also touches upon the question of the oxidation state of
surface chromium ions. The charge transfer states often mark the edges of the
band gap in transition metal oxides, and they are also modified by the presence
of the surface. Unfortunately, NiO does not show this effect very clearly. The
electronic excitations at the chromia(0001) surface, on the other hand, are good
examples to discuss the phenomenon.

Fig. 18 shows the EELS spectrum [105-107] of this surface at low tempera-
ture. Again, a thin film has been used. The sharp features in the band gap are
excitations within the manifold of d-orbitals. A detailed discussion [107] has
shown that the excitations are characteristic of surface Cr ions with three d-
electrons. However, the Cr ions do not carry a net charge of 3+ as expected (and
found for the bulk Cr ions) but rather of 2+ charge due to strong hybridization
with the neighboring oxygen atoms. When we now perform EELS measure-
ments after adsorption of CO,, not only the d-excitations are influenced but also
the very intense feature near 4.8 eV. Again, on the basis of cluster calculations
performed in the Staemmler group [104], it has been possible to assign this in-
tense feature to a surface charge-transfer excitation at the band gap, which is
shifted to lower energy as compared with the corresponding excitation in the
bulk (see Fig. 18). The decrease in energy is reasonable because the Cr d-orbi-
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Fig. 18. EELS spectra of the clean and adsorbate covered Cr,03(0001) surface. Peak assign-
ments are indicated [105-107].
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Fig. 19. IRAS spectra after adsorption of a saturation coverage of O, on Cr,03(0001)/Cr(110).

The spectrum at the bottom was taken at 90 K. Other spectra are taken at the temperatures
indicated [101].

tals have been lowered, the more open surface structure (see Fig. 15) and the
coordination of the Cr ions to only three oxygen ions allows for better charge
separation than in the bulk. In NiO the effect is less pronounced because the sur-
face Ni ions are still five-fold coordinated.

The analysis of the electronic structure of Cr,03(0001), as discussed so far,
has been performed at 90 K. We note that upon increasing the temperature, the
structure of the surface changes[107], and we have speculated that these
changes are connected with changes in the magnetic structure of the surface.
Oxide surface magnetism is a field that needs to be explored in the future.

Before we discuss the adsorption and bonding of molecules such as CO and
NO to the corundum type surfaces in order to accentuate the differences with
respect to the rocksalt type surfaces, we would like to comment on the chemistry
of molecular oxygen on the corundum type surfaces. As the (0001) corundum
type surfaces are depolarized polar surfaces we always have to define whether
we are talking about the metal terminated or the oxygen terminated surface. If
not mentioned specifically we always assume metal termination. Chromia when
exposed to oxygen leads to a very interesting chromyl terminated surface. What
do we know about the chemistry between molecular oxygen and chromia(0001)
that leads to this final result? Figure 19 shows the appearance of a sharp line in
infrared spectra which develops out of a broad feature after heating the surface
to room temperature. As has been discussed earlier and also supported by iso-
topic labeling experiments by Dillmann et al. [101] chromyl groups are formed
on the surface and it was suggested that the chromium ions in the surface layer
of the clean surface bind oxygen to form such chromium-oxygen double bonds.
As is obvious from Fig. 19 there are adsorbed oxygen precursors to the chromyl
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Fig. 20. Thermal desorption spectra of oxygen desorbing from Cr,03(0001) [101].

formation. The width as well as frequency is indicative of a O, species being
adsorbed on the surface in a more or less upright position [101].

Fig. 20 is indicative of the thermal chemistry going on the surface. The TDS
data reveal that around room temperature most molecular oxygen is lost from
the surface. This molecular oxygen does not result from a recombinative de-
sorption as can be seen directly from the isotopic labeling experiments. There is
basically no isotopic mixing beyond the originally present contaminants. Above
room temperature there is a very high temperature peak due to recombinative
desorption stemming in all likelihood from the chromyl oxygen present on the
surface at elevated temperatures, and observed in the infrared spectra. We will
see further below examples of how these chromyl groups influence the chemis-
try of other adsorbed species on the surface.

CO adsorption on corundum type (0001) surfaces is interesting because, op-
posite to checker board rocksalt type surfaces, on the (0001) surface of Cr,O;
CO has been shown by angle resolved photoemission to assume a strongly in-
clined almost flat adsorption geometry. Infrared spectroscopy and recent cluster
calculations by Staemmler’s group have revealed the reason for this [108].
Briefly, on the basis of TDS data the activation energy for the desorption of CO
from chromia(0001) is estimated to be about 45 kJ/mol. So the appropriate state
may be termed weakly chemisorbed. In addition, more weakly bound CO mole-
cules (28 kJ/mole) which are present on the surface at lower temperature have
been detected. Multilayer adsorption of CO does not occur on
Cr205(0001)/Cr(110) at 90 K. IR-spectra confirm the presence of different CO
species on Cr,03(0001). Fig. 21 shows a series of IRAS-spectra as a function of
initial CO dosage at 90 K. Using a CO- exposure of 0.05 L we detect a signal of
the CO-stretchmg vibration at 2178 cm™ and at 0.1 L a second signal appears at
2165 cm™. With increasing coverage the high-frequency signal considerably
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increases and slightly shifts to lower wave numbers. The weak signal at
2165 cm™ does not gain further intensity. Instead it disappears in the shoulder of
the main signal. This state is to be correlated with the chemisorbed state ob-
served in TDS. Finally, at exposures above 3 L a third signal appears at
2136 cm™’, which is due to the more weakly held species.

Cluster calculations and TDS measurements agree fairly well as far as the
adsorption of CO at the Cr,03(0001) surface at low coverages is concerned. The
chemisorbed species corresponds to an undissociated CO molecule residing in
the Os-hollow position with the CO axis strongly tilted against the surface nor-
mal, oriented along a line connecting two surface Cr ions and in a hollow posi-
tion with respect to the O% ions in the second layer. The more weakly held
species corresponds to a shallow local minimum in the potential energy curve, in
which CO lies nearly flat on the surface, also between two surface Cr ions, but
on top an O in the second layer (O-ontop position).

In contrast to the adsorption geometry there is some discrepancy concerning
the adsorption energies as calculated by the cluster calculations. The values of
45 and 28 kJ/mol estimated for the two TDS peaks from the Redhead formula
are considerably larger than the calculated values of about 27 and 15 kJ/mol. As
has been pointed out in connection with NiO, it has to be expected that the cal-
culated values are too low since neither adsorbate-induced relaxations of the
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Fig. 21. FTIR spectra of CO adsorbed on Cr,03(0001) at 90 K as a function of expo-
sure [108].
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Cr,05(0001) surface nor extra cluster van der Waals attractions are accounted
for. Whether the inclusion of these effects will lead to a perfect agreement with
the measured values is not clear. In any case it seems justified to call the O;-
hollow minimum a ,,chemisorption though the dominant contribution to the
interaction energy has electrostatic origin and is characterized by the situation in
which the quadrupole moment of CO fits into the strongly inhomogeneous elec-
trostatic field above the Cr,O3(0001) surface.

Good agreement between theory and experiment exists concerning the fre-
quencies shifts of the CO stretching vibration. The calculations predict a blue
shift of about +22 cm™ for the CO in the O;-hollow position, which compares
favorably with the observed shift of 30-35 cm™ in the most prominent IRAS
band. For the weakly bound CO in the O-ontop position a small red shift of
about —5 cm™! is obtained; the signal at 2136 cm™ observed at higher coverages
for the weakly bound CO species does indeed exhibit such a small red shift of -
7 em™. However, the ab-initio calculations cannot offer an explanation for the
shoulder in the IRAS peak at 2165 cm™ observed for dosages in the range be-
tween 0.1 and 0.8 L (Fig. 21). The frequency itself seems to correspond to that
of CO in the Cr-ontop position, but this does not constitute a local minimum and
will hence be not occupied. We also might speculate that the shift observed in
the main IRAS peak from 2178 cm™ at low coverage to 2170 cm™ at high cover-
age is due to lateral CO interactions, most probably because each CO molecule
is slightly squeezed out of the absolute minimum by neighboring CO molecules.

The results of the present study should also be interrelated with UPS and
NEXAFS  experiments which have been performed on the
CO/Cr,05(0001)/Cr(110) system previously [105, 106]. Whereas the present
data allow the identification of strongly and weakly bound CO molecules, only
the more strongly adsorbed species has been observed in the photoelectron
spectroscopic studies. The explanation may be found in the experimental condi-
tions: At the slightly elevated surface temperature (105 K) used in those experi-
ments and because of UV- and X-ray-induced CO-desorption the weakly bound
CO species could not be detected. (In fact, the UPS and NEXAFS measurements
had to be performed at a background CO pressure of 1 x 10® mbar.) A very in-
teresting point is the adsorption geometry of the CO-species on
Cr,03(0001)/Cr(110). On the basis of the ARUPS and NEXAFS data [105, 106]
the tilt angle between surface plane and molecular axis of the chemisorbed CO
was estimated to be about 20°. The present IR-data are consistent with an ad-
sorption model of a strongly tilted CO-chemisorbate, in line with the cluster cal-
culations.

On the other hand, the IR-signal of the weakly bound CO-species
(at ~ 2136 cm™) shows a very small intensity compared to the relative popula-
tion of states as deduced from TDS (not shown) [108]. Neglecting possible dif-
ferences in the strength of the dynamic dipoles we can conclude that for the
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weakly bound CO molecules the tilt angle between surface normal and molecu-
lar axis is even larger than for the chemisorbed CO: the weakly bound CO lies
almost flat on the surface. This conclusion is confirmed by the cluster calcula-
tion as well.

It is very interesting to note that CO adsorption on V,03(0001) seems to
show a very much related behavior although the study of orientation of the
molecule is not complete yet [98].

Water adsorption has been studied for Fe,Os as well as for Cr,O3(0001) sur-
faces by Henderson and Chambers [103, 109, 110]. In general, both, dissociative
adsorption as well as molecular water adsorption has been observed. Fig. 22
shows TDS data for chromia [103]. The low temperature peak corresponds to
molecular physisorption, including multilayer formation (peak at 165 K), while
the higher temperature peaks are consistent with, partially, recombinative de-
sorption of chemisorbed water from the surface. The two states at 295 K and at
345 K are populated sequentially, starting with the high temperature state at the
lowest exposure. Vibrational spectra revealed the presence of isolated hydroxyl
groups. These are associated with the peak at 345 K. In fact, Henderson and
Chambers [103] proposed that water in the dissociated state is comprised of two
distinct hydroxyl groups, i.e. a terminal and a bridging hydroxyl group.
Molecularly chemisorbed water desorbs at 295 K. These authors also mention
the strong influence of a predosage of the surface by oxygen on the surface
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Fig. 22. Thermal desorption spectra of water desorbing from Cr,03(0001) after various expo-
sures [103].
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chemistry. Their observations are in line with results on the adsorption of CO,
described briefly below [111, 112].

Water adsorption on alumina leads to molecular adsorbates [110]. There are
some reports on the formation of isolated hydroxyl groups on regular sites [113,
114]. Whether they are the results of dissociative water adsorption is not com-
pletely clear, although there is a recent theoretical paper that predicts the disso-
ciation of water on Al,05(0001) by protonation of a surface oxygen, while the
molecule previous to dissociation resides on a cation site [115]. There is no ex-
perimental verification of this result as yet. There are, however, explored routes
to hydroxylate alumina surfaces either by exposure to atomic hydrogen or by a
combination of aluminium deposition and subsequent hydrolyzation with wa-
ter [116].

Carbondioxide adsorption is another example of molecular adsorption which
has been studied quite extensively in the past. While for some time is was gen-
erally accepted that CO, forms carbonates with chromia surfaces very readily
upon exposure, it was recently observed that carboxylate species may be
formed. TDS spectra indicate [111, 112] that there are more weakly and less
weakly bound CO, species on the surfaces. We have studied the nature of those
species by various techniques including infrared spectroscopy. Fig. 23 shows
several sets of IR spectra. The pair of sharp bands around 2300 cm” can easily
be assigned to the more weakly bound CO, with only slightly distorted structure
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as compared with the gas phase species. By a combination of isotopic labeling
the adsorbed CO, (shift of frequencies) as well as the oxide layer (no shift of
CO, bands) we have demonstrated that the single band centered around 1300
cm™ is due to the presence of a carboxylate species, i.e. a bent anionic CO, spe-
cies, and not, as perhaps expected, to a carbonate [105].

The bands between 1610 and 1700 cm™ are missing because of the
applicability of surface selection rules in thin film systems. This means, all non-
totally symmetric bands are suppressed in intensity. A quick comparison with
CO, adsorption on chromia microcrystalline material as shown in Fig. 23
indicates the presence of the bands between 1610 and 1700 cm™ as expected for
adsorption on a bulk dielectric material. It is remarkable how similar the thin
film data are in comparison with the microcrystalline material. This has been
discussed in detail by Adriano Zecchina’s group [117]. Also, the response of the
two systems with respect to preadsorption of oxygen is very similar. In fact, as
shown in Fig. 23, CO, adsorption in form of the less weakly bound CO;" is fully
suppressed on the thin film system and very strongly attenuated for the
microcrystalline system. This indicates that CO, occupies the chromium sites,
because we know that oxygen from the gas phase adsorbs on the chromium ions.
As we remarked above, ELS [106] and XPS [102] spectra of the Cr,03(0001)
surface have been used to deduce that the Cr-ions in the surface are in a low
oxidation state, i.e. Cr’* as opposed to chromium ions in the near surface and
bulk regions. It is therefore not surprising that such a surface provides electrons
to adsorbed molecules, leading to electron transfer as, for example, documented
by the formation of O,” and CO,". The low valence state of the Cr surface ions
also has consequences in other reactions, such as the polymerization of ethene
which has been studied on Cr,03(0001) [118], and in connection with other
model studies [119].

A tri-atomic molecule that has so far not found wide attention is NO,, al-
though the molecule is interesting with respect to environmental catalysis [120].
We have studied the interaction of NO, with alumina films [121]. Fig. 24 shows
TDS data for this system: The dosages given in Fig. 24 are expressed in terms of
the rise of the base pressure for 10 s at a fixed distance between doser and sur-
face. By multimass TPD measurements it has been checked that NO, is the only
desorbing species. For small coverages a single desorption peak is found at 135
K which saturates at higher exposures. This first desorption peak can be as-
signed to isolated NO, molecules physisorbed to the oxide with a binding energy
of 38 kJ/mol estimated according to Redhead’s analysis [65]. At higher cover-
ages a second desorption feature at nearly 10 K higher temperature appears. The
observation of a TPD peak at higher temperature which does not saturate upon
increase of exposure is quite unusual compared to the “normal” desorption be-
havior of, e.g., NOy/Au(111) published by Bartram and Koel [ 122]. It indicates
an intermolecular interaction energy larger than the binding energy from the
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Fig. 24. Thermal desorption spectra of NO, desorbing from Al,O3 after exposure to various
background pressures at 50 K.

molecule to the substrate. This desorption with higher binding energy may be
due to two- and three-dimensional molecular aggregates, respectively.
Obviously, there is not a strong interaction of the molecule with the sub-
strate rendering the surface chemistry in this system rather simple. However,
due to the radical nature of NO, this system offers unique possibilities to study
molecular motion of adsorbed molecules by applying electron spin resonance
(ESR) spectroscopy under UHV conditions [121, 123]. We have developed this
technique to be applied under UHV conditions to the systems addressed here
and we refer the reader to the literature for technical details of the experi-
ment [123]. Since ESR spectroscopy is a widely applied technique in chemistry
we assume that the reader is familiar with the general ideas of ESR spectros-
copy, although we realize that in the surface science community this may not be
the case [124]. Fig. 25 shows ESR spectra for the system NO,/Al,O;. Before we
go into details of the spectra in Fig. 25 we try to explain the characteristics of
the recorded ESR spectra. There are two main contributions to the habit of the
spectra. First, the unpaired electron resides in a particular electron orbital of the
molecule with a specific spatial orientation, which in turn leads to a dependence
of the electron spin resonance on the orientation of the molecule in the external
magnetic field. In other words, the isotropic g value of the free electron is trans-
formed into an anisotropic g tensor, which gives rise to a splitting of the reso-
nance lines. The hyperfine interaction of the unpaired electron with the nuclear
spin (I = 1) of the nitrogen atom (**N) as the second contribution may be de-
scribed by the A tensor and finally leads to an appearance of the spectrum, ex-
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hibiting three well-separated parts. The spectra are presented as the first deriva-
tive of the microwave absorption as a function of the external field.

In Fig. 25 coverage dependent ESR spectra of NO, on Al,O;5(111) are
shown. The main observation is the increasing line width AB of the spectra
with increasing coverage. Assuming the line width to be due to dipolar
interaction (AB ~ 1/r) of the unpaired spins of neighboring molecules [125], it
is obvious from the increase of the line width that the distance of the NO,
molecules decreases. If the sample is annealed at different temperatures, as
shown in the lowest spectrum in Fig. 25 and in the inset, a drastic decrease of
line width and intensity after annealing to temperatures above 60 K is observed,
although temperatures are well below the desorption temperature of 135 K. At
about 100 K the decrease of intensity causes the spectrum to vanish below the
detection limit within a few minutes.

The decreasing of the concentration of NO, is caused by the reaction of par-
amagnetic NO, monomers to the diamagnetic N,O, dimer [126]. Because at low
temperatures the equilibrium of this reaction completely favors the dimer, there
must be a kinetic restriction causing the molecule not to dimerize at low tem-
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Fig. 25. Electron spin resonance spectra of NO»/AL,O3 adsorbates at different NO, coverages.
The bottom trace was recorded after 0.5 ML coverage had been annealed at 105 K. The inset
shows the line widths as a function of temperature [121].



355

peratures. We believe the onset of the reaction is coincident with the onset of
translational diffusion of the NO, monomers on the surface. If the annealing
procedure is repeated or continued over larger time intervals the decrease of the
line width stops at a certain value (see the inset in Fig. 25), but the signal inten-
sities continue to decrease below the limit of noise. At very low coverages no
decrease of the line width can be observed, because it has reached its lower lim-
iting value even after adsorption. This value may be assumed when intermo-
lecular distances between the monomers become so large that the contribution of
the dipolar interaction to the line width can be considered to be small as com-
pared to other contributions. Then the only effect of the dimerization process is
decreasing the spectral intensity. We compare computer simulations with the
spectra in Fig. 25. The model for fitting these spectra is a three-dimensional ran-
dom distribution of static molecules yielding a so-called powder pattern. A de-
tailed description of the fitting procedure is given in [127, 128]. The simulations
match the experimental spectra except for some small differences.

ESR spectra of a submonolayer coverage of NO, were taken at different
temperatures by warming the sample up step by step before recording the spec-
tra. As mentioned above the signal intensity decreases within a few minutes at
about 100 K, rendering it impossible to obtain spectra with a reasonable signal-
to-noise ratio. However, it is possible to deduce an estimate for the diffusion co-
efficient D from this time behavior. Assuming the dimerization to be a
diffusion controlled reaction, the theoretical investigation of Freemann and
Doll [129] provides a relation between the rate constant observed and the
diffusion coefficient. An evaluation in this framework yields a value of D~107"
cm®/s. The estimates based on coverage and spectral intensity versus time are
quite crude; however, the calculated diffusion coefficient is remarkably small,
compared to those measured, for example, for CO/Ni(100) [130] (10° — 107
cm?/s).

The analysis so far has been restricted to translational motion. While the
detailed analysis of the spectra, in particular at low temperature, also reveal de-
tails of the other aspects of molecular dynamics, i.e. rotational motion, the low
temperature onset of dimerization in the case of NO, obscures this to some ex-
tent [131]. It is therefore favorable to investigate radicals which do not dimerize.
A typical example is the molecule DTBN (di-tert-butyl nitroxide) which repre-
sents basically an NO molecule carrying two bulky hydrocarbon side chains at
the nitrogen end which keeps it sterically from dimerizing (see inset in Fig. 26).

The adsorption behavior of this species is relatively complex and has been
discussed in detail elsewhere. Briefly, there are three different binding modes of
the molecule to the surface, only one of which is ESR active, i.e. still carrying
an unpaired electron. The dynamics of this species, which represents about 10%
of a monolayer, has been studied with ESR. The molecule is bound to an alu-
minium cation site via the oxygen lone pair and resides in an environment es-
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Fig. 26. Electron spin resonance spectra of a DTBN (structure see inset) adsorbate at various
temperatures [131].

tablished by a large fraction of molecules bound with both nitrogen and oxygen
end to the surface, being however, non ESR active. Therefore the ESR active
molecules are well diluted on the surface and exhibit well resolved ESR line
shapes as shown in Fig. 26. Here the temperature dependence of the species has
been recorded. Below 200 K a rigid-limit ESR spectrum as shown in Fig. 26 is
obtained at 40 K. The parameters gained from this spectrum (g and A tensor
components) form the basis for the simulation of spectra measured at higher
temperature including the effects of molecular dynamics.

Above 200 K changes in line shape as shown in Fig. 26 reveal the onset of
molecular dynamics (the simulations (solid lines) are carried out assuming a
particular motional model, the “moderate jump” model, which is discussed be-
low.) The line width has dropped to about 12 G, which is known to result from
intramolecular interactions manifested as unresolved proton hyperfine split-
tings [132]. The dipolar interactions are now averaged out by the molecular dy-
namics. The remarkable intensity behavior (increasing intensity at higher tem-
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perature) is caused by the reversible conversion of DTBN molecules from the
ESR-inactive to the ESR-active state and is discussed elsewhere [133].

Four different models for the molecular dynamics have been tested to simu-
late the experimental spectra. Brownian rotational diffusion and jump type dif-
fusion [134, 135] have been used for this analysis, both in their pure forms and
in two mixed models. Brownian rotational diffusion is characterized by the rota-
tional diffusion constant D and jump type motion by a residence time t. The
motions have been assumed to be isotropic. In the “moderate jump”
model [135], both Brownian and jump type contributions to the motion are cou-
pled via the condition Dt = 1.

The dynamics of the adsorbed DTBN molecules have two components: first,
the jump contribution, which may be taken to represent the fast switching be-
tween the six equivalent positions around an aluminum binding center at the sur-
face as shown in Fig. 27; second, an additional tumbling contribution which
cannot be caused from collisions with gas phase molecules, since the experiment
takes place under UHV conditions. The high stability of the adsorbate under
UHV conditions also rules out a translational diffusion of the DTBN molecules.
The tumbling involves two other motional degrees of freedom for the DTBN
molecule as a whole: a rotation around the binding axis and a vibration against
the surface. If both motions are of low amplitude, they may be reflected in the
additional Brownian contribution to the jumping motion. The low-amplitude
tumbling is traceable to the bulky tert-butyl groups which interact via van der
Waals forces with the surface and restrict both movements to small angles. The
rotation around the binding axis can also be identified as illustrated in Fig. 27.
The vibration of the molecule against the surface can be seen as a hindered rota-
tion of the molecule around the aluminium center as also shown in Fig. 27.

ESR spectroscopy has also been used to study dynamics in more complex
systems on oxide surfaces, i.e. self-assembled molecular (SAM) films [136,
137]. Fig. 28 shows ESR spectra taken for spin labeled stearic acid, namely n-
doxyl-stearic acid (n-DXSA) immersed onto a thin alumina film. These nitrox-
ides, with an oxazolidinyl ring as paramagnetic group connected to different po-
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Fig. 27. Schematic representation of motions of DTBN on Al,O;.
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Fig. 28. Electron spin resonance spectra of 5-doxyl-stearic acid (a) and 16-doxyl-stearic acid
(b) on Al,O; as a function of temperature [136, 137].

sitions of the aliphatic chain, are well known as paramagnetic probes in the
study of natural and synthetic membranes. The spin labeled molecules are pres-
ent only as 5 % of a monolayer and are diluted with non spin labeled stearic acid
molecules. Fig. 28a shows the measured temperature dependence of a SAM
where the spin label is close (n = 5) to the anchoring carboxyl group of the chain
to the oxide surface, while in Fig. 28b the corresponding spectra for a film with
the spin label in n = 16 position, i.e. near the end of the aliphatic chain close to
the vacuum interface are presented. The line shape of the spectra in Fig. 28a for
temperatures up to 200 K remains unchanged whereas the intensities decrease
according to Curie’s law.

Increasing the temperature to values higher than 200 K results in a decrease
of the line width (see, e.g., the spectra at 60 and 300 K in Fig. 28a). However,
the positions of the characteristic spectral features remain unchanged. This be-
havior may be interpreted in terms of very slow motion of the spin label but it is
difficult to understand, because it is known from the literature [138] that the line
width of the spectra should increase first before changes in line positions occur.
An alternative mechanism for line broadening at low temperatures is inhomoge-
neous broadening due to unresolved proton superhyperfine interactions. Apart
from an increasing line width, this mechanism should change the line shape
from Lorentzian to Gaussian [139]. This can be shown to be the case [140]. The
solid lines in Fig. 28a represent computer simulations of the spectra assuming a
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rigid, randomly oriented ensemble of spin labels. Whereas the spectrum at 300
K is computed with Lorentzian lines, the spectra at 200 and 60 K are calculated
using Gaussian line shapes. The change from Lorentzian to Gaussian line shape
is necessary in order to fit the rigid limit spectra with a single set of g- and A-
tensors. This indicates that the changes in the line width above 200 K are due to
the motion of the protons in the surroundings of the spin label. On subsequent
raising of the temperature higher than 315 K, the line shape changes again. But
now the changes of the line shape, namely, the growth of a structure between the
two maxima of the spectra, are indicative of the motion of spin labels connected
to the alkyl chains themselves [141].

Turning now to the spectra in Fig. 28b with the spin label far away from the
oxide surface we compare the spectrum recorded at 60 K with the corresponding
spectrum in Fig. 28a. There are no pronounced differences. This behavior is ex-
pected because both spectra reflect an ensemble of static molecules. The situa-
tion changes at higher temperatures: Whereas the spectrum of 5-DXSA at 200 K
could be described as a rigid limit spectrum with Gaussian line shape due to un-
resolved proton superhyperfine interactions, the equivalent spectrum of 16-
DXSA is a rigid limit spectrum as far as the spin label is concerned, but the line
shape is almost Lorentzian. The onset of the protons motion for the 16-DXSA is
approximately at 140 K. This is in good agreement with helium atom scattering
experiments of Scoles et al. [142] who observed a loss of the ordered structure
above 100 K and attributed this effect to the motion of the terminal alkyl groups.

The two high-temperature spectra clearly indicate the motion of the spin la-
bel itself. Compared to the 5-DXSA films the motion is considerably more ex-
cited. In an attempt to understand the dynamics in terms of liquid-like motion,
the increase of the rotational constants should lead to a shift of the whole struc-
ture at the high- and low-field extrema toward the isotropic values.

There is still more information in the spectra which we will not dwell upon
at this point. In a recent detailed article simulations [137] including the various
degrees of freedom of the chains and the constituting groups have been reported.

4. SURFACES OF OXIDES WITH RUTILE STRUCTURE

Fig. 29 shows the volume structure of rutile [15]. The sizes of the unit cells of
TiO,, VO, and RuO, are given in Fig. 29. Probably, the best studied clean oxide
surfaces are the TiO,(100) and TiO,(110) surfaces. A STM image of the clean
(Ix1)TiOy(110) surface taken by Diebold and her group is shown in Fig.
30 [143]. It is noteworthy, that one of the first atomically resolved images of this
surface was reported by Thornton and his group [144]. The inset shows a ball
and stick model of the surface. There is now accumulating evidence from theo-
retical modeling of the tunneling conditions, but also from adsorbate studies us-
ing molecules which are assumed to bind to the exposed Ti-sites, that the bright
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Fig. 29. Schematic representation of the bulk rutile unit cell (lattice parameters are given in
the inset for different materials) [15, 150]

rows are representing Ti atoms. Iwasawa and his group [145-148] have success-
fully used formic acid in such a study, and showed in line with the theoretical
predictions, and counter-intuitive with respect to topological arguments, that the
Ti-ions are imaged as bright lines and the oxygen rows as dark lines. Taking the
resolvable interatomic distances within the surface layer the values correspond
to the structure of the charge neutral truncation of the stoichiometric (110) sur-
face [149].

Interatomic distances normal to the surface, however, are substantially dif-
ferent from the bulk values as is revealed by X-ray scattering experiments [149].
The top layer six-fold coordinated Ti-atoms move outward and the five-fold-co-
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Fig. 30. Structure of the TiO,(110) surface as determined via STM (left panel) [144] and
grazing incidence X-ray scattering (right panel) [149].
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ordinated Ti-atoms inward. This leads to a rumpling of 0.3 + 0.1 A. The rum-
pling repeats itself in the second layer down with an amplitude of about half of
that in the top layer. Bond length variations range from 11.9 % contraction to
9.3 % expansion. These strong relaxations are not untypical for oxide surfaces
and had been theoretically predicted for quite a while [8]. Recently, STM im-
ages from the RuO,(110) surface, prepared as a thin film on a Ru(0001) surface,
have been reported [151]. The results are shown in Fig. 31. Here the bright rows
are the oxygen atoms as demonstrated by adsorption of CO, which resides be-
tween the bright rows, indicating that in the case of RuO, the contrast is reversed
with respect to TiO,. A clear reasoning for the differences has not been given so
far. In addition to STM the structure has been analyzed through a LEED I/'V
study. The surface appears to be basically bulk terminated with smaller relaxa-
tions as compared to the TiO,(110) case. Over et al. have also started to prepare
other low index surfaces and LEED analysis are under way [152]. For VO,(110)
grown epitaxially on a TiO(110) surface, structural data based on photoelectron
diffraction are available from the Granozzi group [153-157]. It seems that the
VO,(110) surface is terminated similar to the TiO,(110) case.

Molecular adsorption has been extensively studied on TiO,(110), but very
little on the corresponding RuO, and VO, surfaces. Interestingly, there is very
scarce recent information on CO and NO adsorption even on TiO,(110). CO ad-
sorption has been imaged as mentioned above for RuO, [151]. The molecules
are residing on the Ru ions between the protruding surface oxygen rows and the
binding energy is 1.2 eV. The molecules are immobile at 300 K and can be im-
aged with the STM. A LEED structure determination yielded a C-Ru distance of
1.95 A and a C-O bond length of 1.13 A. Here the bonding is thought to be in

Fig. 31. Left: STM image of RuO,(110)/Ru(0001) (U =-1.21 eV, I = 0.46 nA). Right: the
same surface after exposure to 10 L CO (U = -1.08 eV, I =0.46 nA). From ref. [151].
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accord with the Blyholder model (Fig. 5). Upon desorption carbon dioxide is
formed leaving surface oxygen vacancies behind. The oxygen is taken from the
lattice and can be replenished by exposing the surface to molecular oxygen. This
process of oxygen uptake by dissociating molecular oxygen from the gas phase
was well known before from studies on TiO,(110), where exactly the same pro-
cess applies [158]. In the latter case the extra oxygen adatoms are placed on the
fivefold coordinated Ti ions.

Water adsorption has been studied quite extensively in the past, both on the
Ti0,(100) and the TiO,(110) surfaces [159, 160]. There is substantial evidence
that water dissociates easily on the Ti0,(100) surface leading to the formation of
hydroxyl groups [161, 162]. On the TiO,(110) surface studies by
Henderson [159] and by Hugenschmidt et al. [163] suggest that only a small
fraction (from 1 % to 25 %) of the water molecules dissociates. Fig. 32 shows
TDS data from Henderson’s work [159]. There are basically three states of wa-
ter on the surface. The low temperature peak is likely to be associated with
thicker ice layers, while the peak at 175 K is due to water molecules in the sec-
ond layer. The monolayer shows up as the peak shifting from close to 300 K to
270 K as a function of coverage.

Henderson [159] also investigated the vibrational properties of adsorbed
water allowing the identification of monolayer and second layer water molecules
through the shift of the OH stretching frequencies. Interestingly, the data suggest
that the protons on the monolayer are not involved in hydrogen-bonding second
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Fig. 32. Thermal desorption spectra of water desorbing from TiO,(110) after various expo-
sures. The inset shows an enlarged plot of traces determined for low water exposures [159].
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Fig. 33. Schematic representation of the geometry of adsorbed formate on TiO(110) [165].

layer water molecules. Engel and his group [160] have recently corroborated via
molecular beam studies, that, in fact, water does not dissociate on the regular
TiO,(110), and that the small fraction of dissociating molecules reside on defect
sites.

Another widely studied adsorption system on TiO,(110) is related to formic
acid [164-166]. Upon exposure of the TiO,(110) surface to formic acid, strongly
bound formate is formed, and this formate has been shown to reside on the Ti
ions as already mentioned above. The protons form surface hydroxyl groups
with a stretching frequency of 3605 cm™. Photoelectron diffraction studies [165]
revealed the geometry of the bound formate molecule as reproduced in Fig. 33.
It binds through both oxygens to pairs of neighboring Ti ions oriented along the
(001) rows. The O-C-O bond angle is 126 + 4°, and the vertical distance
between formate oxygens and surface Ti ions is 2.1 + 0.1 A in good agreement
with structure optimizations based on Hartree-Fock total energy minimization.

5. SURFACES OF OXIDES WITH LAYERED STRUCTURES

Fig. 34 shows the volume structure of vanadium-pentoxide [15]. The layered

Fig. 34. Schematic representation of the bulk structure of V,0s including the dimensions of
the unit cell [15].
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Fig. 35. Four constant current STM images of the (001) surface of Na doped V,0s recorded
with similar experimental parameters (U: 2-3 V, I: 0.6-1.0 nA) [167]. Images (a), (b), and (c)
have the same scale and orientation. The image in (d) covers a slightly larger area and has a
different orientation. The surface repeat unit is indicated by the rectangle in (a). The vertical
scale from black to white is in: (2) 2.25 A, (b) 1.5 A, (c) 1 A and (d) 2.25 A.

structure of the material is quite obvious and its electronic structure has been
discussed in detail on the basis of diffraction data and theoretical investigations.
The material cleaves almost exclusively along the (001) surface, i.e. between the
layers which are held by rather weak forces. Fig. 35 displays well resolved STM
data reported for this surface [167]. The authors attribute the differences
between the images to surface disorder mainly involving the surface vanadyl
groups which are expected to be responsible for the bright areas in Figs. 35a, b
and d.

Electron spectroscopic studies have been undertaken early on by Zhang and
Henrich and by the Horn group [167-171]. The latter group, however, has been
more interested in bulk than in surface properties. Fig. 36 shows a photoemis-
sion spectrum of V,05(001) at the top of the lower panel taken in the authors
laboratory. It may be interpreted on the basis of calculations by Klaus Hermann
and his group [172]. Briefly, the spectrum is dominated by O2p/02s emissions
and there is a minor admixture of the V3d wave functions in the panel showing
the results of the calculations. There are no features near the Fermi energy which
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Fig. 36. Photoelectron spectra and schematic representations of structures of various vana-
dium oxides [98, 173]. For comparison a computed density of states [172] is shown.

would, if they were present, be characteristic for defects leaving V atoms in
lower oxidation states.

The oxygen derived part of the valence band can be separated into contribu-
tions from the various types of oxygens constituting the structure as shown in
the right part of Fig. 36. The terminal vanadyl oxygen {O(1)} gives rise to the
central features whereas the bridging oxygens {O(2) and O(3)} connecting the
vanadyl groups are contributing to the wings of the valence band. We will use
this fact to identify oxygen specific reactivity.

The spectrum in the panel below V,0s is that of VO,. VO,(110) has been
grown as a thin film on the isostructural rutile(1 10) surface as discussed above.
The oxygen derived valence band is slightly different from that of V,0s. A
characteristic difference is the appearance of a feature close to the Fermj edge in
VO indicating the presence of vanadium 3d electrons. Its intensity represents to
some extent the population of the V3d orbitals. When we turn from VO, to V,04
(also discussed above) an even stronger increase in the V3d intensity is
observed. In Fig. 36, in the lower panel, the valence band photoemission
spectrum of V,0;3(0001)/Au(111), is shown. The V,0; film shows a sharp
hexagonal LEED [98] pattern (see F ig. 16) representing the corundum type
structure similar to ALOs, Cr,0; and Fe,0; (see above). Again, the V,0; oxygen
valence band emission is not very characteristic, as compared with VO, and
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Fig. 37. Photoelectron spectra of V,05(001) and VO,(110)/TiOx(110) in comparison with a
photoelectron spectrum obtained after dosing atomic hydrogen to a V,05(001) surface.

V,0s. It is only the change in the near Fermi edge structures that show a
characteristic variation from V** to V**.

Vanadium pentoxide is rather inactive with respect to adsorbates. For exam-
ple, molecular hydrogen only leads to observable effects in the photoelectron
spectrum after 10* L exposure, On the other hand, atomic hydrogen leads al-
ready at low exposure to recognizable changes in the photoelectron spectrum.
The spectrum shown in Fig. 37 in the middle has been obtained after exposing
the surface to atomic hydrogen. Opposite to the finding with molecular hydro-
gen the surface is chemically corroded. Defects form, as we also know from
electron energy loss spectroscopy, and concomitantly reduced metal centers
show up near the Fermi edge. In fact, the spectrum looks very similar to the one
of VO, which we show for comparison. We have investigated the surface with
vibrational spectroscopy and found no indication for the formation of hydroxyls.
It is very likely, that during exposure water evolves from the surface. Still the
complete absence of OH on the surface is surprising and might point to the for-
mation of hydrogen vanadium oxide bronzes which are well-known to exist and
which also have been used as precursors in the preparation of catalysts [174].

6. SYNOPSIS

The present review has been focussed on discussing the geometric and elec-
tronic properties of surfaces as related to their ability to adsorb and electroni-
cally modify molecules. Still this field is in its infancy for oxide surfaces when
compared to vast amount of data available for metal surfaces. It is important to
recognize, that the interaction of molecules with oxide surfaces has to be com-
pared with care with the established bonding models for metal surfaces. This
fact, although quite obvious is not always properly appreciated. For oxide sur-
faces electrostatic effects have to be taken into account, especially for the highly
ionic materials. For example, even though CO binds to MgO or NiO in the same
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geometry as on a metal surface, the synergetic o-bonding-n-backbonding
mechanism (Blyholder model) cannot be appropriately used to understand the
bonding. Other oxides, which have more covalent bonding character, may, on
the other hand, be properly described using such models. RuO, seems to be an
example. In general, water adsorption has been studied to a large extent due to
its importance in geochemical and electrochemical studies. While information
for the well ordered and carefully prepared surfaces is accumulating, it becomes
more and more important to try to understand the nature of well identified de-
fects on the adsorption properties. In the field of oxide surface chemistry re-
search, it is the belief of the authors, that this field will be an interesting but also
a challenging one, if well characterized systems are used.
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