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Chapter 9

Structure and electronic properties of ultrathin oxide films on
metallic substrates

H. Kuhlenbeck and H.-J. Freund

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Abteilung Chemische Physik,
Faradayweg 4-6, 14195 Berlin, Germany

This chapter will deal with the properties of ultrathin oxide layers on
different substrates. We will discuss different modes of preparation, the surface
geometry of the respective oxide films and their electronic properties. The focus
will be put onto the systems NiO(100)/Ni(100), NiO(111)/Ni(111),
Cr,0;(0001)/Cr(110) and A1,03(111)/NiAl(110), that are prepared by oxidation
of metal or alloy single crystals in an oxygen atmosphere at elevated
temperature. We will also discuss systems where the oxide film is prepared by
oxidation of a metal which is evaporated onto an inert substrate.

1. INTRODUCTION

Oxides are interesting materials from different points of view. Seen'from the
viewpoint of technology the fields of catalysis, corrosion, semiconductor
technology and high temperature superconductivity are to be listed although the
technological breakthrough in the latter discipline is still to come. We also note
that ceramic materials which are used for numerous applications are oxidic in
nature.

Using surface science methods one may try to get information on the
properties of the surfaces of oxides and their interaction with other materials
like adsorbed gases. The latter aspect is important for the field of catalysis.

Many studies on oxide surfaces have been performed since the event of
surface science; especially in the last ten years several groups all around the
world have begun to study different aspects of the properties of oxidic surfaces.
In the beginning these groups mainly concentrated on the electronic and
geometric properties of clean surfaces [1, 2, 3]. From the joint theoretical and
experimental efforts our knowledge of oxide surfaces has rapidly developed.
Another step is to study the interaction of oxides with other materials, especially
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adsorbed gases [4]. Founded knowledge about the interaction of adsorbates with
the surface, the modification of their properties due to adsorbate-surface
interactions and interactions between adsorbed molecules is an important
ingredient for an understanding of many technologically important catalytic
processes. Real heterogeneous catalysts often consist of metal particles finely
dispersed on an oxidic support(5]. Therefore the interaction of oxide surfaces
with metals is another important aspects of many studies [6, 7].

There are different ways to study oxide materials. One ihvolves the
investigation of powder samples with sometimes rather undefined structure[8].
Often the experiments are performed at ambient pressure conditions. This
approach is mainly used in catalytic studies but there is the disadvantage that it
is often not easy to understand the results from a microscopic point of view
since the samples are too complicated in structure and the ambient pressure
conditions do not allow the in situ application of electron spectroscopy. In
another approach oxide single crystals are investigated [2]. Such surfaces may
be obtained by cleaving a single crystal in vacuo or by cutting a piece from a
single crystal rod and polishing it. Especially cleaved single crystal surfaces
may be prepared with low defect density so that the experimentalist deals with a
very well defined system (this advantage is usually less pronounced for polished
surfaces) so that the experimental results are often easier to understand. The
main problem here is that such systems tend to charge when electron
spectroscopy is applied and that defined heating of the samples is problematic
since the heat conductivity of oxides is typically small. Charging is especially
found at low temperatures since at these temperatures the movement of charge
carriers is frozen in [9]. However, low temperatures are important for adsorption
‘'studies.

The third approach which will be in the focus of this chapter is to study thin
oxide films[4, 10]. These are often prepared by oxidation of a metal single
crystal but other methods of preparation may also be applied. Cooling and
heating are unproblematic and usually no charging occurs even at low
temperature so that electron spectroscopy may be applied. Also, it is possible to
prepare surfaces which may not be obtained by cleaving since their surface
energy is too high.

We shall present results for several different oxide systems, i.e.
NiO(100)/Ni(100), NiO(111)/Ni(111), NiO(111)/Au(111), Cr;05(0001)/Cr(110)
and ALO;(111)/NiAl(110). The preparation and the structure of the films as
well as their electronic properties will be in the focus of the discussion. We will
also discuss the stabilization of polar surfaces and a few aspects of the
interaction with adsorbates.
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2. PREPARATION OF THIN OXIDE FILMS

There are three commonly applied methods of oxide film preparation which
are depicted in Fig. 1. One way is to simply oxidize metal single crystals by
exposition to oxygen at elevated temperature as schematically shown in Fig. 1a
[4]. Oxide films may also be grown by oxidation of alloy surfaces as depicted in
Fig. 1b [11, 12]. If, for instance, the oxide of metal B is thermodynamically
much more stable than that of metal A nearly exclusively the oxide of metal B is
formed. This works well for some aluminum alloys because Al,O; is
thermodynamically very stable. It may also be favorable to grow an oxide film
on a substrate which itself does not play a role in the process of oxide formation
as depicted in Fig. 1c [13-17]. This may, for instance, be done by evaporating a
metal in an oxygen atmosphere or by oxidizing a metal layer deposited on an

Preparation of thin oxide films
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Fig. I: Three different methods for the preparation of oide films.

inert substrate. Such a procedure is advantageous if the lattice constant of the
oxide does not fit well to that of the respective metal so that the resulting strain
induces defects if the film is prepared by oxidation of the respective metal. As a
way out one may chose a substrate with a lattice constant that fits well to that of
the oxide. _ ‘

Typical thicknesses of experimentally studied oxide films range from several
Angstrems to some 10 nanometers. Thicknesses of some nanometers are.usually
sufficient for the oxide films in order to establish a geometric and electronic
structure which is near to that of a massive oxide crystal. At much higher
thickness charging may occur.

The qualities of different oxide films may differ strongly. Besides preparation
parameters like oxygen pressure, substrate temperature and evaporation rate
also some other parameters strongly influence the quality of the resulting film:
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L.~ The mismatch between the lattice constants of substrate and oxide.
If the mismatch is not too large this may simply result in the formation of a
strained oxide lattice. Large mismatches on the other hand may lead to
incommensurate layers or layers that consist of small islands or crystallites
with some type of defective region between them. The general trend is that

* an increasing lattice mismatch leads to a decreasing film quality. This is an

observation that has also been made for other types of thin films.

II.  The oxide-substrate interface energy and the oxide surface energy
If these energies are too high one will observe a three dimensional growth
of the oxide film, i.e. small three dimensional islands with uncovered
substrate regions between them may form (Volmer-Weber-growth).
Especially for adsorption experiments this is highly undesirable.

III. Oxygen diffusion into the substrate
At elevated substrate temperature some oxygen of the oxide may diffuse
into the bulk of the substrate thereby leading to an unstoichiometric oxide
film [18].

IV. The melting point of the substrate
AlLO; films must be annealed at high temperature to establish crystallinity.
If this oxide is prepared by oxidation of an aluminum single crystal,
ordering of the oxide film by annealing at sufficiently high temperature is
impossible because the substrate will melt [11].

The quality of an oxide film depends on all these parameters. Apart from
these also the experimental parameters of the preparation influence the quality
of the oxide film. Whereas the first set of parameters is given by the physical
properties of the oxide and the substrate, the latter one is usually of empirical
nature. In the following we will discuss examples for oxide films prepared
according to all three preparation methods depicted in Fig. 1.
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3. EXPERIMENTAL RESULTS FOR DIFFERENT OXIDE-METAL
SYSTEMS

3.1 NiO(100)/Ni(100), NiO(111)/Ni(111) and NiO(111)/Au(111)
3.1.1 Geometric structure

3.1.1.1 NiO(100)/Ni(100) _

NiO is probably the most often studied oxide [ 16-59]. Many groups studied
NiO(100) in order to develop a basic understanding of the electronic structure
of oxidic materials and it was the one together with MgO(100) which was most
often used as a test system for theoretical models [ 34-51]. In this chapter we
will present data obtained for a thin film of NiO(100) on Ni(100). We will

Ni “10.1 l

* o
|

Fig. 2: Structure of a NiO single crystal Fig.3: Top: SPA-LEED  pattern of
cube exposing (100) surfaces. NiO(100) grown by thermal
oxidation of Ni(100). Bottom:
Schematic drawing of the intensity
distribution in the SPA-LEED

pattern.
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include the electronic structure as well as geometric properﬁes

The arrangement of ions at the NiO(100) surface is shown in Fig. 2. The
lattice type is fcc and the unit cell contains a Ni?" and an O% jon [60]. NiO(100)
films may be grown on Ni(100) by oxidation at elevated temperature (about 300
°C) in an oxygen atmosphere of about 1*10°° mbar [19]. The resulting oxide
films exhibit a LEED pattern as depicted in Fig. 3 [19, 59]. Some properties of
the pattern are remarkable. First: the reflexes are rather broad; second: the
center of the (0,0) reflex of the oxide appears to be shifted with respect to that
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Fig. 4: SPA-LEED line scans through the Fig.5: SPA-LEED line scans through the
(0,0) reflex of NiO(100)/Ni(100). (0,0) reflex of the Ni(100) substrate.

of the substrate; third: there seems to be more than one center of the intensity of
the oxide reflex.

The oxide film has been studied using STM and SPA-LEED [ 19, 59]. Fig. 4
shows a set of SPA-LEED line scans through the oxide (0,0) reflex for different
electron energies. It turns out that the FWHM of the reflex varies in k space
with varying electron energy whereas the angular spread of the reflex remains
approximately constant. This means that the large FWHM of the oxide reflex is
not due to defects in the film (at least not in full) but to a tilt of the surface
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normal with respect to that of the substrate. This, of course, means that the
oxide film consists of tilted crystallites since a tilt of the whole oxide film is
hard to imagine.

It still needs to be explained why the (0,0) reflex of the NiO(100) film seems
to have more than one center of intensity. In view of the explanations given
above this means that there are different possible tilting angles for the NiO
crystallites which differ by 90° as is obvious from the intensity distribution of
the reflex. -

Fig. 5 exhibits a series of line scans through the (0,0) reflex of the Ni(100)
substrate taken at different electron energies. One observes energy dependent
variations in the reflex profile which are characteristic for an array of steps on
the surface with the average step size corresponding to a 1° misorientation of

Fig. 6: STM scan of a NiO(100) film.

the surface. These steps descend along [001] as indicated by the data shown in
Fig. 5.

Fig. 3 shows that the NiO(100) crystallites tilt only along [011] type
directions. But the four possible tilting directions are not equally populated; the
crystallites tilt preferably along those [011] type directions that are near to the
direction along which the steps on the substrate descend. This indicates that the
steps on the substrate play an important role in the oxidation process.

From the SPA-LEED data the average tilting angle and the spread of tilting
angles may be estimated to be about 8° and 6°, respectively. The average size of
the NiO(100) crystallites as calculated from the SPA-LEED data is about 50 A.
This results is corroborated by STM scans of which one is shown in Fig. 6. The
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crystallites of the NiO(100) film are easily discovered. The region between the
crystallites most likely consists of defects. From the known data it may be
estimated that these defects make up 20 to 25 % of the surface area. The reason
for the formation of this type of film structure is most likely the large mismatch
of the lattice constants of NiO(100) and Ni(100) which amounts to about 16 %.
This leads to strain in the oxide film which breaks up the film into crystallites
and most likely also is the reason for the tilt of the crystallites. Finally we note
that not in all cases the formations of tilted crystallites has been observed. The
tilting seems to occur especially on somewhat misaligned surfaces indicating
that a certain density of steps on the surface is needed for tilting to occur.
Additionally, the preparation conditions seem to have a certain influence since
tilted crystalites are more readily observed on systems which have been
annealed at high temperature.

3.1.1.2 NiO(111)/Ni(111)

The surface energy of NiO(111) is higher than that of NiO(100) which means
that it can not be prepared by cleavage of a single crystal. However, it can be
prepared by oxidation of a Ni(111) single crystal where the film is stabilized by

Fig. 7. LEED pattern of NiO(111)Ni(111).  Fig. 8: NiO single crystal cube cut along the
(111)  surfaice. Two different
terminations of the polar (111)
surface are shown. Bottom: Ni**
terminated; top: O terminated.
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Fig9: Schematic drawing of a stable and an unstable arrangement of ionic layers at polar
surfaces.

the interaction with the substrate [ 24,58]. Due to the inherent instability of this
surface it has to be prepared at somewhat lower temperature as compared to
NiO(100)/Ni(100) and the quality of the LEED pattern indicates a large number
of defects (Fig. 7) [24, 58].

NiO(111) is a so called polar surface. The first layer of ideally terminated
NiO(111) may either consist purely of Ni*" jons or of O% ions as schematically
shown in Fig. 8. Such an arrangement of ions is unstable for energetic reasons
since the Madelung potential energy diverges [ 61, 62]. This may be shown by
calculating the potential energy using a model where the ionic layers are
approximated by electrically charged planes as shown in Fig. 9 [61, 62]. The

SPA-LEED Patterns Taken at Different Electron Energies
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Fig. 10: SPA-LEED patterns of NiO(111)/Ni(111).
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arrangement shown in the left hand side of Fig. 9 yields an electrostatic
potential energy which increases linearly with the number of oxide layers
thereby leading to divergence of the Madelung potential energy. A way out is to
reduce the charge in the top and the bottom layers of the polar oxide film by
50 % as shown in the right hand side of Fig. 9. In this case the potential energy
is independent of the number of layers. Reduction of the charge density may be
achieved by a reduction of the number of surface ions, by a reduction of the
charge of the surface ions, by a reconstruction which effectively reduces the
charge in the surface region or by a charged adsorbate which makes up a layer
with a charge density of 50 % of that of the oxide bulk layers. The latter two
cases occur for NiO(111)/Ni(111).

We have studied the structure the NiO(111)/Ni(111) surface with a highly

unreconstructed NiO(111) surface reconstructed NiO(111) surface

Fig. 11: Structure of unreconstructed polar NiO(111) with O® termination (left panel) and a
surface with an oxygen terminated octopolar reconstruction (right panel).

sensitive LEED system equipped with a channel plate detector [ 24]. For a clean,
freshly flashed NiO(111) film diffuse extra reflexes at (2x2) positions are
observed (Fig. 10). This is in line with a theoretical result obtained by Wolf
[36]. He calculated the energy of several differently terminated NiO(111)
surfaces and found that a so called octopolar reconstruction should have the
lowest surface energy [36]. This reconstruction leads to a (2x2) superstructure
in the LEED pattern and is shown in the right panel of Fig. 11 in comparison
with an unreconstructed surface. The surface energy of the (2x2) reconstruction
is comparably low because it consists of octopolar units (4 ions of each type)
which exhibit only an octupole field but no dipole field.
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NiO(111) shows a high affinity towards the interaction with water [ 58]. The
water in the residual gas atmosphere of the UHV chamber induces the formation
of a ELS signal of hydroxyl groups within several minutes whereas NiO(100)
seems to be much less active towards water dissociation [ 58]. The reason for the
high activity of the NiO(111) surface gets clear upon studying LEED intensity
profiles of the oxide (Fig. 12) [24]. One observes that the (2x2) spots of the
octopolar reconstruction are extinguished upon prolonged interaction with the
residual gas atmosphere which means that the surface structure changes upon
coverage by hydroxyl groups. When the hydroxyl groups are removed by
annealing at 600 K the (2x2) reflexes are restored. The explanation for this

LEED intensity profiles

(1,0)-spot (0,1)-spot

71eV 00
before ®

ar_menling 9
65eV
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656V SR
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Fig. 12: SPA-LEED line scans of the NiO(1T1)/Ni(111) surface taken for different preparation
conditions.

result is that the Madelung potential energy of the polar NiO(111) surface may
also be stabilized by a charged adsorbate layer. Assuming that the formal charge
of the hydroxyl ions is -1 which is half of that of the oxide ions, a dense layer of
OH" groups should be able to stabilize the surface so that the octopolar
reconstruction that is observed for the clean surface is no longer needed.
Another conclusion is that the energy of the adsorbate covered unreconstructed
surface must be smaller than that of the reconstructed surface since otherwise
one would not observe such a high affinity towards the dissociation of water.
Using TDS experiments with NO we could show that part of the oxide film
prepared by oxidation of Ni(111) consist of regions which expose (100)
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Fig. 13: LEED pattern of clean Au(l11). Fig. 14:LEED pattern of p(2x2)
E=127eV. reconstructed NiO(111) grown by
deposition of =3 ML of Ni in an
oxygen atmosphere of ~2*10 mbar
onto a Au(lll) crystal held at

T=300 °C.

oriented surfaces to the vacuum [ 58]. This leads to NO desorption spectra which
arc very similar to those observed for NiO(100)/Ni(100) and to a certain degree
of similarity of the electronic excitation spectra of both surfaces as observed
with ELS.

NiO(111) may also prepared by evaporation of Ni in an oxygen atmosphere
onto an Au(111) substrate [16,17]. Contrary to the case of NiO(111)/Ni(111)

= e

Fig. 15:250x250 A? STM image of p(2x2) Fig. 16:35x50 A> STM image of p(2x2)
NiO(111YAu(111). V=5V, NiO(111)YAu(111). V=5V,
1=0.5 nA. 1=0.5 nA.
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there is only a small lattice mismatch in this case which leads to a smaller

number of defects. The preparation of the oxide layer is achieved by
evaporation of ~3 ML of Ni in an oxygen atmosphere of ~2*10® mbar onto an
Au(111) substrate held at a temperature of T=673 K. LEED patterns of
uncovered Au(111) and NiO(111)/Au(111) are depicted in Fig. 13 and Fig. 14
[16, 17]. As discussed before for NiO(111)/Ni(111) the polar structure of the
oxide film is stabilized by an octopolar reconstruction leading to a p(2x2)

superstructure in the LEED pattern which is well developed for the NiO(111)

film on Au(111). Two STM scans of the oxide layer are depicted in Fig. 15 and
Fig. 16 [16, 17). In the large scale image (Fig. 15) p(2x2) reconstructed regions
are observed together with relatively flat regions where no atomic resolution

could be achieved. The reconstructed region exhibits several missing-atom

defects. In the STM scan also a step between two p(2x2) reconstructed regions

is observed. The step height is 2.4 A which indicates that on both terraces the
reconstructed surface is terminated by the same ion. A STM scan of a smaller

region of the surface is depicted in Fig. 16. Here tripod like structures seem to
emanate. This observation fits well to the model of the reconstructed surface as

developed by Wolf [36] and presented in Fig. 11.

3.1.2 Electronic structure

The electronic structure of NiO has been studied in the past by several groups
using theoretical as well as experimental methods [ 59]. As a result it is possible
today to model the electronic properties of this oxide with a high degree of
accuracy using ab initio cluster calculations. Here we will concentrate on results
obtained for NiO(100)/Ni(100) and NiO(111)/Ni(111).

3.1.2.1 Bandstructure of NiO(100)/Ni(100)

NiO(100) was one of the first ionic systems where the bandstructure was
accurately determined [34, 53]. One of the questions regarding the electronic
structure concerned the nature of the electron states of NiO. Two experimentally
determined bandstructures are shown in Fig. 17 [34]; one of NiO(100) cleaved
in vacuo and one of NiO(100)/Ni(100). These bandstructures were determined
under the assumption that the final state is a free electron like parabolic band
with an inner potential of 3.5 eV and an effective mass of 1*m.. Another
experimentally determined bandstructure has been published by Shen et al. [ 53]
It is obvious that the two bandstructures shown in Fig. 17 are similar which
means that the electronic structure of the film is near to that of the single crystal
surface. The bandstructure of the thin NiO(100) film appears to be shifted to
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Fig. 17: Bandstructures of cleaved NiO(100) (left panel) and NiO(100)/Ni(100) (right panel).

somewhat lower energy, which is due to defects contained in the film. The

upper two non dispersing bands are due to NiZ*

ionizations whereas the other

bands which show strong dispersions have to be attributed to the 2p levels of
the O% ions.
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Fig. 18:Ni 2p and O 1s core level spectra of clean Ni(100), oxygen covered Ni(100),
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From this observation one may conclude that the Ni 2 electronic states are
localized (small dispersion) whereas the O? bands are delocalized (dispersion
of some electron volts). This is what is expected from chemical intuition for an
oxide like NiO since the charge transfer from Ni to O in the oxide leads to an
occupation of spatially extended states of the oxygen ions whereas the outer
valence states of the Ni ions are unoccupied in the oxide. This has certain
consequences for the photoelectron spectra of the Ni # jons. Due to the localized
nature of the electronic states correlation effects and, in particular hole
Jocalization have to be taken into account. For NiO this leads to complicated
photoionization spectra with intense shake up lines which are partly under
discussion even today [43]. The satellite lines are found in the valence level
region as well as in the energetic regime of the core levels [ 34, 48, 50].

"As an example a set of core level spectra is shown in Fig. 18 [34]. The

T Clustermodel of NiO
| Bulk NiO; (NiO,)'*- NiO(100) surface; (NiOy)*

| & 3 |o
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= =‘| & -1 OH covered panel) and the (100) surface
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lated
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Fig. 19: ELS spectra of a dehydroxylated, an OH
covered and a NO+OH covered film of
NiO(100) on Ni(100). At the bottom
spectra of a clean and a NO covered
NiO(100) single crystal surface are shown.
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spectra shall not be discussed in detail, but it is obvious that the ones of the Ni
2p levels are more complex for NiO than for Ni which is to be attributed to the
localization of the Ni** electronic states in NiO. Similar to the case of the
valence bands we observe a shift to higher binding energy in the core level
regime of NiO(100)/Ni(100) as compared to NiO(100). However, the general
structure of the spectra is the same.

3.1.2.2 Electronic excitations

The study of electronic excitations with ELS turns out to be very fruitful for
oxides with a sufficiently large bandgap and a partially filled valence band of
the metal ions [23, 55, 56, 58, 63-66]. If these conditions are fulfilled one may
detect energy losses in the region of the optical gap which are due to electronic
transitions within the valence band of the metal ions. Since such transitions are
optically forbidden or only weakly allowed they tend to be not very intense but,
due to the resulting long lifetime their halfwidth is usually small so that even
complicated systems with complicated excitation functions may be studied. The
small intensity turns out to be unproblematic since the background intensity in
the optical gap is very small.

A set of ELS spectra of NiO(100)/Ni(100) is shown in the upper part of
Fig. 19 [58]. One observes intense and sharp losses due to vibronic excitations
at energies below 0.6 eV and somewhat broader features at higher energies due
to electronic transitions within the 3d manifold of the Ni*" ions. Two of the
latter losses are due to surface excitations as concluded from their sensitivity
towards NO adsorption and spin resolved ELS experiments [ 55]. These losses
are marked (SS) in Fig. 19. OH ions on the surface do not modify these
excitations which indicates that the hydroxy! groups must be coordinated to non
regular sites on the surface. The spectra of the NiO(100) crystal cleaved in
vacuo look similar. However, the effect of NO adsorption is not as pronounced
as in the case of the NiO(100) film. This is most likely due to an incompleteness
of the NO layer which we attribute to insufficient cooling or to desorption due
to the electron beam. Cooling is always a problem for massive single crystals
like the one used for these experiments.

The electronic surface excitations are local sensors for the electronic and
geometric structure of the surface as well as for the geometry of adsorbates and
their interaction with the surface since their energy depends strongly on the
local surrounding. Therefore the electronic excitation spectrum of the NiO(100)
surface and NiO in the bulk has been theoretically modelled using ab initio
calculations. For these calculations clusters as shown in Fig. 20 have been used.
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In order to model the electric fields correctly these clusters were surrounded by
an infinite array of point charges (bulk) or a semi infinite array (surface).
Additionally, calculations have been performed for a NO molecule bound to a
nickel ion at the surface using a (NiO 5-NO)8' cluster with the NO molecule
tilted by different angles with respect to the surface normal. Since we were only
interested in the excitations of the Ni?* ions it was sufficient to explicitly model
the first coordination shell of this ion and to replace the other ions by point
charges. The results of the calculations (MC-CEPA formalism; except for (NO-
NiOs)* (VCI(d))) are presented in Fig. 21 in comparison with the experimental
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Fig. 21: Comparison of experimental data with theoretical calculation for the lowest electronic
excitations of a Ni** ion in different surroundings. Ni%* (PC): Ni?* surrounded by an
infinite array of point charges. Ni0§" (V): Ni** near to an oxygen vacancy. NiO?"'
(S): Ni** at the surface. Exp. (S): Experimentally determined excitation energies of
the surface states. NiO§‘ (NO): ON-NiO§' . Exp. (NO): Experimentally determined
excitation energies for the NO covered surface. NiO;o' (B): Ni** in the NiO volume.
Exp. (B): Experimentally determined excitation energies for Ni%* in the volume.

data.

The results exhibit good agreement between theory and experiment. In order
to get information about the NO-NiO(100) bonding different bonding
geometries for the NO molecule have been calculated. The best agreement
between theory and experiment was achieved for a NO molecule tilted by 45°
with-respect to the surface normal, bonding via the N-end to the Ni 2* jon which
agrees with results of a previous study of NO adsorption on NiO(100) where the
molecular orientation has been studied with NEXAFS [ 34). This shows that the
electronic excitation spectrum of metal ions in oxides is well suited to elucidate
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details of the interaction with adsorbates. Of course, also information about the
local surrounding of the metal ions may be derlved An example will be
presented for the Cr,03(0001)/Cr(110) system.

3.2 Cr,05(0001)/Cx(110)
A thin film of Cr,03(0001) may be grown on Cr(110) by thermal oxxdatxon
[64-76]. This is usually done by annealing the Cr(110) sample in 10 % mbar of

SRR

.““‘
l-ll'

Fig. 22 Different possible terminations of a Cry03(0001) surface. A sideview with the
different chromium and oxygen layers indicated is given at the bottom. Different
possible sites of Cr ions on the surface are indicated.

O, at about 600 K with subsequent flashing to about 1000 K. This procedure is
repeated until the quality of the LEED pattern indicates a well ordered surface.
The films prepared this way have a typical thickness of about 50 to 100 A. The
lattice of the oxide fits well to that of the substrate in one direction whereas in
the other direction the misfit is pronounced. Therefore especially very thin films
show defects which lead to elongated spots in the LEED pattern [ 76]. The
elongation is less pronounced for thicker films.

The (0001) surface of Cr;O; is, like the (111) surface of NiO, polar.
Therefore it is again necessary to discuss the stabilization of the surface. As
typical for polar surfaces there are different possible surface terminations even
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if one neglects reconstruction. These terminations are shown in the left and the
right hand side of the upper panel of Fig. 22.- Both of them are unstable for
energetic reasons. A stable termination is shown in the center. Here half of the
Cr ions are missing leading to a surface layer with a charge density reduced by
50 % with respect to that of the bulk layers. Of course, this is not the only
possible stable termination. It might also be the case that the surface is
reconstructed or that the charges of the surface ions are reduced to some extent.
Therefore it was near at hand to start studies with the goal of determining the
structure of the Cr,03(0001) surface.

A series of LEED patterns taken at different temperatures is shown in Fig. 23
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Fig. 23: Series of LEED patterns of | Fig. 24: Intensity of the (¥3xV3)R30° reflexes as a
Cr,03(0001)/Cr(110) taken at ' function of temperature.
different temperatures.
[70]. At 90 K a hexagonal pattern as expected for this surface is observed. At
150 K a (v/3x+/3)R30° pattern appears which disappears upon warming up to
room temperature. Only some weak and diffuse intensity remains. at the
(+/3x+/3)R30° positions. The annealing procedure may be repeated with the
same result indicating that the process is reversible. From these observations it
is obvious that a phase transition occurs at the surface upon changing the
temperature.
The intensity of the (+/3x+/3)R30° spots has been recorded as a function of
temperature as depicted in Fig. 24 [70]. The maximum of intensity is found at a
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temperature of about 150 K whereas at 90 K the intensity is near to zero. This
means that at 90 K and 150 K the ordering of atoms at the surface must be
different. Starting from T=150 K the intensity decreases smoothly with some
weak and diffuse rest intensity remaining even at room temperature (see
Fig. 23). This may be explained as thermally induced disorder; i.c. a order-
disorder phase transition whereas the phase transition at low temperature is an
order-order transition.

Additional information may be derived from ELS data as shown in Fig. 25
[64, 70]. In this figure the transitions within the Cr3d manifold are recorded as a
function of temperature. It has been shown previously that the excitations
marked A, B, and C are due to chromium ions located at the surface [ 64, 70]. As

isobv’ 7 Tg.77 7 ° ‘ures A and B get weaker when the temperature
In[ I(C)1(A) ]
0.51
I.
1
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0O 10 20 3
Energy loss [eV]

Fig. 25: ELS spectra of Cr,03(0001)/Cr(110) Fig. 26: Logarithm of the intensity ratio of

taken as a function of temperature. peaks C and A in Fig.25 as a
E,=100eV. function of the inverse temperature
(Arrhenius plot).

is increased whereas peak C gets more intense. The excitations energies of the
Cr ions are very sensitive towards a change of their local surrounding as
concluded from adsorption experiments (will be disussed later). Therefore the
observed intensity change may be interpreted as to be due to a movement of
chromium ions on the surface during the phase transition. Specifically, the
chromium ions move from a site characterized by the features A and B to a site
characterized by peak C when the temperature is increased.

The temperature dependent changes of the intensities of the surface
excitations may be used to calculate the energy difference between the two
chromium sites on the surfaces via an Arrhenius plot where the logarithm of the
intensity ratio of peaks C and A is drawn as a function of the reciprocal
temperature as shown in Fig. 26. From the slope of the curve the energy
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difference between the sites may be estimated to be about 7 meV. However, the
curve is not fully linear. This may mean that the surface was not always in its
thermal equilibrium which is not unlikely since especially at low temperature
site hopping of the chromium ions is frozen in as concluded from LEED
experiments using low currents in the nA range [ 71]. Additionally it has to be
considered that a phase transitions| occurs at the surface which means that an
evaluation via the Arrhenius formula is only allowed in the limit of a small
coherence length of the transition, However, the coherence length will most
likely not be too large due to defect# in the structure of the surface.

To get some more detailed information on the structure of the clean surface
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Fig.27: Left panel: LEED I/V curves for different reflexes of Cr,03(0001)/Cr(110) in
comparison with calculated curves. Right panel: modification of some layer-layer
spacings in the surface region |of Cr203(0001)/Cr(110) as derived from LEED
experiments and molecular dynamics calculations.

LEED mtensxty measurements have been performed [ 71]. A set of I/V curves in
comparison with theoretically modeled curves obtained by calculations using
the tensor LEED program package is depicted in Fig. 27. These data reveal that
at low temperature only site 2 is occupied so that the excitations A and B in
Fig. 25 must be due to chromium ions on this site. The data also show that the
layer-layer spacing in the surface region is strongly modified as depicted in the
right hand side of Fig. 27. These| experimental results are corroborated by
molecular dynamics simulations which also identify site 2 as the most stable
one and also yield strong modifications of the interlayer spacings at the surface
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which are given in Fig. 27 [71]. With ab initio theory the d-d excitation energies
have been calculated for chromium ions in site 2 for the geometry obtained from

the LEED experiments and the molecular dynamics calculations yielding values

of 0.75, 1.10, 1.30, 1.40 eV and 0.99, 1.25, 1.42, 1.62 eV, respectively Both
sets of values fit reasonably well to the experimental excitation energies of 1.24

and 1.40 eV for the peaks A and B in Fig. 25. We will come back to the topic of
electronic excitations later in this chapter.

Putting togethcr the information one reaches at a model for the phase
transition as depicted in Fig. 28. At low temperature only site 2 is occupied and

50 % coverage with Cr
Full coverage with Cr 1ons ions. - Site 2 occupied.
Sites | and ’-:J: l._uplr d T<150 K

W W i L

(\/3x\/3)R30°. Sltes 1 and 2 Lamce gas. T>150 K.
occupied. T=150 K.

Fig. 28: Model for the phase transitions on Cr,03(0001)/Cr(110).

the density of Cr ions at the surface is only 50 % of the that in the bulk layers so
that the film is encrgetically stable. Site 2 is a site which is also occupied in the
bulk. The unit cell is the small one drawn in the right upper panel of Fig. 28.
Upon increasing the temperature part of the chromium ions moves to another
site which has arbitrarily been chosen to be site | in Fig. 28. This one is also
occupled in the bulk. As calculated using full ionic pair potentlals the surface
energies for the sites 1 to 4 are 4.36, 1.60, 6.34 and 2.69 Jm™ [71), respectively
so that site 4 is another candidate that has to be considered.



362

The unit cell at T=150 K is the one plotted in the lower left panel of Fig. 28
and («/§x«/§)R30° reflexes appear in the LEED pattern. Further increase of the
temperature leads to a statistical occupation of the surface sites; a so called
lattice gas forms. This results in diffuse intensity in the LEED pattern around
the (\/Sxﬁ)R30° positions.

The driving force for this transition is not fully understood yet. One point to
mention is that Cr,0; is antiferromagnetic with a Ne¢l temperature of 308 K
[77]. Of couse, the transition temperature may be smaller at the surface so that it
could be the case that the observed phase transition is driven by a magnetic
phase transition at T=150 K at the surface. In this context we note that the
intensity of the (~/3x+/3)R30° reflexes is small; only 1 % of the intensity of the
main reflexes. This could mean that the phase transition occurs only in special
regions of the surface which may, for instance, be very well ordered or contain a
special type of defect. However, it could also be the case that the (v/3x+/3)R30°
unit cell is induced by an antiferr‘omagnetic ordering of spins so that no site
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Fig. 29: Comparison of valence photoelectron  Fig. 30: HREELS spectra of different oxides.
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Al;O3/NiAl(110) and NiAl(110).
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Fig. 32: ELS spectrum of Cr,03(0001)/Cr(110). Fig. 33: ELS spectra of clean and
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Cl‘203(0001).

hopping of the ions at the surface is involved. Investigations on this topic will
be performed in near future.

At this point we come back to the electronic excitations of the chromium
oxide film. An overview of an ELS spectrum is presented in Fig. 32. At energies
between about 1 and 2 eV the already discussed d-d excitations of the
chromium ions are found. The intensity in this part of the spectrum is mostly
due to excitations occurring at the surface. This gets obvious when spectra of
the oxide surface with different adsorbates on it are compared with a spectrum

State Ideal! LEED’ LEED’ LEED' MD’ Experiment
‘A, 0.88 0.701 0.88 0.86 0.99 0.8
‘E 092 1100 121 120 1.25 1.2
‘148 1300 1.60 1.58  1.42 1.4
‘A, 167 168 1.60 1.60 1.62 1.8
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of an uncovered surface as done in Fig. 33. As expected for surface excitations
it is found that the adsorbates modify the d-d excitations strongly.

The excitations of the clean Cr,0;(0001) surface have been the topic of
calculations [70, 72] The latest theoretical values for the excitations energies of
the 4 excitations at lowest energy are given in table 1 [ 72]. Especially the values
determined for the geometry as derived from the LEED experiments fit well to
the experimental values. The calculations indicate that the covalency of the
bonds at the surface is enhanced with respect to the bulk leading to a reduced
ionicity of the ions at the surface.

According to McClure [78] the smallest energy needed for a O->Cr charge
transfer excitation is 6.2 eV which is also the energy of the optical gap. These
excitations are clearly visible in Fig. 32 at energies above the optical gap.
However, there is a intense feature between 4 and 5 €V in the optical gap which
might also be a charge transfer excitation as indicated by its intensity and peak
form. ELS spectra of adsorbate covered chromium oxide surfaces clearly show
that this feature is a surface transition [ 64, 70]. Therefore one may infer that this
feature is due to a charge transfer excitation occuring at the surface of the oxide
which would mean that the optical gap at the surface is smaller than that in the
bulk. This excitation has also been treated theoretically in ref. [ 72] using the
CASSCF formalism. It could be shown that the energy of the first charge
transfer excitation at the surface should be, depending on the nature of the state,
between 3.22 and 4.5 eV. As this state would be one in the low energy onset of
the loss peak this result fits well to the experimental data thereby pointing
towards a reduced width of the optical gap at the surface.

3.3 ALO,(111)/NiAl(110)

A thin film of Al,O; may be formed on NiAl(110) by thermal oxidation [ 11,
79-93]. This is achieved by annealing in 2.5%10°° mbar of oxygen at T=500 K
for 10 minutes with subsequent flashing to 1100 K. As revealed by Auger data
the film thickness is only about 5 A [92]. '

A valence photoelectron spectrum of the oxide is presented in Fig. 29 in
comparison with spectra of NiO(100) and NiAl(110) [ 11]. The spectrum of the
oxide is dominated by the intense emission of the O2p levels. Besides this only
a weak emission near to the Fermi edge shows up which may be attributed to
emission from the substrate as revealed by a comparison with the spectrum at
the bottom. The emission of Ni** ions is located in the binding energy range
from 1 eV to 3 eV (see spectrum at the top). In the spectrum of the o xide film
on NiAl(110) no emission is found in this energy range which could be
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Fig. 31: Left panel: HREELS spectrum of Al;03/NiAl(110). Right panel: calculated HREELS
spectrum of y-Al,O3/NiAl(110).

attributed to Ni** jons so that one may conclude that the oxide film grown on
NiAl(110) consists of aluminum oxide.

This result is not too surprising since the formation of aluminum oxide is
thermodynamically favorable due to its much higher energy of formation. A
similar conclusion may be drawn from the data shown in Fig. 30. A comparison
of the HREELS spectra shows that the oxide formed on NiAl(110) is not
NiO(100) nor a-Al,03(0001). However, the spectrum of the oxide film is rather
similar to that of oxidized aluminum. More detailed information may be derived
from Fig. 31 where a HREELS spectrum of Al,03/NiAl(110) is compared to a
spectrum calculated for y-ALO;/NiAl(110) using dielectric theory. The
similarity is striking which means that the structure of the oxide film is at least

Fig. 34: Left panel: photograph of a LEED pattern of Al,O3/NiAl(110). Right panel: SPA-
LEED pattern of y-Al;O; on NiAl(110). The Brillouin zone of the substrate and those
of the two domains of the oxide are indicated. Due to aberrations of the SPA-LEED
systems the Brillouin zone of the oxide appears is somewhat distorted.
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near to that of y-AlLO;. There are some differences between the energetic
positions of the losses which is mainly due to the fact that the oxide film was
prepared using 180, instead of '%Q,. :

At this point details of the structure still have to discussed. One hint towards
this topic comes from the LEED pattern of the film as shown in Fig. 34. The
pattern of the oxide exhibits numerous sharp reflexes. As may be seen from
Fig. 34 the Brillouin zone of the film is small and appro ximately rectangular.
Two domains of the oxide which are rotated with respect to each other
contribute to the LEED pattern. The unit cell as calculated from the LEED
pattern has a size of 10.6 A x 17.9 A and is commensurate with the substrate
only along [001]. ‘

In the photograph of the LEED pattern (Fig. 34 left panel) the distribution of
intensities of the LEED spots resembles a hexagonal pattern. This is a first sign
that the base structure of the oxide is hexagonal. However, the lattice structure

A0,
domain A

NIAI(110)
Al20;

Fig. 35: Schematic diagram exhibiting the Brillouin zones and unit celis of Al,03/NiAl(100)
and NiAI(110).

must be somewhat distorted since otherwise one would observe a purely
hexagonal pattern for the oxide film instead of the numerous reflexes.

In order to elucidate the structure of the oxide film further studies with
electron microscopy have been undertaken [ 93]. For these studies a crystal with
a conical hole as depicted in Fig. 36 has been used. This sample allowed to
investigate the supported oxide film as well as unsupported oxide near to the
boundary of the hole in the crystal surface. Thicker layers on NiAl with
different structure have been studied by Riihle and Coworkers [ 94].

Before oxidation the hole was drilled into the sample in a system that
contained a strong ion gun. The sample was oxidized in a standard UHV
chamber where the quality of the oxide film could be judged with LEED. From
there the sample was transferred into the electron microscope which was
operated at pressures in the 107 mbar range. During these transfers the sample
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had contact with air. However, the oxide film survived the transfers as will be
discussed in the following. A A

Two electron micrographs are shown in Fig. 37; one of the supported oxide
and another one of the unsupported film. The micrograph of the unsupported
film exhibits several line patterns which are due to planes in the oxide lattice. In

Conical hole drilled with an ion beam

Fig. 36: Schematic diagram of a cut through a
NiAl(110) single crystal with oxide
film used for the experiments with
electron microscopy.

Fig. 37: Left panel: electron micrograph of unsupported Al;O3 grown on NiAl(110)
(33.6x22.0 nm) In the upper right part of the image aluminium oxide with NiAl(110)
support is visible. Right panel (bottom): electron micrograph of supported
ALO3/NiAl(110) (84.8x83.5 nm). Right panel (top): section of the micrograph below.
(21.9x17.3 nm)

to distances in the lattice of Al;03/NiAl(110) as calculated from the LEED
pattern in Fig. 34. This comparison strongly indicates that the structure of the

unsupported oxide film is the same than that of the supported film. The same
conclusion may be drawn from a fouricr transform of part of electron
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Distances in Al;03/NiAlI(110) as
LEED calculated from the LEED pattern in Distances between lines in

reflex - Fig. 34 [A] the electron micrograph [A]
(1,7) 2.49 2.45
(0,5) 3.57 3.59
(13) 5.54 5.28
2,2) 4.59 457

Table 2: Comparison of lattice spacings in y-ALO; with line spacingS in the electron
micrograph of the unsupparted aluminum oxide film.

micrograph (see Fig. 38) as shown in Fig. 37 (left panel) which compares well
to the reciprocal space pattern of the oxide film.

The observation that the unsupported film has the same structure than the
supported one is interesting by itself. A structure like that of Al ;0/NiAl(1 10) is
unique among the numerous modifications of aluminum oxide indicating that
the structure of the film is stabilized by the substrate-oxide interaction.
Therefore one would expect that the film changes its structure upon removal of
the substrate. This is obviously not the case, so that one is led to the conclusion
that the structural transformation of the oxide structure into a more stable one is
thermodynamically hindered.

In the micrograph of the supported film (Fig. 37, right panel) the lines due to
the lattice of the oxide are not observed although the lattice of the substrate is
well resolved (top of the right hand side of Fig. 37) However, one observes

Fig. 38: Fourier transform of part of tliie electron micrograph shown in Fig. 37 (ieft panel). The
assignment of two maxima to LEED reflexes of Al,O3/NiAl(110) is given in the
figure. 3



Fig.39: STM image of ALOyNiAl(110). Fig. 40:STM image of Al,O3/NiAl(110).
CCT, 4V, 0.5 nA, ~300x300 A2, CCT, -1V, 1.5 nA, =90x90 A2,

broad lines in the micrograph which are oriented in different directions (bottom
of the right hand side of Fig. 37). These lines are not due to the lattice of the
oxide or the substrate but to both of them. They result from electrons which are
scattered first by the substrate and then by the oxide filim so that the wave vector
change of these electrons corresponds to the sum of a substrate and an oxide
lattice vector. When the lengths of the vectors are similar and when they are
oriented in ncarly opposite directions then the sum of these vectors may be
small which corresponds to a large period in real space. This is what is observed
in the micrograph of the supported oxide. The experimentally observed lines
may be traced back to sums of k-vectors of NiAl(110) and the oxide film.

The directions of the lines are indicated in the right hand side of Fig. 37
(bottom). One finds two types of line systems; i.e. one with a larger spacing
(marked with thick black lines) and another one with a smaller spacing (marked
with thin black lines). Whereas the first system is due to a (2,0) type beam of
the NiAl(110) substrate which is subsequently scattering by the oxide layer the
other one is due to a (1,1) type reflex of the substrate, also with subsequent
scattering by the oxide. As expected from the symmetry of the system, the
[1T0] and [001] dircctions of the substrate act as mirrors lines for the line
patterns in that for every line pattern another one is found with a mirrorlike
direction. :

It was not possible yet to achieve atomic resolution in STM pictures of this
oxide. This is at least partly due to the electronic structure of aluminum oxide.
Since the bandgap of aluminum oxide is large, voltages of several electron have
to be applied to extract clectrons from or to put electrons into the oxide. This
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Fig. 41:STM image of ALOyNiAl(110). Fig.42:STM image of ALO3/NiAl(110).
CCT, -8 V, 0.5 nA, ~2400x2400 A% CCT, 4V, 0.5 nA, ~500x500 A%

corresponds to large tip-surface distances and therefore to a decreased
resolution. In Fig. 39 a STM scan taken with a voltage of 4 eV is shown which
exhibits a boundary between two oxide domains [ 83]. At this voltage the oxide
seems to be already visible since the oxide unit cells are readily observable
(denoted A and B). At low tunneling voltage (1 V) the STM pattern looks
different (Fig. 40). Since the oxide has no electronic levels at 1 eV or below the
visible structures must be due to the substrate. In this context Fig. 40 shows the
first layer of the substrate below the oxide with atomic resolution. A more
detailed evaluation of the scan shows that the structure of this layer is distorted
due to the interaction with the oxide film.

The structure of the oxide film on a larger scale is depicted in Fig. 41. In this
figure antiphase domain boundaries between oxide islands are visible as white
lines. Fig. 42 depicts these domains on a larger scale. The reasons for these
domains is most likely stress within the oxide film which breaks it into
anntiphase domains with an approximate size of 120 A along [110]. The
domain structure can also be observed with SPA-LEED where a splitting of
some of the oxide reflexes is observed [ 83].

4. SUMMARY

In this chapter we have reviewed the properties of some oxide films focusing
on preparation, structure and electronic propertics. We have shown that the
study of oxidic film may be an altemative to singlc crystal oxides, espccially
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when electron spectroscopic investigations are concerned. One main topic was
the stabilization of polar surfaces which has been discussed for
Cr,03(0001)/Cr(110) and NiO(111)/Ni(111) where different stabilization
mechanism, including reconstruction and stabilization by a charged adsorbate
layer occur. Also, structural investigations using different methods have been
discussed for several oxide films. Another topic was the electronic structure of
the films with a strong focus on electronic excitations within the valence band
of the metal ions. We have shown that these excitations may serve as sensors
for the local environment of the ions thereby giving access to informations like
the site of the metal ions and their interaction with adsorbates.
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