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Abstract

The electronic structure and geometry of the Al-terminated corundum (0001) surface were studied using a slab model within the
ab-initio Hartree-Fock technique. The distance between the top AI plane and the next O basal plane is found to be considerably
reduced on relaxation (by 0.57 ,A, i.e. by 68% of the corresponding interlayer distance in the bulk). An interpretation of experimental
photoelectron spectra (UPS He I) and metastable impact electron spectra (MIES) is given using the calculated total density of states
of the slab and the projections to the atoms, atomic orbitals, and He Is floating atomic orbital at different positions above the
surface. Calculated projected densities of states exhibit a strong dependence on the relaxation of surface atoms. The good agreement
of simulated and experimental UPS and MIES spectra supports the correctness of calculated surface relaxation.
Keywords: An initio quantum chemicalmethods and calculations; Aluminum oxide; Auger ejection; Insulating surfaces; Photoelectron

emission; Single crystal epitaxy
1. Introduction

Alumina surfaces have been studied extensively
because of their technological importance [1].
Theoretically,
the
simplest
non-polar
A1terminated (0001) corundum surface was predicted to be the most stable ideal termination of
the bulk structure [2,3]. Pioneering ab initio
H a r t r e e - F o c k ( H F ) calculations using the minimal
(STO-3G) basis set of atomic orbitals (AOs) have
predicted a large inward displacement (relaxation)
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of the terminating layer of A1 atoms (0.4 A, or
48% of the A I - O interlayer spacing) [4]. Further
calculations performed in the local density approximation (LDA) with pseudopotentials and a planewave basis set predicted an even larger relaxation
of about 0.7A [5,6]. The surface relaxation
obtained using a semi-empirical tight binding
model [7] is in agreement with the LDA calculations, but the semi-empirical study predicts a
strong decrease in ionicity of the surface-atom
bonding, in contrast with ab initio results. Calculations using pair potentials based on the
empirical shell model [3] predict the surface relaxation to be intermediate between the H F [4] and
LDA [5] data.
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Thus different theoretical methods predict qualitatively similar relaxations, but with some quantitative disagreement. However, comparison of
theoretical and experimental data to validate the
surface structure is difficult because atomic positions are not measured directly by any technique.
Furthermore, calculated surface models are idealized and often do not correspond to the surfaces
studied experimentally, while the calculated surface
properties are not those measured experimentally.
In particular, UV photoelectron spectroscopy
(UPS) and metastable impact electron spectroscopy (MIES) [8] measure energy spectra of
electrons emitted due to sample interaction with
UV light or metastable excited He atoms. They
probe the electronic structure of the ground state
of the sample at the surface, with MIES being
sensitive only to the topmost surface atoms. In this
paper we address the question of whether a theoretical analysis of these spectra can provide information regarding the surface geometric structure.
The incentive for this study comes from our
recent combined experimental and theoretical
study of the MgO(001) surface [9]. It has demonstrated that the UPS (He I) and MIES (He* ls2s)
spectra have quite different structures in the
valence-band energy region. In particular, MIES
exhibits only one peak, whereas UPS has an additional peak at higher electron binding energy, but
with lower intensity in comparison to the main
peak. Electronic structure calculations demonstrated that this difference can be attributed to the
fact that the metastable He atoms approaching the
surface interact mostly with the electrons localized
on the surface O 2pz AOs, which are oriented
perpendicularly to the surface and thus are most
extended into the vacuum. UPS, on the other
hand, probes a few layers of atoms beneath the
surface [10]. Therefore, comparative analysis of
the UPS and MIES spectra provides more complete information. Due to various approximations,
a direct comparison of the theoretical and experimental absolute peak energies is impossible.
However, it was shown that the shape of the UPS
and MIES spectra (the number of peaks, their
relative positions and intensities) of the MgO(001)
surface can be well approximated by the total
density of states (DOS) of a thin crystalline slab
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and the DOS projected to the surface O 2pz AOs
(PDOS), respectively [9]. Moreover, the results of
these calculations demonstrated that the shape of
both DOS and PDOS is very sensitive to the
surface relaxation. This leads to the possibility of
extracting information on surface atomic structure
through the comparison of DOS and PDOS calculated for different surface relaxations with the
experimental spectra.
In this paper we explore the above possibility in
more detail for the case of the alumina surface.
UPS and MIES spectra of the corundum
monocrystalline (0001) surface and corundum films
on AI(111) and W(110) substrates have recently
been published [11-13]. Unlike MgO these
spectra are qualitatively similar, each having two
peaks, which probably results from the more complicated crystalline structure. As discussed below,
the films grown on W(ll0) are most probably
Al-terminated (0001) corundum or (111) ~-A1203
structures. Therefore AI electronic states must contribute to the valence-band DOS [4], and the
straightforward interpretation of electron spectra
given for the simple ionic rocksalt-type insulators
like MgO may not be valid for corundum.
We study the relationship between the atomic
and electronic structure of the relaxed corundum
(0001) surface and the UPS and MIES spectra.
For this purpose we have optimized the surface
geometry using a slab model within the periodic
Hartree-Fock method using an extended basis set,
and calculated total and projected DOS at the
surface. A novel method is proposed for the comparison of MIES spectra with theory: in order to
simulate in a direct way the projectile-surface
interaction (via Auger deexcitation connected with
electron emission), the DOS projected onto the
floating ls orbital of He atom above the surface is
calculated and analyzed as a function of the He
coordinates.

2. Theoretical method

2.1. Model
In order to model the experimental spectra we
have used the same method as discussed in Ref. [9]
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for MgO. Interpretation of UPS spectra for
narrow-band ionic crystals is still not established.
In general, the angular and energy distribution of
emitted photoelectrons is defined by the joint
density of states of the valence and conduction
bands, which is influenced by the dipole selection
rules for the optical transitions, photoelectron
diffraction in the crystalline lattice and photoelectron scattering on the surface potential barrier.
A theoretical model which accounts for all these
effects has been applied recently for the simulation
of LiF photoelectron angular distributions [ 14].
However, this model is based on the assumption
that the valence-band hole in this material is
delocalized, as is the case in metals and semiconductors. The electron-phonon interaction, which
leads to the efficient hole localization and significant broadening of the photoelectron spectrum, is
neglected. On the other hand, the mean free path
of the photoelectrons in the ionic insulators is
known to be much smaller than in semiconductors
and metals [ 10], which increases the surface contribution to the UPS at low photon energies (He I).
In this paper we do not develop a rigorous theory
for the calculation of UPS spectra; we merely
assume that the structure in the valence-band UPS
(He I) spectra is proportional to the valence band
DOS of the near-surface region. It was proved to
be a good approximation in the case of MgO(100)
surface [9] and we believe that this is also the
case for A12Oa(0001).
In the MIES experiment the interaction of the
He* probe atom with the surface takes place via
the Auger de-excitation process along the entire
trajectory in front of the surface. Thus with MIES
only the surface DOS is sampled. The differential
transition probability (as defined in Eq. (8) of
Ref. [9]) is proportional to the surface DOS relevant for the interaction with He*. Under the
present conditions, when the projectile moves with
thermal kinetic energy, electron emission due to
Auger de-excitation occurs on the incoming path
of the trajectory at comparatively large distances
(several atomic units, typically); the transition
energy is not strongly influenced by the actual
interaction potentials of the initial and final states.
We have shown on several occasions [9,11] that
under these conditions the MIES spectra simulated

in the way described by Niehaus et al. [ 15] directly
reflect the surface DOS used as an input for the
simulation. Therefore in Section 4 we compare the
MIES spectra directly with the relevant surfaceprojected DOS and UPS (He I) spectra with the
DOS in the near-surface region.
It is crucial for the comparison between theory
and experiment to model the structure of the
experimentally studied surface as closely as possible. However, the structure of the alumina surface
strongly depends on method of preparation. In
this work we make the main comparison with thin
alumina films grown on W(110) [ 11 ]. The LEED
pattern measured for this film is the same as that
for the epitaxial A1203 film on the very similar
Ta(110) substrate (Fig. 3 of Ref. [ 16]). This means
that the surface of the film studied in Refs. [11-13]
has the same long-range order and crystallographic
orientation. It can be related to either (0001)
corundum or the (111) face of ~-AI203. The ion
scattering spectrum presented in Ref, [16] shows
about a 1:3 ratio between A1 and O peak intensities. This implies the presence of A1 at the top
surface layer and rules out the possibility of surface
termination with a close-packed O layer, which
was observed for the epitaxial alumina film on
NiAI(110) substrate [ 17].
The corundum structure differs from that of VA1203 by the stacking sequence of close-packed
oxygen layers (... ABAB ... in corundum and ...
ABCABC ... in y-A1203). Both the film (which
was produced experimentally) and the slab (which
can be treated theoretically by ab-initio methods)
are too thin to distinguish between the hexagonal
faces of these two A1203 structures. Therefore, we
believe that a slab model of the Al-terminated
surface of bulk corundum is adequate for modeling
the experimentally observed surface.

2.2. Computational technique
In order to obtain the DOS required for the
comparison with experiment we proceed as follows:
a slab of nine atomic layers parallel to the (0001)
plane has been used to simulate the corundum
surface terminated by an A1 plane (Fig. 1). We
neglect the surface reconstruction and thus assume
that the slab conforms to the plane hexagonal
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Fig. 1. The structure of a corundum (0001) slab of nine layers.
Top (a) and side (b) views are given, where All, AI2, AI3, O1
and 02 denote non-equivalent atoms, bl, b2, b3, c, dl, d2 and
da are the seven independent geometric parameters optimized
in the present study.
group P321with a primitive unit cell containing 15
atoms. All the atoms within each of three O planes
are equivalent and form a network of so-called
small and large equilateral triangles. Three C2v
symmetry axes belong to the middle O plane and
pass through the center of the small O triangle. In
turn, C3v axes are perpendicular to this plane and
pass through the centers of both small and large
O triangles. The primitive unit cell is a rhombus
with side a, equal to the length of the translation
vector.
In bulk corundum all the O planes are equivalent
and separated by c=2.166A (see Fig. 1). Each
plane can be transformed into the neighboring one
by the combination of a 30 ° rotation around the
C3v axes and translation by a/v~3, so that the two
rhombic unit cells shown in Fig. la coincide. All
A1 atoms are situated on the C3~ axes. Each O
plane is associated with two A1 planes. Each A1
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atom is situated either above (black circles) or
below (gray circles) the centers of large O triangles
at a distance d--0.838 ,~, (see Fig. 1). Each AI atom
in the bulk is surrounded by six O atoms forming
three short bonds (1.857 ,~) and three long bonds
( 1,969 ,~).
On the (0001) surface, A1 atoms have only three
nearest O neighbors each. The position of an O
atom within the middle plane is defined by one
independent parameter. We use as this parameter
the side of a large triangle (the distance between
the O atoms forming the short bonds with the
same A1 atom) denoted as b in Fig. la. In the
surface O layer, large triangles may differ in size
due to the lack of the C2 axes. Consequently, we
need two parameters to define the positions of the
O atoms within the surface plane. Since the slab
has two non-equivalent O planes (O1, O~ in
Fig. lb) there are four independent parameters bl, b2, b3 and the distance c between planes. Three
more independent parameters are the z coordinates
of the A1 planes: dx, d2, d3 (Fig. lb). In total this
leads to seven independent parameters to be
optimized.
The electronic structure and the total energy of
the slab were calculated using the H F method as
implemented in the CRYSTALcomputer code [18].
In order to find the equilibrium atomic structure,
the adiabatic potential energy surface was fitted to
the quadratic form by means of the least square
method. An 85-11(3/8-411G basis set was used for
Al and O, respectively. Accurate treatment of the
oxide species requires a more extensive basis set
than for aluminum as, if we take the oxide ion to
be close to its formal charge state, the second
electron is bound largely by the electrostatic potential, leading to increased diffuseness at the surface.
We employed the A1 and O Gaussian basis sets
which have been optimized for bulk corundum by
Mackrodt et al. [19]. A standard value of 0.35 au
was used for the additional A1 d-polarization
function.
As far as the single-crystal surface is considered,
it would be consistent to use for the slab calculations the lattice parameter found for the bulk
structure by the same computational technique.
The value of the a parameter optimized for the
bulk corundum by Salasco et al. [4] using the H F
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method is 0.5% less than the experimental one.
This error has been attributed to the incompleteness of the basis set [4]. However, in the case of
a thin film, the lattice spacing parallel to the surface
is influenced by the substrate periodicity and could
differ substantially from the bulk value. For
instance, the average O spacing derived from the
LEED pattern of a thin AI203 film on a Ta(ll0)
substrate 1-16] is larger by 9% than that in the
bulk of the corundum single crystal. The Ta lattice
constant is 6% larger than that of W, and thus we
expect the lattice spacing in the film on W(110) to
be smaller and close to the experimental bulk
value. Complicated film-substrate interface effects
should be taken into account for an ab-initio
estimate of the lattice parameter of the film. As a
compromise we have used in our calculations the
bulk experimental value of a--4.760 A.
The total and projected DOS were calculated
for three distinct geometries: (i) the unrelaxed slab,
(ii) that corresponding to the minimum of the slab
total energy with respect to the seven independent
coordinates mentioned above (bl, b2, b3, dl, d2, d3
and c), and (iii) that predicted by LDA calculations
[5]. The HF method was used for the DOS
calculation in all three cases, since it has been
demonstrated previously [9] that the HF and
LDA methods give practically the same electron
density distribution and DOS for the same geometry of the slab. The calculated DOS is convoluted
with a Gaussian function in order to account for
the phonon broadening of the electron emission
spectra. A value of 1 eV was chosen for the width
of the Gaussian, because it gives the best agreement
between the DOS and UPS spectrum. Mulliken
population analysis has been used to calculate
effective atomic charges for all atoms and bond
populations for the nearest pairs of atoms. The
DOS projected to the floating 1s Slater-type orbital
with an exponential value of 1.69 au has been also
calculated (see below) in order to simulate the He*
metastable atom approaching the surface.

3. Results of calculations

Structural parameters for the three considered
atomic configurations of the slab are summarized

in Table 1. The top surface layer of A1 atoms has
the largest displacement with respect to the bulk
position. The inward relaxation value of 68% of
the A1-O bulk interlayer distance is 20% larger
than the previous HF result [4]. This difference
can be attributed to the more extended basis set
and to the larger number of degrees of freedom
taken into account in the minimization procedure.
Further extension of the basis set with d-polarization functions on AI increases this relaxation by
5%. However, our relaxation is still smaller by
17% than that obtained in the above-mentioned
LDA calculations. This discrepancy may be partially attributed to the particular choice of the A1
core pseudopotential in LDA calculations, which
probably underestimates AI-O repulsion at short
distances. Also, the inclusion of correlation through
the use of a density functional will favor increased
surface compactness due to the resulting higher
electron density.
The surface relaxation energy, defined as the
difference in total energies of relaxed and unrelaxed
slabs, was obtained to be 6.23 eV per unit cell. The
energy of the atomic configuration suggested by
LDA calculations is 0.57 eV higher than our minimum. Three-quarters of the relaxation energy gain
is due to the inward displacement of the AI~ (dl
coordinate). This displacement is accompanied by
the slight enlargement of the nearest O1 triangle.
Conversely, the size of the large triangle in the
middle O plane decreases while the A13 atom
moves away from it (increase of the d 3 coordinate).
The displacements of A1 atoms in general are
considerably larger than those of O atoms. This is
because the O sublattice forms an almost closepacked structure which is rather rigid.
The effective atomic charges (Table 1) confirm
the high ionicity of corundum. Charges and bond
populations of the central atoms (02, AI3) are close
to those in the bulk material. The atomic charges
are sensitive to the basis set used. In the work of
Salasco et al. [4], who initially used a 6-21G basis
set, the charge on aluminum was close to + 2.0.
The addition of polarization functions to oxygen
was found to have negligible effect, while including
them at the metal centre greatly decreases the ionic
character. Gale et al. [20-] found that improving
the oxygen basis by using an 8-411G set lead to
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Table 1
The corundum slab energetics, charge distribution and bond populations as obtained for three different geometries; notations are
given in Fig. 1
Atomic configuration of the slab
Coordinates(A)
a
bI
b2
b3
dl
d2
d3
c
Energy per unit cell
Total (au)
Relaxation (eV)
Effective atomic charges (e)a
A11
O1
AI2
AI3
0 2
Bond populations (e) b
AI:O1
A12-O 1
A12-O 2
A13-O 1
A13-O 2

Unrelaxed

4.760
2.866
2.866
2.866
0.838
0.838
0.838
2.166

H F minimum

4.760
2.871
2.738
2.836
0.267
0.833
1.020
2.121

LDA minimum

4.747
2.902
2.718
2.805
0.112
0.840
1.020
2.119

-2126.323585
0.0

-2126.552722
6.23

-2126.531606
5.66

2.323
- 1.590
2.426
2.500
- 1.652

2.331
- 1.546
2.398
2.476
- 1.710

2.314
- 1.508
2.378
2.456
- 1.749

0.137
0.079
0.049
0.041
0.068

0.133
0.074
0.055
0.057
0.057

0.129
0.081
0.049
0.062
0.054

a The effective charges in the bulk are - 1 . 6 4 e (O) and +2.46 e (A1).
b The A I - O bond populations in the bulk are 0.067 e (short bond) and 0.052 e (long bond).

AI charges of + 2.25 for the bulk. The results in
Table 1 are consistent with the trend of increasing
ionic character as the basis set becomes more
flexible.
For the unrelaxed surface there is a significant
decrease in the aluminum charge for the top layer
of the slab. However, during optimization this
drop in ionic character is partially reversed. The
final charges of both O and A1 atoms in the middle
of the slab are 0.15 e larger than those on the
surface, while the A1-O bond population on the
surface is doubled with respect to the middle layer.
This demonstrates the increase in covalency at the
corundum surface.
The calculated valence-band width is 9.5 eV,
taking into account the phonon broadening. It is
the same for the bulk corundum and for all consid-

ered atomic configurations of the slab. However,
the electron binding energy depends on the surface
relaxation. The main maximum in the total
valence-band DOS of the slab is found at 6.2 eV
below the vacuum level for the non-relaxed slab,
at 11.5 eV for the HF-optimized geometry and
13.8 eV for the atomic configuration predicted by
LDA calculations. The value of 9.0 eV has been
found for the bulk, assuming that the vacuum level
of the infinite crystal (zero of the energy) corresponds to the average electrostatic potential. Such
an energy shift of the occupied electron bands due
to the truncation of the conditionally converged
Madelung potential sum is common for the surfaces of ionic crystals. It does not affect the DOS
and electron density in the bulk of the crystal or
in the middle of a sufficiently thick slab. However,
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Fig. 2. Total and projected DOS for the bulk corundum and
for a nine-layer slab, respectively. The heavy solid curve
represents the total DOS of the bulk, whereas light curves
correspond to the slab DOS projected to the surface oxygen
(solid curve)and that from the middle layer (dashed curve).
it governs the average exponential decay of the
electronic wavefunctions and the density above the
surface. The H F method is known to overestimate
the surface electron binding energy; LDA, on the
other hand, always gives values which are too
small and, consequently, a longer tail of the surface
electron density into the vacuum.
Fig. 2 shows the slab DOS projected to the
surface O atom (O1) and to that in the middle of
the slab (O2), along with the bulk DOS. An energy
shift of 2.5 eV has been applied to the bulk DOS
in order to match the positions of the bulk and
slab valence bands. The difference between the
bulk and 02 projected DOS is small. It is expected
to vanish for the deeper O layers beneath the
surface. The shift of the main peak in the O1
projected DOS with respect to the 02 projected
and bulk DOS indicates band bending at the
surface of about 0.5 eV. It is interesting to note
that a similar shift, but with opposite sign, has
been calculated for the MgO(100) surface [9].
The total DOS and that projected to the p~
orbital of the surface O atom are shown in Fig. 3
for three atomic configurations of the slab. The
energy scale corresponds to the H F energy minimum; the two other curves are shifted so as to
match the positions of the main peaks. As in the
case of MgO, the main peak is close to the top of
the band and is more pronounced in the projected
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eV
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Fig. 3. Calculated total DOS of the slab (a) and that projected
to the p= orbital of the surface O atom (b). Three atomic
configurations of the slab correspond to the unrelaxed surface
(dashed curve), the HF-optimized geometry (solid curve) and
the LDA-predictedgeometry(dotted curve).
rather than in the total DOS. The total DOS has
a pronounced shoulder at the high-energy side of
the spectrum (between 13 and 17 eV). The projected DOS displays two additional peaks at the
larger binding energy side separated from the main
peak by 3 and 6 eV, respectively. The perturbation
induced by the surface relaxation, which is mainly
associated with inward motion of the surface A1
atom, is not linear. The displacement of the surface
A1 atom by 0.57 ~, from its perfect lattice position
into the H F minimum leads to the slight increase
in the relative intensity of the second peak and a
similar decrease of the third peak (see Fig. 3b).
However, its further displacement by only 0.12 ,~,
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as predicted by LDA calculations, decreases the
intensity of both peaks roughly by a factor of 2.
The magnitude of the effect of the surface relaxation is much larger in the projected DOS than in
the total DOS.
In contrast to the flat and fully ionic MgO(100)
surface, for corundum (0001) the terminating A1
plane lies above the O plane, and A I - O bonds are
partially covalent. Thus one intuitively expects that
the interaction of the incident He* metastable with
surface AI atoms and/or surface A1-O bonds could
give a sizable contribution to the MIES spectrum.
The spectrum of the emitted electrons may depend
on the incident He* coordinate along the surface.
In order to simulate this dependence, we have
calculated the DOS projected to the floating He Is
orbital as a function of its coordinates. We find
that the shape of this DOS does not depend on
the distance from the surface (vertical z coordinate)
while its magnitude decreases exponentially in the
range z = 2-4 A, reflecting the average behavior of
the overlap integral between the floating AO and
surface wave function.
In Fig. 4 we show the results for z = 2.1 A, which
is close to the typical distance where Auger
de-excitation of the He* projectile takes place. We
have considered five distinct horizontal positions
of the floating orbital shown by arrows 1-5 in
Fig. 1:1 - He* above small O triangle, 2 - above
large O triangle, 3 - above AI atom, 4 - above O
atom, and 5 - above next-layer O atom. The
corresponding projected DOS are shown in Fig. 4a.
Fig. 4b shows their weighted average, which is to
be compared with MIES spectrum. The weights of
the individual contributions were taken as three
for the points 4 and 5, and as unity for three other
points (1-3), because the latter belong to the C3v
symmetry axes. Such a superposition corresponds
to the approximate integration of the He Is projected DOS over the plane parallel to the surface,
because the chosen points (1-5) form an almost
uniform hexagonal net. The dotted curve in Fig. 4b
was calculated for the slab geometry predicted by
the LDA method.

4. Comparison with experiments
The experimental MIES and UPS measured in
Refs. [ 1 1 - 1 3 i are reproduced in Figs. 5a and 5b,

DOs projected
to He (Is) AO

&

........... l
............ 2
3

4
5

-20

-15

DOS projected
torte (ls)AO
z=2.1A

-20

-15

eV
(a)

~

eV
(b)

-10

-5

surfacere~catiorr
--HF
............LDA

-10

-5

Fig. 4. Calculated DOS projected to the floating ls AO,
simulating an He atom at a distance 2.1 .~ above the A1 layer
terminating the surface. Curves 1-5 in (a) correspond to the
HF-optimized geometry of the slab and He situated above the
center of small O triangle (1), large O triangle (2), surface A1
atom (3), surfaceO atom (4) and next-layerO atom as shown
by arrows in Fig. 1. The weighted average of these five curves,
which simulates the MIES spectrum, is given in (b) for HF
(solid curve)and LDA (dotted curve)surface relaxations.
respectively. The spectra represented by light solid
lines were obtained from corundum films grown
by coadsorbing AI and 0 2 molecules onto a
W ( l l 0 ) substrate held at 7 5 0 K [11]; the film
thickness was estimated as 13 ~,. Electron energies
are given with respect to the vacuum level. The
value of 3.8 eV for the surface work-function of the
film was determined from the UPS spectra.
MIES and UPS spectra were also reported for
A I ( l l l ) exposed to 0 2 at room temperature [12].

198

V.E. Puchin et al. / S u r f ace Science 370 (1997) 190-200

.:

A
f--

]:-

-20

-15

-10

-5

eV
(a)

A

-20

i

""

-15

-10

-5

eV

(b)
Fig. 5. The experimental MIES (a) and UPS (b) spectra for
corundum films produced by coadsorption of AI and Oz on a
W ( l l 0 ) substrate (thin curves). Heavy curves show the result
of theoretical simulations of MIES and UPS. They are equal
to the light solid curves of Figs. 4a and 2, respectively. In the
energy region denoted "A", the experimental spectra are affected
by the secondary electron emission. The energy scale corresponds to the experimental electron binding energy. Dotted
curves are the experimental spectra for a monocrystalline
corundum sample.

After this oxygenation procedure they do not yet
display the pronounced shoulder at E~12.3 eV,
but only an asymmetry of the main peak around
E=9.8 eV is seen. However, after annealing the
interface stepwise up to 850 K, both the MIES and
UPS spectra become virtually identical in the
valence band (VB) region with those obtained by
the coadsorption procedure [13]. For this reason
these data are not reproduced here.

The MIES and UPS spectra represented by
dotted lines were obtained for a corundum singlecrystal (0001) surface [13]. In order to prevent
the surface from charging-up positively (by the
electrons leaving the surface during the ionization
process), it was irradiated by low-energy (hv=
6 eV) photons. In both the MIES and UPS spectra
of the corundum single-crystal (0001) surface the
VB structure exhibits the two features discussed
above, although the shape of the spectra differs in
detail from that of the films. However, the effects
of photons with sub-band-gap energies are not
well studied at present. Because we cannot exclude
that photon irradiation influences the surface structure to some extent, we consider these data as less
reliable. For this reason, comparison between
theory and experiment will be confined to the thin
film data.
The MIES spectra show very little intensity
above the top of the VB (E > 7.6 eV). We attribute
the "soft tail" of the valence band emission to the
ionization of such surface oxygen species which
have a lower coordination than in the bulk, located
at kinks, steps, etc. The VB emission consists of a
pronounced peak (E=9.8eV) and a shoulder
(E~ 12.3 eV) towards higher binding energies.
The UPS spectra show the same two VB features
(E=9.8 and 12.3 eV). The weak intensity above
the top of the VB is not well understood at present:
it may be due to emission from the underlying
substrate and/or from point defects located
underneath the surface.
The high-energy part of both spectra above
16 eV is known to be affected by the emission of
secondary electrons. Thus, this energy region
(denoted "A" in Fig. 5) will not be interpreted here.
The results of theoretical calculations are given
by heavy lines in Figs. 5a and 5b: the He ls
projected DOS at 2.1 A above the surface (solid
curve of Fig. 4b) is plotted along with the experimental MIES spectra and surface projected DOS
(light solid curve of Fig. 2), along with UPS data.
One-electron bands calculated using the HF
method are known to have lower energies that
experimental bands due to lack of electron correlation [21]. There is also uncertainty in the Fermi
energy in the experimental spectra due to surface
charging and other effects [10]. Therefore, in
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Fig. 5, theoretical curves are shifted by 1.7 eV in
order to match the experimental top of the VB.
In contrast to the MgO(100) surface and to the
MgO film on Si(100) [9], the MIES and UPS
spectra for the corundum surface show no large
differences. Both spectra show two peaks (E=9.8
and 12.3 eV), while for MgO the MIES spectra
show only the main peak which exhibits some
asymmetry towards larger binding energies. The
calculations reveal that this is a consequence of a
smaller difference in corundum (as compared with
MgO) between the parallel (2px) and perpendicular
(2p~) components of the O 2p projected DOS. It
is directly related to the difference in the local
symmetry and coordination numbers for surface
oxygen atoms in MgO and corundum. Moreover,
the surface oxygen layer in corundum is closepacked and does not contain cations (A1) at all,
whereas the MgO(100) surface contains an equal
number of anions and cations. This accounts qualitatively for the clear difference in the MIES and
UPS spectra for these two kinds of oxides.
The calculated surface DOS is in good
agreement with the UPS spectra (Fig. 5b). This
confirms that the photoemission spectrum at He I
incident-photon energy is mainly dependent on the
initial state electron wavefunction. The final-state
effects, including the dispersion of the conduction
band and photoelectron scattering at the surface
potential barrier, might be important for larger
photon energies and angle-resolved UPS interpretation, but are probably less important in our
case.
As can be seen from Fig. 2, the bulk DOS differs
from the surface DOS, and therefore gives a worse
agreement with UPS spectra. This could mean that
the photoelectron scattering length in the crystal
is extremely small (,,,2 ,~) and the contribution
from the bulk electronic states to the UPS is
negligible at He I photon energies. However, the
rather small difference between surface and bulk
DOS does not allow us to make a definite conclusion about the escape depth of the photoelectrons.
The relative positions of the peaks in the DOS
projected to the surface O 2p~ AO (see Fig. 2b) are
in agreement with those in the MIES spectrum.
However, the magnitude of the second peak is too
low. The result of the MIES spectra simulation
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with the He Is orbital as a probe of the surface
DOS is much closer to the experiment (see Fig. 5a).
However, the peaks in the experimental spectra
are broader than in the simulated one, as was also
the case in MgO. Three possible explanations have
been suggested for this discrepancy [9]:
(1) The wider peaks reflect the influence of the
surface roughness or the presence of surface imperfections, such as point defects, steps, kinks, etc.
(2) The wider O 2p structure is caused by the
different interaction of the probe atom with the
surface before and after the electron emission.
(3) The phonon broadening of MIES may be
different from that for UPS due to the difference
in the relevant hole relaxation energies and/or the
phonon frequencies.
As can be seen from Fig. 4b, the second peak in
the simulated MIES spectrum at the LDA geometry has significantly less intensity relative to the
HF geometry, thus giving less satisfactory
agreement with experimental spectrum.
From the comparison of the surface DOS and
that projected to the ls orbital of the He* projectile
with the relevant UPS and MIES spectra (Fig. 5),
respectively, it can be seen that the agreement
between theory and experiment is satisfactory; the
positions of the peaks and their relative magnitudes
are similar. The comparison of the MIES spectrum
with theoretical simulations allows us to discriminate between the HF- and LDA-optimized slab
geometries in favor of that found in this paper
using the HF technique.

5. Summary
The results of the present calculations demonstrate that in corundum, as in MgO, the shape,
relative positions and intensities of the peaks in
the surface density of electronic states (DOS) are
in satisfactory agreement with the experimental
He I photoelectron spectra (UPS). The metastable
impact electron spectrum (MIES) arising from the
Auger de-excitation of the He* metastable atom
near the surface can be approximated by the DOS
projected to a floating Is atomic orbital (AO)
which simulates the probing He atom. This method
appears to be more accurate for the simulation of
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the MIES spectra than utilization of just the DOS
projected to the Pz AO of surface atoms used for
MgO [9]. We also found that both DOS, strongly
depend on the surface relaxation. This allows us
to study details of the surface atomic structure by
means of a comparison of the experimental MIES
and UPS spectra with those simulated using ab
initio methods. The present Hartree-Fock calculations predict an inward relaxation of the top A1
layer as large as 68% of the AI-O interlayer
distance. This slab geometry gives the surface
projected DOS which is in best agreement with
the experimental MIES and UPS spectra.
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