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Abstract Theoretical near edge X-ray absorption fine struc-
ture (NEXAFS) spectra describing oxygen 1s core excitation
have been evaluated for the differently coordinated oxygen
species appearing near the V,03(0001) surface with half
metal layer V'OV termination. Adsorption of oxygen above
vanadium centers of the V'OV terminated surface (O,V'O
termination) results in very strongly bound vanadyl oxy-
gen, which has also been considered for core excitation in
this study. The angle-resolved spectra are based on elec-
tronic structure calculations using ab initio density functional
theory (DFT) together with model clusters. Experimental
NEXAFS spectra for V,03(0001) show arather strong depen-
dence of peak positions and relative intensities on the photon
polarization direction. This dependence is well described by
the present theoretical spectra and allows us to assign spec-
tral details in the experiment to specific O 1s core excitations
where final state orbitals are determined by the local binding
environments of the differently coordinated oxygen centers.
As a result, a combination of the present theoretical spec-
tra with experimental NEXAFS data enables an identifica-
tion of differently coordinated surface oxygen species at the
V,05(0001) surface.

Keywords Vanadium sesquioxide - V,03(0001) surface -
Surface termination - NEXAFS spectroscopy - Electronic
structure - DFT - Cluster models

1 Introduction

Vanadium oxides form a large family of transition metal
oxides where the formal oxidation state of the metal spe-
cies ranges from +2 to +5. This is combined with a variety of
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exciting physical properties, e.g. structural, electronic, and
magnetic phase transitions [1,2]. In addition, vanadium ox-
ides are used as important components in catalysts for many
chemical reactions of industrial importance [3-6]. In this
study, we focus on vanadium sesquioxide, V,0O3, where vana-
dium is in its formal oxidation state +3. This compound is a
product of deep reduction of vanadium pentoxide, V,0s, in
many catalytic processes. It undergoes a phase transition at
150-170K from an anti-ferromagnetic semiconductor with
monoclinic crystal structure below to a paramagnetic metal
with rhombohedral corundum structure above the transition
temperature [7].

While bulk properties of V,03 have been studied exten-
sively both by experiment and theoretically [8—11] well-cha-
racterized single crystal surfaces of the corundum structure
have been investigated only for two surface orientations,
(0001) and (10-12), in greater detail [12—14]. The hexagonal
(0001) surface, which seems to be more easily accessible by
experiment [14], allows for three intrinsic bulk terminations,
OVV’, VV'O, and V'OV (denoted by the element composi-
tion of the three topmost atom layers, see below). So far, the
most stable termination has not been identified by experi-
ment. However, detailed LEED analyses and other studies of
the atomic geometry at the (0001) surface of corundum type
Cr;03 [15-17] reveal a half metal layer termination with
major relaxation of the topmost metal layer. This may sug-
gest that the V,03 (0001) single crystal surface exhibits a
very similar surface structure, which has been confirmed by
theory [18].

Recently, Dupuis et al. [19] studied thin V,03(0001) films
on W(110) and Au(111) with several spectroscopic meth-
ods, such as X-ray photoemission (XPS), electron energy loss
(HREELS), and near edge X-ray absorption fine structure
(NEXAFS) spectroscopy. Their results indicate that expo-
sure of the V,0j3 surface to oxygen leads to surface vanadyl
groups where the vanadyl oxygen may be removed by elec-
tron bombardment. This is consistent with the assumption
of a half metal layer (V'OV) terminated V,03(0001) surface
where the metal species of the topmost layer can be cov-
ered by adsorbed oxygen forming surface vanadyl species.
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The corresponding termination will be denoted O, V'O in the
following.

The V,03(0001) surface can contain differently coordi-
nated oxygen depending on its termination and reconstruc-
tion. As an example, the intrinsic bulk termination V'OV
leads to both three- and four-fold coordinated oxygen species
near the surface. Further, the above mentioned O,V’O termi-
nation, suggested by experiment [19], contains also singly
coordinated vanadyl oxygen. In all cases, changed coordina-
tion is expected to lead to different chemical behavior of the
oxygen species. Therefore, it is important to study their elec-
tronic properties as a function of local coordination. This may
also help the interpretation of experimental data from vari-
ous spectroscopies, such as NEXAFS, allowing a discrimina-
tion of differently coordinated oxygen based on experimental
information.

In this work, we use ab initio density functional theory
(DFT) together with cluster models to evaluate the elec-
tronic structure of local environments at the V,03(0001)
surface where we focus on the intrinsic V'OV and the experi-
mentally suggested “chemical” termination O,V'O. The
electronic structure then serves as a basis to calculate angle-
resolved NEXAFS spectra for 1s core excitation of differently
coordinated oxygen near the V,03(0001) surface. The theo-
retical data can be compared with recent experimental NEXA-
FS spectra and explain spectral details by binding properties
of the excited electron states near the differently coordinated
oxygen centers.

In Sect. 2, we describe computational details of the pres-
ent work while in Sect. 3 we present results of the calculations
together with a detailed comparison with experimental angle-
resolved NEXAFS spectra of the V,03 (0001) surface [19].
Finally, in Sect. 4, we summarize our results and conclusions.

2 Computational details

Vanadium sesquoxide, V;,0s, is described below 7y = 150—
170K by a monoclinic (distorted corundum) crystal lattice
with lattice constants a = 7.26/0%, b= 5.0010\, c =555 A,
and the angle B = 96.75° [20,21] where the elementary cell
contains 20 atoms (four element units). Above the transition
temperature T, a phase transition to the rhombohedral corun-
dum structure is observed. The corresponding lattice con-
stants and angles are a = b = ¢ = 5.46A and @ = 53.75°
[22,23] and the elementary cell includes two element units,
i. e. ten atoms. Bulk crystals of both lattice structures contain
vanadium in sixfold octahedral and oxygen in fourfold tetra-
hedral coordination (see Fig. 1a). Apart from a doubling of
the elementary cell size, there are only very small structural
differences between the two V,0j5 crystal lattices. Therefore,
in the present study we focus on the rhombohedral corundum
structure, which is of higher symmetry than the monoclinic
crystal structure. Possible differences in our results are not
expected to be of relevance.

The rhombohedral V, 03 bulk is described along its (0001)
direction by stacking alternating hexagonal netplanes of vana-

dium (two very close planes, V and V') and oxygen (one plane
0) in the sequence ...OVV'OVV'..., where the atom density
of the oxygen netplanes is three times that of the vanadium
planes [24]. This allows three intrinsic bulk terminations of
the (0001) surface where we focus on the experimentally
suggested [19] half metal layer termination, denoted V'OV,
with only one of the two vanadium layers (V') being topmost.
The V,05 substrate near this surface contains vanadium with
three and sixfold as well as oxygen with three and fourfold
coordination (see Fig. 1b, ¢). The above mentioned O,V'O
termination of the V,03(0001) surface after oxygen exposure
derives from the V'OV termination where each vanadium of
the topmost layer is covered by an adsorbed oxygen forming a
vanadyl group. Thus, the O,V’O terminated surface contains

in addition singly coordinated oxygen.
Local sections of the V'OV terminated V,05(0001) sur-

face are modeled by clusters of finite size reflecting the unre-
laxed bulk geometry and containing up to 11 vanadium and
33 oxygen centers as sketched in Fig. 1b, c. The V033 clus-
ter has been applied in previous theoretical studies [18,25,
26] of V,03(0001) surface properties, where dangling bonds
of the peripheral oxygen centers were saturated by hydro-
gen, resulting in a V1;033H33 model cluster. This saturation
is not included in the present study dealing with electronic
properties of oxygen close to the cluster center. Extensive test
calculations have shown that the electronic structure of these
oxygens of the inner cluster region is affected only very little
by the presence of dangling bonds at the cluster periphery.
Since the V'OV terminated V{033 surface cluster contains
three V' atoms of the topmost layer, the O,V'O termination
can be represented by a V{;03¢ cluster with three vanadyl
groups. Here, the vanadyl V-O distance of 1.586A is taken
from previous geometry optimizations [26].

The electronic structure of the present clusters is calcu-
lated by ab initio DFT methods (program code StoBe [27])
using generalized gradient corrected functionals according
to Perdew, Burke, and Ernzerhof (RPBE) [28,29] to approx-
imate electron exchange and correlation. The Kohn-Sham
orbitals are described by linear combinations of atomic orbi-
tals (LCAQO’s), using extended basis sets of contracted Gaus-
sians from atom optimizations [30,31]. The molecular basis
sets used in the ground state calculations are all-electron dou-
ble zeta plus valence polarization (DZVP) type for vanadium
and oxygen, described by [5s3p2d] and [3s2pld], respec-
tively. The V basis is also used in the calculations of O 1s
core excitation while for oxygen different basis sets are ap-
plied. The basis set at the oxygen center where the excitation
initiates is IGLO-III [32] described by [7s6p2d] in order to
obtain an adequate description of inner shell relaxation ef-
fects. The other oxygen centers in the cluster are accounted
for by effective core potentials (ECP) including 1s electrons
and [3s3p1d] valence basis sets [33] to avoid explicit mixing
of 1s orbitals of the different oxygen centers. This approxima-
tion is found to result in faster convergence of the electronic
structure introducing only negligible effects on the computed
excitation spectra [34].

The calculation of O 1s core level excitation spectra for
the clusters is performed within Slater’s transition state
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Fig. 1 a Crystal structure of rhombohedral V,03 with netplane stacking along (0001). Oxygen centers (fourfold coordinated O(4)) are shown as
small dark balls, vanadium centers (sixfold coordinated V(6), V'(6)) as large light balls. b Side view of the V'OV terminated V,03(0001) surface
with oxygen and vanadium centers labeled by their coordination. The additional vanadyl oxygen O(1) refers to the O,V’O termination. The darker
region at the surface sketches the V1033 cluster used in the present calculations. ¢ Top view of the surface shown in b

approach [35,36] in combination with a double basis set
technique [37]. This approach starts from a self-consistent
transition state calculation with a partially occupied O 1s core
orbital at the ionization site (n05=0.5 according to Slater [35,
36]). In a second step, the basis set at the excitation site is
augmented by very diffuse [19s19p19d] functions and the
electronic structure is re-evaluated non-iteratively, yielding
all unoccupied valence orbitals and including approximate
orbitals for energies above then ionization threshold. The
resulting orbital energies and corresponding dipole transi-
tion matrix elements (determining absorption intensities) are
then used to compute the angle resolved core level excitation
(NEXAFS) spectrum by Gaussian convolution with varying
broadening. A broadening of 0.5 eV is applied below the ion-
ization threshold while within 10 eV above the threshold the
broadening is increased linearly to 2.5eV and kept fixed at
this value for higher energies [38]. For further details see also
[39-41].

The V11033 cluster possesses an odd number of electrons
and its ground state is a doublet state. As a consequence, two
different core holes exist, one for alpha and one for beta spin.
Test calculations comparing both core holes have shown that
the spin dependent NEXAFS spectra are very similar in shape
and only shifted slightly in energy by about 0.4 eV. Thus, in
the following we present only spectra of alpha spin orbital
excitation.

In Slater’s transition state approach, the electronic core
hole relaxation is not fully accounted for. Therefore, we shift
all excitation energies by a relaxation correction, which is
determined from calculations of fully relaxed ionized states
for each of the differently coordinated oxygen species amount-
ing to a global shift of 1.8 — 1.9 eV to lower energies. Further,

all spectra are shifted by 0.4 eV to higher energies to include
relativistic corrections [42].

3 Results and discussion
3.1 Intrinsic half metal termination V'OV

As discussed above, the V'OV termination of the V,03(0001)
surface offers two different types of oxygen, threefold coor-
dinated O(3) in the second and fourfold coordinated O(4)
in the fifth surface layer (see Fig. 1b, c). As a result, core
excitation involving both oxygen species has to be included
in calculations of angle-resolved NEXAFS spectra. Figure 2
shows theoretical NEXAFS spectra obtained from the V;; 033
cluster calculations for oxygen 1s excitation, where two inci-
dence/polarization directions of the incoming photon beam
are considered (reflecting scenarios of recent experimental
angle-resolved NEXAFS spectra [19]). The first geometry
corresponds to a polar beam angle of « = 70° with respect to
the surface normal (near grazing incidence) where the polar-
ization vector points 20° away from the surface normal. The
second, « = 0°, reflects incidence along the surface nor-
mal with the polarization vector being parallel to the surface.
Figure 2 includes for both angles « the total theoretical O 1s
excitation spectrum together with its O(3) and O(4) derived
contributions. These spectra are compared in the figure with
recent experimental oxygen K edge NEXAFS spectra [19]

(top curve of each plot).
It should be noted that, as a consequence of the C3 sym-

metry of the V,03(0001) surface which is also present in the
model cluster, the angle-resolved NEXAFS spectra depend
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Fig. 2 Comparison of experimental angle resolved O K edge NEXAFS spectra with theoretical O 1s core excitation spectra for two different
angles of photon beam incidence, @ = 0°, 70°, at the V'OV terminated V,03(0001) surface. For the evaluation of the experimental spectra, see
text. The total theoretical spectra are decomposed into contributions from differently coordinated oxygen, O(3) (dotted) and O(4) (dashed). The

gray line indicates corresponding oxygen 1s ionization potentials

only on the polar angle o of the incident photon beam with
respect to the surface normal but not on its azimuthal angle
@. This is accounted for in the calculations by averaging the
excitation spectra of three symmetry-equivalent oxygen cen-
ters O(3) and O(4), respectively. Further, the experimental
curves of Fig. 2 are obtained from differences of NEXAFS
spectra for a given angle o measured by partial yield detec-
tion (PYD) and those recorded in sample current mode [19]
where the PYD data are believed to be more strongly surface
sensitive. Thus, the difference spectra are expected to reflect
electronic core excitations predominantly from atom centers
near the surface (for details see [19]).

The theoretical spectra of Fig. 2 exhibit, for both photon
beam angles «, two sets of peaks below (set I) and above
the ionization threshold (set II) referring to specific oxygen
1s core excitations. (The O 1s ionization threshold at 537 eV
is sketched by gray lines in Fig. 2 where the line widths
denote the range of ionization potential (IP) values, 0.7 eV,
of the differently coordinated oxygen.) Detailed analyses
of the final state orbitals (C. Kolczewski and K. Hermann,
unpublished) corresponding to peaks of the two sets give a
clear picture of their origins. All excitations of set I at about
530eV can be characterized by electronic transitions from
O 1s to final state orbitals described as weakly antibonding
combinations of oxygen 2p and vanadium 3d contributions.
Depending on the direction of the O 2p contribution, the anti-
bonding character differs and distinguishes between the exci-
tation energies. If the dominant O 2p function in the final state
orbital points toward an adjacent vanadium center with its
dominant 3d functions focused along the corresponding V-O

axis, the antibonding effect is largest and leads to highest
excitation energies. On the other hand, final state orbitals
where the antibonding mixture contains O 2p and V 3d func-
tions of adjacent centers trying to avoid each other result in
the smallest antibonding effect and lowest excitation ener-
gies. Similar effects, also due to the crystal-field split metal d
components have been observed for adsorbate systems, e.g.
for water on Pt(111) [43]. The excitations of set II at about
543 eV, i.e. above the ionization threshold, can be charac-
terized by electronic transitions from O 1s to O 3p orbitals,
where, as before, the direction of the 3p functions together
with the geometry of the local binding environment discrim-
inates between the different excitations.

The total theoretical spectra are decomposed in Fig. 2
into atom-derived contributions due to threefold and fourfold
coordinated oxygen O(3) (dotted curves) and O(4) (dashed
curves), respectively. This reveals sizeable differences be-
tween the two oxygen species. First, the energy ranges of
both peak sets are larger for O(3) than for O(4) excitation, and
peak set I for O(3) is shifted to lower energies with respect to
that for O(4). Second, the intensity distributions within peak
set I differ between the two oxygen species. Clearly, these
differences originate from details of the local binding envi-
ronment of the two types of oxygen which manifests itself
also in the excited final state orbitals, determining the exci-
tation spectrum by their excitation energies ¢ and by corre-
sponding dipole transition matrix elements m. However, the
local binding of O(3) with its three vanadium neighbors in a
quasi-planar geometry and of O(4) with its four vanadium
neighbors in a distorted tetrahedral arrangement is quite
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complex. Therefore, simple geometric arguments are not
adequate to characterize the differences between the two
atom-derived spectra (C. Kolczewski and K. Hermann, unpub-
lished). This is in contrast to the situation at the V,05(010)
surface where the rather simple geometric arrangement of the
one, two, and threefold coordinated oxygen allows an imme-
diate geometric interpretation of the different atom-derived
core excitation spectra [40,41].

A comparison of the theoretical total and atom-derived
spectra for the two different photon beam angles o yields
differences due to the angular dependence of the transition
probabilities of the different dipole excitations. This can be
described analytically [40] by angle-resolved spectral inten-
sities which are given by corresponding dipole transition ma-
trix elements m = (m,, m,, m_) involving the initial core
orbital ¢; and final excited state orbitals ¢ with

m = (my,my,m;) = (ggle-rlei) 6]

together with angular dependent factors describing the polar-
ization direction of the incoming radiation. For the hexagonal
structure of the V,03(0001) surface and the present photon
beam geometry, the spectral intensities simplify to

IE. @) = x -E- {1/2[m} + m}] cos’a + mIsin’a} . (2)

where yx is a scaling factor, E is the excitation energy, and o
is the angle of the photon beam with respect to the surface
normal. Equation (2) can explain the angle variation in the
0O(3) and O(4) derived spectra (see Fig. 2) by the symmetry
of the final excited state orbitals. For O(3) 1s excitation, the
corresponding final state orbitals of the upper region of peak
set I have sizeable components perpendicular to the surface
such that their transition moments m, are larger in absolute
size than those parallel to the surface, m, and m,. As aresult,
the absorption intensity I(E, «) is small in the upper region of
peak set I for « = 0° but large for « = 70°. The situation is
reversed for final state orbitals about the energetic center of
peak set I where the orbital compositions lead to m, values
which are smaller in absolute size than m, and m,. The O(3)
excitations near the lower edge of peak set I are characterized
by dipole transition moments where all components, m ., m,
m,, are of similar size. Based on Eq. (2), this can explain the
weak angle dependence of the corresponding low-edge peak.
For O(4) 1s excitation, the peak in the upper region of peak
set I loses intensity with increasing angle «, while the peaks
of the central and lower region gain intensity. However, the
O(4) derived spectrum depends somewhat less on the angle
o, which reflects the fact that the transition matrix elements
my, my, m for the three dipole directions are similar in size.
Equation (2) describes also the angular dependence of the
spectral intensity of peak set II characterized by transitions
from O 1s core to 3p resonances. However, the number of
final state orbitals is too large to give a simple interpretation
of the peak distribution in terms of specific transitions.

A comparison of the total theoretical O Is excitation
spectra for angles o = 0°, 70° with experimental NEXAFS
spectra in Fig. 2 shows overall rather good agreement con-
cerning peak positions as well as relative absorption intensi-
ties. This confirms that both types of oxygen, O(3) and O(4),

present near the V,03(0001) surface contribute to the NEXA-
FS spectrum. Based on the theoretical spectra, the assignment
of the split peak at about 533 eV in the experimental spec-
trum can be described for both angles « by electronic tran-
sitions originating at the O(3) and O(4) s orbitals. Here,
O(3) derived transitions determine the full peak region while
O(4) transitions are responsible for the high energy part. The
experimental peak near 524 eV does not have a counterpart in
the theoretical spectra. It originates from vanadium 2p core
to 3d orbital excitations, which are not considered by our the-
ory since they would require a treatment including spin-orbit
coupling, which is neglected by the present approach. The
experimental peak near 545 eV, which is characterized from
the theoretical spectra by O 1s to 3p transitions at both O(3)
and O(4) sites, is broadened and loses intensity if the photon
beam angle « is varied from 70° to 0°. While the broadening
is reproduced in theoretical spectrum, the intensity loss is not
obvious and has to be studied in greater detail.

3.2 Vanadyl termination O,V'O

The O,V’O termination of the V,03(0001) surface after oxy-
gen exposure includes singly coordinated vanadyl oxygen
O(1) at the surface in addition to the threefold and fourfold
coordinated oxygen species, O(3) and O(4), of the V'OV ter-
mination described above (see Fig. 1b, c). Therefore, core
excitations from three differently coordinated oxygen centers
determine the angle-resolved NEXAFS spectrum. Figure 3
shows theoretical oxygen 1s NEXAFS spectra obtained from
the V11036 cluster calculations where two incidence direc-
tions of the incoming photon beam, ¢ = 70°, 0°, are con-
sidered as before. The figure includes for both angles « total
theoretical O 1s excitation spectra as stoichiometry-weighted
superpositions of O(1), O(3), and O(4) derived contributions
together with the corresponding O(1), O(3), and O(4) compo-
nents. These spectra are compared with recent experimental
oxygen K edge NEXAFS spectra [19] obtained from differ-
ences of PYD and sample current mode measurements (top
curve of each plot).

As for the V'OV termination (Fig. 2) the theoretical spec-
tra of Fig. 3 can be described by two sets of peaks below (set
I) and above the ionization threshold (set II) originating from
specific oxygen 1s core excitations. Here, the O 1s ioniza-
tion threshold near 537 eV, sketched in gray in Fig. 3, covers
a somewhat larger energy range, 1.4 eV, than for the V'OV
termination, which is explained by the additional O(1) spe-
cies whose 1s IP differs from the IP values of O(3), O(4) by
0.9 eV. An analysis of the final state orbitals (C. Kolczewski
and K. Hermann, unpublished) corresponding to peaks of
set I between 529 eV and 533 eV shows that, analogous with
the V'OV termination, all excitations refer to electronic tran-
sitions from O Is to final state orbitals which are weakly
antibonding combinations of oxygen 2p and vanadium 3d
contributions. The amount of antibonding character depends
on the direction of the 2p contribution of each oxygen center
with respect to its vanadium neighbors with their 3d con-
tributions and distinguishes between the excitation energies.
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Fig. 3 Comparison of experimental angle-resolved O K edge NEXAFS spectra with theoretical O 1s core excitation spectra for two different
angles of photon beam incidence, @ = 0°, 70°, at the O,V’O terminated V,05(0001) surface. For the evaluation of the experimental spectra, see
text. The total theoretical spectra are decomposed into contributions from differently coordinated oxygen, O(1) (dash-dotted), O(3) (dotted), and
O(4) (dashed). The gray line indicates corresponding oxygen 1s ionization potentials

The excitations of peak set I, which focuses at about 541 eV
(i.e. above ionization threshold), are due to electronic transi-
tions from O 1s to O 3p where, as before, the direction of the
3p functions together with the geometry of the local binding
environment discriminates between the different excitations.

In addition to the total theoretical spectra, Fig. 3 contains
atom-derived contributions due to singly, threefold, and four-
fold coordinated oxygen, O(1) (dash-dotted curves), O(3)
(dotted curves), and O(4) (dashed curves), respectively, which
differ considerably in their intensity behavior. The O(1) de-
rived contributions to peak set I are described, for both an-
gles o, by one major peak at 531 eV with a smaller peak near
530 eV. The smaller low-energy peak represents several elec-
tronic transitions from O(1) 1s to final state orbitals which
are mainly antibonding combinations of oxygen 2p (x, y)
with vanadium 3d (x> — y?, xy). Therefore, x and y com-
ponents of the dipole transition matrix element, m, and m,
(parallel to the surface), are much larger than m .. As a conse-
quence, the peak intensities according to Eq. (2) are expected
to be larger for small angles o, which explains the behavior
in Fig. 3. The large O(1) derived peak of set I at 531 eV orig-
inates from several excitations to final state orbitals which
are antibonding combinations of oxygen 2p with vanadium
3d (xz, yz, z%). Here, O 2p — V xz/yz combinations yield
large transition moments m, /m, and smaller m, while O 2p
—V z2 combinations lead to small m, /m y and larger m val-
ues. As a result, the two types of excitations yield absorption
intensities according to Eq. (2) which complement each other
such that the superimposed intensity depends only weakly on
«. This can explain the close similarity of the O(1) derived
peak at 531 eV for o« = 0° and 70° in Fig. 3.

The energy ranges of both peak sets in Fig. 3 are larger
for O(3) than for O(4) excitation and the O(3) derived set
is shifted to lower energies with respect to that for O(4). In
addition, the intensity distributions within peak set I differ
between the two oxygen species. These differences can be
explained analogous to the result for the V'OV termination
and originate from details of the local binding environment of
the two types of oxygen as discussed before. In fact, the O(3)
derived spectrum differs only slightly in peak set I between
the V'OV and O;V’O terminated V,053(0001) surfaces. This
becomes obvious in a direct comparison of the theoretical
V'OV and O,V’O spectra for « = 0°, given in Fig. 4. This
figure demonstrates also that the fourfold coordinated oxygen
O(4) yields almost identical spectra for the V'OV and O,V'O
termination. This is explained by the fact that the O(4) cen-
ter is furthest away from the vanadyl oxygen O(1) which is
added in the O,V’O compared to the V'OV termination and
is, therefore, affected least.

A comparison of the total theoretical O 1s excitation spec-
tra for angles o = 0°, 70° with experimental NEXAFS spec-
tra for the vanadyl covered V,03(0001) surface [19] in Fig. 3
shows, as before, overall very good agreement concerning
peak positions as well as relative absorption intensities. The
experimental spectra contain, for both angles «, a structured
peak at about 531 eV whose central feature at 531 eV can be
assigned to electronic transitions originating at the O(1) spe-
cies if information from the theoretical spectra is used. The
intensity of this central feature depends only weakly on angle
o, which is consistent with the theoretical findings discussed
above. Analogous to the V'OV termination, the experimental
peak near 525eV originates from vanadium 2p core to 3d
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Fig. 4 Comparison of theoretical O 1s excitation spectra for the V'OV
(dashed lines) and O,V’O (solid lines) surface terminations of the
V,03(0001) surface for the photon beam incidence angle @ = 0°. The
figure shows in addition to the total theoretical spectra their decompo-
sitions into contributions from differently coordinated oxygen, O(1),
0(3), and O(4)

excitations, which are not considered by the present theory
and, therefore, do not show up in the theoretical spectra for
reasons mentioned before. The broad experimental peak near
543 eV is characterized from the theoretical spectra by O 1s
to 3p transitions at both O(3) and O(4) sites while vanadyl
O(1) contributions remain small.

4 Conclusions

The present ab initio DFT cluster studies on oxygen 1s core
excitation of differently coordinated oxygen species at the
V,03(0001) surface can give a clear picture of the underlying
electronic mechanisms. The resulting theoretical core exci-
tation spectra are in very good agreement with experimen-
tal angle-resolved oxygen K edge NEXAFS spectra for the
clean (V'OV terminated) and oxygen covered (O;V'O termi-
nated) single crystal surface [19]. The experimental spectra
for the two terminations as well as for two different angles «
of photon incidence exhibit three well-separated absorption
regions each, of which two can be identified by the present
theory as due to oxygen 1s core excitation involving differ-
ently coordinated oxygen species. First, the absorption re-
gion near 532 eV is characterized by O 1s core excitations to
final state orbitals described as weakly antibonding combina-
tions of oxygen 2p and vanadium 3d contributions. Here, the
coordination of the corresponding oxygen species as well

as its local binding geometry determines the angle-depen-
dent absorption intensity. Second, the absorption region near
545 eV (above ionization threshold) can be assigned to elec-
tronic transitions from O Is to 3p orbitals where, as before,
the local binding geometry of the oxygen determines the tran-
sition probability and, thus, the absorption. Third, the absorp-
tion region near 525 eV originates from vanadium 2p core to
3d excitations, which cannot be considered by the present
theory due to its neglect of spin-orbit coupling.

A decomposition of the theoretical spectra into contri-
butions from differently coordinated oxygen can give further
insight into details of the experimental NEXAFS spectra. For
the half metal layer (V'OV) terminated V,03(0001), surface
excitations from both three and fourfold coordinated oxy-
gen are found to contribute to the spectrum (see Fig. 2).
The split peak at about 533 eV in the experimental spec-
trum can be described for both angles o by O(3) derived
transitions, with O(4) transition contributing to the high en-
ergy part. For the O,V'O terminated surface, the additional
singly coordinated vanadyl O(1) species introduces new fea-
tures in the experimental NEXAFS spectrum. Now, the en-
ergy region about 531 eV is characterized by three peaks (see
Fig. 3) where, based on the theoretical data, the central peak
is due to electronic transitions originating at the O(1) species.
The intensity of this central feature depends only weakly on
angle « both in the experimental and theoretical spectrum.
Further, our theoretical analysis shows that contributions to
the absorption intensity from O(3) core excitation are very
similar for the V'OV and O,V’O terminations and O(4) core
excitation contributions are virtually unchanged. This can
be simply explained by the geometry of the two differently
coordinated oxygen species. Altogether, the combination of
the present theoretical spectra and experimental NEXAFS
data for the V,03(0001) surface enables an identification of
differently coordinated surface oxygen species in the system.

More detailed information on spectroscopic properties of
the present system requires extended experimental NEXA-
FS studies for a full set of photon incidence and polarization
angles in addition to microscopic surface structure data. Fur-
ther, theoretical studies including other surface terminations
as well as surface relaxation at the V,03(0001) surface have
to be considered. Studies along these lines are currently under
way (C. Kolczewski and K. Hermann, unpublished).
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