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Abstract. Band-structure (BS) calculations of the density of states (DOS) using the full potential aug-
mented plane waves code WIEN97 were performed on the four single-valence vanadium oxides VO, V2Osg,
VO3 and V20s5. The DOS are discussed with respect to the distortions of the VOg octahedra, the oxi-
dation states of vanadium and the orbital hybridisations of oxygen atoms. The simulated oxygen K-edge
fine structures (ELNES) calculated with the TELNES program were compared with experimental results
obtained by electron energy-loss spectrometry (EELS), showing good agreement. We show that changes
in the fine structures of the investigated vanadium oxides mainly result from changes in the O-p DOS and
not from the shift of the DOS according to a rigid band model.

PACS. 79.20.Uv Electron energy loss spectroscopy — 71.20.-b Electron density of states and band structure
of crystalline solids — 71.20.Be Transition metals and alloys — 71.15.Ap Basis sets (plane-wave, APS, LCAO,
etc.) and related methodology (scattering methods, ASA, linearized methods)

1 Introduction

Among the various oxides of vanadium, there are four
(VO, V303, VO2 and V205) in which vanadium is in a
single valence state, i.e., in V2T, V3% V4t and Vo, re-
spectively. These oxides merit special attention because
of their outstanding structural flexibility combined with
chemical and physical properties which are of interest for
catalytic and electrochemical applications. For instance,
VO is a metal with rock-salt structure. V503 is in a
paramagnetic metallic phase with corundum structure
(a-Al303) above 165 K and an antiferromagnetic insula-
tor with monoclinic structure below [1,2]. VO2 undergoes
a first order transition from a diamagnetic semiconduc-
tor phase below 340 K to a paramagnetic metallic state
with rutile structure above 340 K [1,3]. V2Os5 is a diamag-
netic insulator at room temperature [1] with orthorhombic
structure. Vo Ojs is an essential ingredient to heterogeneous
catalysis widely used in a variety of chemical reactions,
such as in partial oxidation reactions or in the selective re-
duction of NO,. The mentioned single valence vanadium
oxides exist beside of a wide variety of mixed valence ox-
ides in which vanadium atoms exist in at least two of the
above mentioned valence states. Such mixed valence ox-
ides are found to be thermodynamically stable and can
be synthesised by various methods or can be formed as
intermediate phases in catalytic reactions.

The variability of the vanadium-oxygen system in elec-
tronic properties calls for a sensitive and spatially resolv-
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ing analytical methodology for investigation of structure-
function relationship. ELNES (energy loss near edge struc-
tures) analysis performed in an analytical transmission
electron microscope (TEM) gives the necessary informa-
tion provided that a safe understanding of the spectral
features is available. To this end an analysis of spectral
properties of reference oxides is presented here.

Numerous theoretical investigations have been per-
formed on vanadium oxides [4-10]. More recently two cal-
culations have been performed on V205 within the density
functional theory: Eyert et al. concentrated on the role
of the deformation of the VOg octahedron on the DOS
using an augmented spherical wave approach within the
local density approximation [11], and Chakrabarati et al.
studied the bulk and (010) surface of VoOs using the full
potential augmented plane wave code WIEN97 [12]. In
a study of bulk and surface properties of vanadium and
molybdenum oxides Hermann and Witko showed the to-
tal DOS of V505, VO3 and V503 calculated with the
WIEN97 code [13]. Experimentally, oxygen K near edge
structures have been studied by Abe et al., by means of
EELS showing the metal-insulator transition in VOg [3].
O K-edges in V505, VO2, V503 are shown by Lin et al.
measured by ELNES [14] and Abbate et al. recorded in
X-ray Absorption Spectroscopy (XAS) [1]. Despite the
fact that much work was carried out, the different the-
oretical investigations were made with different meth-
ods and thus different types and levels of approximation.
Therefore there is still need for a systematic investiga-
tion of single valence vanadium oxides with the same
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Table 1. Structures of the simulated and observed compounds. Lattice parameters are given in A. Data were taken from [22]
for V20Os, from [4] for VOg, from [23] for V203 and from [24] for VO. The V-O distances are also given.

lattice para-

Space group meters (A) «  atom positions V-0 distances (A)
V205 Pmmn (59) a=11.512 V (4f) x = 0.10118 z = 0.8917
orthorhombic b = 3.564 O(1) (4f) = 0.1043 z = 0.531  1.57; 2.79
¢ = 4.368 0(2) (2a) = = 0.001 1.78
0(3) (4f) = 0.9311 z = 0.003  1.88; 2.02
VO2  P43/mnm (136) a = 4.5546 V (2a)
tetragonal c=2.8514 O(4f)xz=0.3 1.921; 1.932
V203 R3c (167) a—54734 53.78° V (4dc) x = 0.34629
rhombohedral O (6e) z =0.9382 1.97; 2.05
VO Fm3m (225) a=4.12 V (4a)
cubic O (4b) 2.06

theoretical and experimental tools. Also no direct com-
parison of the DOS of these four compounds has been
done.

In the present work, we give a comprehensive inves-
tigation of the variation in the O-K ELNES with oxida-
tion state in the four important single valence vanadium
oxides, VO, V303, VO3 and V205. This knowledge can
help us to understand the electronic structure of all the
other vanadium oxides with intermediate oxidation states.
For a reliable comparison, all the band structure calcu-
lations were performed with the same programme code
and discussed with emphasis on the density of unoccupied
states. The oxygen K-edges from the four oxides are ex-
tracted from EELS spectra recorded with the same trans-
mission electron microscope under comparable experimen-
tal conditions.

2 Method

In the TEM fast incoming electrons (typically between
100 and 400 keV) lose energy due to a variety of inter-
actions with the sample [15]. One possible process is the
excitation of a core electron, a process similar to the one
occurring in XAS. Modern energy spectrometers or filters
in the TEM such as the PEELS, the GIF or in-column
filters can resolve 0.5 to 1 eV. In combination with a field
emission source, these instruments are sufficiently sensi-
tive to detect faint variations in the ELNES. Methods for
the calculations of those fine structures were reviewed by
Rez et al. [16,17].

In a band structure approach ELNES is calculated
within the first Born-approximation under the assump-
tion that the incoming and outgoing fast electrons are
plane waves with wave vectors k; and ky. The double
differential cross-section for inelastic electron scattering
is related to the Dynamic Form Factor (DFF) [18] as:
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where g = k; — k¢ is the momentum transfer, ag the Bohr

radius, F the energy and v = /1 — (32 is the relativistic
factor. The DFF is given by:

DFF(q, B) =) [(ile'?"|f)[* 6(E + E; — Ey).
if
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The summation is done over all occupied initial and empty
final states (i| and (f|.

If we consider a core loss in a crystal, the initial
state is represented by an atomic core state and the final
state by a Bloch wave which can be projected onto a
basis set of atomic orbitals. If additionally the sample is
polycrystalline and thus the DFF can be integrated over
all directions of g, the DFFlis/\given by [19]:
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A is the transfer of angular momentum in the interaction,
[ the initial and I’ the final angular momenta. o, = 2(21+1)
is the statistical occupation number of the initial state.

X}/ (g) is the partial DOS for angular momentum !’ at
atom t and for the energy &’ above Fermi level; (jx(q))nernr
is the matrix element of the spherical Bessel function of
order A\ between the radial parts of the initial and final
states.

For anisotropic monocrystalline samples of low symme-
try, formula (3) has to be extended as shown by Nelhiebel
et al. [19].

Both expressions, for the case of a polycrystalline sam-
ple and for an anisotropic monocrystal can be calculated
with the TELNES package which is an extension of the
WIEN97 band structure code [20,21].

3)

3 Structures

Lattice parameters, structure type and atom positions of
the oxides V205, VO3,V203 and VO studied are sum-
marised in Table 1.
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(c) (d)

Fig. 1. Octahedron structures around V in V205 (a), VO2
(b), V203 (c) and VO (d). The lengths are in A.

A common structural feature of all the four compounds
are the VOg octahedra consisting of six oxygen atoms at
the corners and one vanadium atom in the centre. Ac-
cording to the structure types the form of the octahedron
varies from a strongly distorted one (in V2Os5) to a reg-
ular form with six equal V-O bonding lengths (in VO).
The bonding V-0 length increases with decreasing oxida-
tion states of vanadium (Tab. 1 and Fig. 1).

In V2035 the oxygen atoms are on three different sites.
Each layer is composed of edge-sharing octahedra organ-
ised in zigzag lines; between two lines, octahedra are shar-
ing corners and also two layers are connected by common
corners [9,22,25].

VOg occurs in a monoclinic (distorted rutile) structure
at low temperatures and a rutile structure at high tem-
perature. Electron diffraction showed that the VOs we
studied is in the metallic rutile modification. The VOg oc-
tahedron is less distorted than that in Vo035 (Fig. 1). The
octahedra are arranged along edge-sharing lines parallel
to the c-axis of the crystal, each turned to the other by
90 degrees with joined corners.

V503 has the rhombohedral corundum structure with
less distorted VOg octahedron sharing corner and edges
in a double chain structure.

VO has the rock-salt structure, consisting of perfect
VOg octahedra with 6 equivalent V-O bonds.
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4 Calculations and experiments

Calculations were performed using the full potential aug-
mented planes waves package WIEN97 [21] and the
TELNES program for simulations of ELNES spectra [20].
The core hole left by the excited electron was neglected
and the magnetic properties of the compounds (spin-orbit
coupling and spin-polarisation) were not taken into ac-
count in the present work. This simplification does not
influence the calculation of the O-p density of unoccupied
states, as will be discussed in the following. Relaxation of
the structures was not performed since it does not really
influence the DOS and thus the ELNES [13].

For the calculation, the number of k-points and
the plane waves cutoff were increased until no changes
were observable in the ELNES. VO was calculated with
35 k-points in the irreducible part of the Brillouin zone, a
plane wave cutoff Ryma. of 8 (corresponding to an en-
ergy cutoff of 16.8 Ry) and the atomic spheres radius
were 1.9 a.u. for both V and O. We took 60 k-points for
V203, an atomic sphere radius of 1.84 a.u. and Rimax
of 8 (energy cutoff of 17.9 Ry). 30 k-points were neces-
sary for VOg, the atomic sphere radius was 1.8 a.u. for
both V and O and the plane wave cutoff 8.5 (21 Ry).
V505 was calculated with 84 k-points, a plane-wave cutoff
of 8 (31 Ry) and atomic sphere radii of 1.5 a.u. for vana-
dium, 1.4 a.u. for O(1) and 1.8 a.u. for O(2) and O(3).
The generalised gradient approximation (GGA) was used
as exchange-correlation potential [26]. Test calculations on
VO showed no noticeable differences when using the LDA
approximation as was reported by Chakrabarati et al. for
V205 [12]

For the EELS-measurements, vanadium oxides from
Fluka Chemie GmbH are used. Samples were gently
crushed with a mortar in carbon-tetrachloride. A drop
of the solution with the crushed crystal powder was de-
posited on a holey carbon support film on a copper grid.
All measurements were performed in a Philips CM 200
field emission transmission electron microscope equipped
with a Gatan energy filter for EELS measurements. The
microscope was operated at 200 kV. The energy resolu-
tion, estimated from the full-width at half maximum of
the zero-loss peak, was 1 eV. All the EELS-measurements
were recorded at the same experimental conditions (same
convergence and collection angle, same beam energy, and
the post-treatment of the spectra was performed the same
way). The collection angle was 3 mrad and the illumina-
tion angle was 1.5 mrad. Under these experimental con-
ditions, the effect of anisotropy in V5Os is not signifi-
cant [27].

5 Results
5.1 Density of states

The total DOS calculated for the four compounds are pre-
sented in Figure 2. The dotted line (at 0 eV) denotes
the Fermi level. For V505, the obtained band gap of
1.8 eV is smaller than the experimentally observed gap
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Fig. 2. Comparison of the total DOS of the 4 structures show-
ing the changes in the DOS with increasing oxidation state.
VO, V203 and VO3 are metallic whereas V205 is an insulator.
The DOS is plotted in states/eV versus energy in eV.

of 2.2 eV [11]. With increasing oxidation state, the va-
lence band (VB) shifts towards the Fermi level. This is
evident since the number of available electrons decreases
as the oxidation state increases. According to the calcula-
tion, V5Os5 is an insulator, VO, is a metal with a Fermi
Level at the very bottom of the conduction band. In V503
and VO Fermi levels are in the conduction band, as is also
found experimentally.

The compounds with good catalytic properties are all
found to have V in an oxidation state between 5+ and
47, As a matter of comparison, there are 0.0396 occu-
pied states in the conduction band per number of valence
electrons for VOg, 0.0913 for Vo053 and 0.158 for VO.
The total DOS compares well with previous results for
V205 [12,11], V02 [13,5] and V203 [13,7].

O 2p states are mainly situated below the Fermi level.
However, because of hybridisation the symmetries are
slightly mixed so that a small amount of O 2p is present
above the Fermi level (otherwise no O K-edge would be
visible in the spectra). For all compounds, the lower parts
of the conduction band are dominated by V 3d states,
while the higher parts contain V 4s states (Fig. 2).

Figures 3 to 6 show the partial d-DOS at the V site and
the partial p-DOS at the O sites for the four compounds.
As an example we additionally show in Figures 3 and 6
the V d-DOS splitted into its different components for
V505 and VO respectively. Because of the octahedral en-
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Fig. 3. d-projected DOS at the V site and p-projected DOS at
the 3 O-sites in V205 in states/eV. Energy scale is in eV and
the Fermi level Er set to 0 eV. The local coordinate system
corresponds to the one used by WIEN97 in which the z axis
is in the direction of the V-O(1) ligand (parallel to the ¢ axis
of the crystal) and the y axis in the direction of the V-O(2)
ligand.
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Fig. 4. d-projected DOS at the V site and p-projected DOS at
the O site in VO3 in states/eV. Energy is in €V and the Fermi
level is set to 0 eV.

vironment of the vanadium and despite of the octahedron
deformation, the crystal field splittings lead to separations
of the lower part of the conduction bands into ¢34 and eq
bands. e, states are higher in energy and correspond to
o* anti-bonds and 9, are lower in energy correspond to
m* anti-bonding states.

For the 3 oxides with strong octahedral deformation,
the splittings between e, and ty, are more important.
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Fig. 5. d-projected DOS at the V site and p-projected DOS
at the O site in V203 in states/eV. Energy is in eV and the
Fermi level set to 0 eV.
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Fig. 6. d-projected DOS at the V site and p-projected DOS
at the O-site in VO states/eV. Energy is in eV and the Fermi
level set to 0 eV.

V305 exhibits an additional band splitting in the ¢34 un-
occupied states at about 2 eV above the Fermi level. As
can been seen in Figure 3 this band mainly underlies an
hybridisation between V d,, and O(3) p states [28].

A detailed analysis of the hybridisations between the V
d- and the O p-states was given by Eyert. The calculations
of the site and angular momentum projected DOS of V505
are in good agreement with those done by Chakrabarati
et al. [12] and Eyert et al. [11].

5.2 ELNES

The unoccupied O-p states are well suited for a compari-
son with experiment since they show up as a fine structure
(ELNES) in the O-K ionisation edge. Figure 7 shows the
O-p partial DOS for the four compounds broadened with
a Gaussian of 1 eV FWHM. For comparison with ELNES
experiments the DOS of V505 has been shifted to the left
by 1.83 eV (the band gap). The DOS of the 3 inequivalent
O atoms in V305 have been added and weighted by the
number of atoms in the cell.

The changes in the DOS can be seen as a rigid shift of
the valence band as the oxidation state changes from V>+
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Fig. 7. p-projected DOS at the O site for the 4 compounds
broadened with a Gaussian of 1.0 eV FWHM. The V205 DOS
was shifted from 1.83 eV to the left in order to put the Fermi
level at the bottom of the conduction band instead of the top
of the valence band.

to V2 and as a smaller shift of the structures in the con-
duction band. There is also an important modification in
the relative weight of e, and o4 which can be attributed to
differences in the local environment of the oxygen atoms:
with decreasing oxidation state of vanadium the octahe-
dral deformation is reduced and the O has more o bonds
with surrounding vanadium, thus increasing the o (e,)
part and reducing the 7 (t24) part of the DOS.

All the four vanadium oxides were checked by electron
diffraction in order to ensure that the EELS-spectra are
taken from specimens with the structure type given in
Table 1. The diffraction patterns of the four compounds
are shown in Figure 8. The orientations have been deter-
mined using the "in" program of the EMS package by
Stadelman [29]. They can be identified as patterns from
V205 [001], V02 [110] V203 [211] and VO [100]

Additionally, diffraction patterns of each sample were
recorded after each EELS measurement, in order to follow
possible structural changes during the measurement since
vanadium oxides tend to be reduced by electron beam [30]
irradiation.

The experimental O-K ELNES, extracted from the
EEL-spectra after background and multiple scattering
correction [15], are shown in Figure 9 together with the
simulated ELNES for comparison. The simulations take
into account the matrix element as defined in formula 3.
The instrumental broadening was modelled by a Gaussian
of FWHM 1 eV, the core hole lifetime by a Lorentzian
of 0.2 eV FWHM and the excited state life time by an
energy-dependent Lorentzian of width 0.1F with F energy
above the Fermi level. The tail of the vanadium Log edge
has not been removed from the experiment since the two
edges are too close to each other to allow the conventional
background fitting by a power-law. The background has
therefore been removed in front of the V-Log edge. For the
simulation, the absolute energy position of the edge can-
not be retrieved from the ab initio calculation because of
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(a) V205 (b) V02

(C) V203

Fig. 8. Diffraction pattern of the four oxides, V2Os5 in the
[001] orientation, VOg2 in the [110] orientation, V2Os3 in the
[211] orientation and VO in the [100] orientation.

two reasons: the first is that the calculation is made in a
ground state with occupied core level while a core hole will
be created during the interaction process. A method for
taking this into account would be the use of Slater’s tran-
sition states where the core occupancy is set to 0.5 [31].
The second reason applies to V2Oj5 and is the well known
fact that the DF'T is not able to predict correct band gaps.
Thus, for the comparison with experiments, the simulation
has been aligned to the experiment at the first maximum
of the O-K edge.

The agreement between theory and experiment is ex-
cellent. The apparent discrepancies in the relative heights
of the e4 and t54 peaks for VoO5 and VO, can be explained
by the trailing edge of the V Lo white line which superim-
poses the O-K ELNES and changes the relative heights of
the ey and ty4 structures. For VO and V303, the part of
the V Los edge situated below the O K-edge comes from
the 2p to 4s transition. Since the 4s DOS has only little
structure, the V L edge will not influence the positions and
intensities of the structures. The t34 and e, contributions
in the O-K edge are only well separated in VO5 (Fig. 9).
In V505 and V303, the two peaks overlap but can still
be recognised. From the unbroadened O-p DOS (Figs. 3
to 6) it is clear that the apparent overlapping of the e, and
tag contributions to the ELNES of V205, VO3 and V203
is due to the broadening of the spectral features. Due to
the overlapping of the ¢y, and e, bands in VO, a unique
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Fig. 9. Simulated (above) and experimental (below) O-K
edges. The experimental spectra are calibrated in energy and
the calculated spectra were aligned to the experiment at the
first maximum.
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assignment of transitions to these bands in the oxygen K
edge is difficult.

The differences between the broadened O-p DOS
(Fig. 7) and the O-K ELNES (Fig. 9) can be attributed
to 3 phenomena: first of all the part of the DOS situated
below the Fermi level is not visible in the ELNES; this will
cut a small part of the ¢34 peak in the metals and therefore
reduce the ¢34 contribution to the spectra. A second effect
is based on the matrix element (Eq. 3) between the radial
parts of the initial and final states which slightly changes
the peak heights. Also the additional core-hole and excited
lifetime Lorentzian broadening are not negligible.

Nevertheless, from a comparison between the occupied
and unoccupied O-p DOS (Fig. 7) and the O-K ELNES
(Fig. 9) it is clear that the important changes in the
weighting of the e, and t5, peaks in the ELNES reflects
changes in the O-p DOS and not the shift of the Fermi
level. The decreasing ey/to, ratio is well visible in the p
projected DOS at the O site and plays a much more im-
portant role in the changes of the ELNES than the shift
of to4 states below Fermi level.

Good agreement between simulation and experiment
is also achieved in the energy regions of transitions to O
2p and V 4s mixed states (5638-555 eV).

The very narrow band in V2O5 lying at 2 eV can hardly
be seen as a shoulder on the left of the ty, states in the
broadened O-p DOS (Fig. 7) due to the energy broaden-
ing. This shoulder is no more visible in the ELNES (Fig. 9)
where additional broadening was applied. However the
continuous improvement of electron microscopes and spec-
trometers and the promising development of monochroma-
tors on field emission guns which should allow a resolution
of about 0.1 to 0.2 eV can let us hope that this effect could
be detectable in the near future [32]. Since the materials
interesting for catalysis are situated between V505 and
VOs, and since this additional splitting of the DOS is the
main difference between the two materials associated with
octahedral deformation, such investigations would be of
great interest. This narrow band is well visible in the O-K
edge of V205 recorded by NEXAFS spectroscopy [33].

6 Conclusion

We have shown that the ELNES of the O-K edge in vana-
dium oxides can be well reproduced with band structure
calculations based on the GGA approximation, even with-
out taking the spin-orbit coupling into account.

Independent of the distortion of the octahedra, both
contributions ey and ta4 are visible in the density of states
of all oxides. The Fermi level shifts only slightly with de-
creasing oxidation state while the fine structures within
the O-p band change strongly from V205 to VO. The dif-
ferences in ELNES can be traced back to the different
weighting factors of the two main contributions e, and t5.
Changes in the weighting between e, and 4 transitions
could be attributed to changes in the local octahedral en-
vironment of the vanadium and not to shifts of the Fermi
level.
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Our study shows that the simple view of an ionic crys-
tal with vanadium having exactly single valence state is
not strictly true since the hybridisation between O 2p and
V 3d states is very significant.

The demonstrated sensitivity of ELNES makes it a
promising method for the detection of intermediate phases
even in microscopic specimens thanks to the excellent spa-
tial resolution of the TEM.

This work was supported by SFB 546 of the Deutsche
Forschungsgemeinschaft and by the Austrian Science Fund
(project PHY14038). We would like to thank K. Hermann
(FHI-Berlin) and J. Luitz (Vienna University of Technology)
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