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X-ray absorption spectra of vanadium pentoxide (V,0Os) at the vanadium K and L edges are studied with
multiple scattering calculations and good agreement with experiment is obtained when the full-potential and
multichannel extensions of multiple scattering theory are used. The spectral shapes are analyzed in terms of
the local electronic structure at the vanadium sites and they reveal strong anisotropy and final-state correlation
effects. The strong polarization dependence of the spectra is explained by the low-symmetry ligand field and
vanadyl bonding. The effect of oxygen vacancies, the major intrinsic defect type of V,Os, is investigated. Clear
spectral changes are found for vanadium atoms next to an oxygen vacancy, which may serve as a fingerprint of

defects in electron energy loss spectroscopy.
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I. INTRODUCTION

Vanadium pentoxide (V,0Os) is an important material for
heterogeneous catalysis, e.g., for NO, reduction [1]. Among
the different vanadium oxides, V,0Os is the chemically most
stable one, with vanadium in its highest oxidation state +35.
The presence of oxygen vacancies reduces some V>* cations
to V4" and is believed to play an important role for the
catalytic activity [2]. Vanadium pentoxide is special among
transition-metal oxides because of the fivefold coordination
of the metal site and the existence of both single and double
metal-oxygen bonds. X-ray absorption spectroscopy (XAS) is
a powerful method for identifying oxide phases in chemically
complex environments and for in-operando characterization
[3]. The crystal and electronic structure of V,0Os5 have been in-
vestigated extensively [4-9] and theoretical XAS studies from
the major core levels (V-1s, V-2p, O-1s) have been reported
[10-16]. However, a systematic and comparative theoretical
study of the vanadium K and L edges, which provide rich
structural and electronic information, is lacking. These spectra
are a challenge for theory because of the low symmetry at the
metal site, the large metal-oxygen hybridization, and, in the
L-edge case, strong final-state multiplet interactions.
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Here we present XAS calculations of V,0s at the vana-
dium K and L, 3 edges in the unifying framework of multiple
scattering theory (MST). We show that standard MST, which
relies on the muffin-tin potential form and the independent
particle approximation (IPA), fails to reproduce the experi-
mental absorption spectra because of strong many-body and
anisotropy effects. By using the multichannel [17-19] and
the full-potential [20-22] extensions of MST, we obtain good
agreement with experiment at both absorption edges. We
analyze the spectral shapes in terms of orbital character of the
final state and explain the strong polarization dependence of
the lowest-energy peaks.

Furthermore, we investigate the effect of oxygen defects
on the absorption spectra. Oxygen vacancies are the dominant
intrinsic defect type in V,0Os and they influence the chemical
reactivity and catalytic performance [2]. The presence of an
O vacancy modifies the geometrical and electronic structure
at the neighboring metal sites. This leads to clear changes of
the vanadium core-level spectra, which should be measurable
with atomically resolved electron loss spectroscopy [23,24].

II. CRYSTAL AND ELECTRONIC STRUCTURE

V;,0s5 has an orthorhombic crystal structure (space group
Pmmn) with lattice constants a = 11.512 A, b= 3.564 A,
and ¢ = 4.368 A [8]. The unit cell, containing two formula
units, is shown in Fig. 1. All vanadium atoms are equivalent,
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FIG. 1. Top and side view of the V,0s unit cell. Vanadium
is shown as large, light-blue balls and oxygen as small red balls.
Vanadyl (O,), chain (O,), and bridge oxygen (O,) sites are colored
in light, medium, and dark red, respectively. “V” labels the absorber
site. As atomic vacancies, the sites O, and O., become inequivalent.

but there are three different oxygen sites, named vanadyl
(Oy), chain (O,), and bridge oxygen (O;). In all vanadium
oxides, the cations are located at octahedral sites, but in the
case of V,0s, the octahedra are so strongly distorted that
the local structure is better described as a pyramidal VOs
coordination. Indeed, along the z axis, the vanadium atom
makes one vanadyl double bond V-0, of bond length 1.58 A.
On the opposite side of the octahedron, the V-0,  distance is
very large (2.79 A) and corresponds to a van der Waals—type
bond. The weak out-of-plane bonding makes V,05 a layered
material.

In order to generate potentials for the L-edge spectra cal-
culation, we have computed the electronic structure of V,0s
in the local density approximation (LDA) using the linear
muffin-tin orbital (LMTO) method [25] in the atomic-sphere
approximation with 17 empty spheres per V,0s formula unit.
The LMTO bands (see Supplemental Material [26]) agree
well with other LDA results [7]. Apart from the well-known
underestimation of the band gap in the LDA, the band struc-
ture is very similar to that of quasiparticle calculations [9].
Figure 2 shows the calculated V-3d partial density of states
(DOS) above the Fermi level. The DOS is different for each of
the five V-3d orbitals, reflecting the orthorhombic symmetry
of the crystal, which fully lifts the degeneracy of the 3d shell.
The lowest 1 eV of the conduction band is of almost pure
3d,, character. The next band from 1 to 3 eV has mixed
orbital character with dominant yz and zx contribution. The
high-energy part (3-6 eV) is made of x> — y? and 37> — r?
orbitals, which form o-type antibonding states with the 2p
orbitals of the oxygen ligands. Figure 2(b) shows the final-
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FIG. 2. Vanadium 3d-orbital density of states of V,0s.
(a) Ground-state potential. (b) Core-hole potential. The d,, DOS is
scaled by a factor of 1/3 for clarity.

state DOS at the core-hole site, obtained with a full core hole
inal x 2 x 2 (56-atom) supercell calculation. With respect to
the ground-state DOS [Fig. 2(a)], the energy ordering of the
3d partial DOS is maintained, but the centers of the various
bands are shifted to lower energy and the #,,-like bands (xy, yz,
zx) are much narrower. Remarkably, the xy DOS has become
a single sharp line that is well separated from the rest of the
3d band. This indicates that the xy orbital localizes as a result
of core-hole attraction, and that electrons excited into the xy
orbital tend to form a core exciton with the 2p hole.

IIL. L,;-EDGE SPECTRA

The L-edge spectra are computed using the multichan-
nel multiple scattering theory [17—19]. The method features
particle-hole configuration interaction at the absorber site
through a multichannel scattering matrix. The monopole part
of the particle-hole interaction is treated on the one-electron
level by using a Kohn-Sham potential, which is a weighted
sum of an unscreened part and a fully screened part. The
unscreened part is the sum of the ground-state potential and
the bare 2p core-hole potential. The fully screened potential
is obtained as usual, by a self-consistent LDA calculation in a
supercell with a core hole at the absorber site. The weight of
the unscreened part is « = 0.1 as in all our previous studies
on metal oxides [18,19,27]. Moreover, as for TiO, [19], a
potential shift of AV = 42 eV is introduced in the calculation
of metal d radial waves in order to correct for the underesti-
mation of the band gap in the LDA [19]. The real-space MST
calculation is done on a cluster of radius 8 A, for which the
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FIG. 3. V-L, 3 edge spectra of V,0s calculated with multichan-
nel (MC) theory or in the independent particle approximation (IPA).
The o value of the screening model (see text) is 0 or 0.1 as indicated.
The experimental spectra (EXP) is taken from [13]. The dotted lines
are a guide to the eye.

spectra are found to be well converged in terms of cluster size.
In previous XAS studies with quantum chemistry methods
[13], it was found that in V,0s, the Madelung potential of the
point charge embedding converges very slowly with cluster
size. Note that the present method does not suffer from such
problems because the potential is obtained from a crystal
calculation which contains the Madelung potential summed
to infinity. As in Ref. [19], the spectra are broadened by
convolution with a Gaussian of constant width 0.1 eV and
a Lorentzian whose width increases linearly from 0.05 eV
at the L3 threshold to 0.55 eV at the L2 maximum. This
energy-dependent broadening can account for the relatively
long-lived core-excitonic states below the L3 edge and the
increased broadening of the L2 part due to Coster-Kronig
decay and coupling to the continuum. The onset of the spectra
is aligned with experiment.

Figure 3 shows L-edge spectra calculated in multichannel
(MC) theory in comparison with the IPA and experiment.
The MC spectra show a L3:L2 intensity ratio of about 1.3,
which is much closer to the experimental value (~1.1) than
the statistical ratio (2.0) obtained in the IPA. In the IPA, the
peak intensities within the L3 and the L2 features are also
very different from experiment, independent of the screening
model. In contrast, the peak intensities of the MC calculation
agree very well with experiment, except for an overestimation
of peak “e.” The peak positions are well reproduced in both
MC and IPA with o = 0.1, except for the “c-d” splitting,

absorption intensity (arb.units)

I I I I I T I
0 2 4 0 2 4

relative energy (eV)

FIG. 4. V-L; edge spectra of V,0s for linearly polarized light as
a function of polar angle 6 between the polarization vector and ¢
axis. Left: Experimental spectra for azimuthal angle ¢ = 90° (with
respect to the a axis) taken from [28]. Right: Calculated spectra
with multichannel theory (blue line: ¢ = 0°; red line: ¢ = 90°). The
dotted lines are a guide to the eye.

which is missing in both calculations. As seen in Fig. 4, the
experimental c-d splitting is largest for in-plane polarization.
From this and the energy position (see Fig. 5), the c-d splitting
appears to be related to transitions into the x> — y? orbital. As
the splitting is absent in both IPA and MC calculations, it is
probably due to a shortcoming of the one-electron potential,
possibly related to the atomic-sphere approximation used in
the LMTO method.

Figure 4 shows vanadium L-edge spectra for linear polar-
ized light as a function of the angle 6 between the polarization

absorption intensity (arb.units)
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FIG. 5. V,0s vanadium L-edge spectra projected on the final-
state V-d orbital symmetries. Note that the five components do
not sum up to the full spectrum (dashed lines) because of large
interference terms (not shown) caused by particle-hole interaction
[19].
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vector and the crystal ¢ axis. The experimental data were
obtained for an azimuthal angle of ¢ = 90° (measured from
the a axis). Comparing the calculated spectra for ¢ = 0°
and ¢ = 90°, we see that the ¢ dependence is weak, which
reflects the approximate fourfold symmetry at the vanadium
sites (see Fig. 1). The pronounced #-angle dependence of the
experimental spectra is well reproduced in the calculation.
The most remarkable change is seen at peak “a,” which is
maximum at § = 90° and almost vanishes at § = 0°. Peak “a”
may be assigned to final states at the bottom of the conduction
band which are of V 3d,, character (see Fig. 2). The elec-
tric dipole transition intensity from the 2p shell to the 3d,,
orbital varies with @ as sin’ 6, which explains the observed
polarization dependence. The foregoing arguments are based
on the one-electron picture, which can be misleading in the
case of transition-metal L-edge spectra because of multiplet
effects [29]. Figure 5 shows the projection of the particle-hole
final states onto V-d orbital symmetries of the excited electron
(see Ref. [19] for theoretical details). It can be seen that peak
“a” is indeed of almost pure V-d,, character, confirming the
assignment based on the single-particle picture. It should be
noted that the five d partial spectra in Fig. 5 do not sum
up to the total MC spectrum because of large interference
terms between the different channels, which are caused by
particle-hole coupling [19].

IV. K-EDGE SPECTRA

Metal K-edge spectra are very important for the structural
analysis of complex systems and are more bulk sensitive
than the L-edge spectra. We calculate the vanadium K-edge
spectra using the full-potential multiple scattering (FPMS)
code [20,21], which implements MST with non-muffin-tin
potentials and space-filling cells. The cell potentials are gen-
erated from overlapping free atom charge densities and the
real part of the Hedin-Lundqvist potential is used as the
optical potential. The spectra are Lorentzian broadened with
an energy-dependent width to account for core-hole lifetime
and inelastic loss processes [22] and the threshold energy is
aligned with experiment. A V,0s cluster of radius 6 A is used,
which contains 20 V atoms, 48 O atoms, and 164 empty cells.
The broadened spectra are converged with this cluster size.

Figure 6(a) shows vanadium K-edge spectra for unpolar-
ized light. The experimental data [30] are compared with
multiple scattering calculations in full-potential (FP) mode,
and in the standard muffin-tin (MT) approximation. In the MT
approximation, the space-filling cells are replaced by nonover-
lapping spheres with spherically symmetric potential inside,
and the empty cells are removed in favor of a constant in-
terstitial potential. The experimental spectrum shows a sharp
prepeak (labeled “a” in Fig. 6) and several peaks (“b-e”) after
the main-edge jump at 5480 eV. All peaks are qualitatively
reproduced in both types of calculation. However, the MT
spectrum disagrees quite strongly with the data in terms of
fine structure and peak intensities, which are much better ac-
counted for in the FP calculation. This comparison highlights
the need to use full-potential MST for XAS calculations on
crystal structures that are not of the close-packed type [21].
Sipr et al. [10] computed the V,05 K-edge spectra with MST
in the MT approximation. By comparing different choices
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FIG. 6. V-K edge spectra of V,0s. (a) Unpolarized spectra.
Experiment (Exp) [30] vs multiple scattering calculation in the
full-potential (FP) mode and in the muffin-tin (MT) approximation.
(b) Experimental spectra for linear polarization [31]. (c) Correspond-
ing theoretical spectra obtained with the FPMS method.

for the muffin-tin radii, they obtained good agreement with
experiment. This indicates that the MT approximation can
yield satisfactory results even for complex crystal structures,
but its predictive power is rather limited.

Figure 6(b) shows the experimental spectra obtained for
light that is linearly polarized along one of the three or-
thorhombic crystal axes. The corresponding FPMS calcu-
lation is shown in Fig. 6(c) and the agreement with the
data is very good in all cases. While the spectra for x and
y polarization are similar, the z-polarized spectrum is very
different, reflecting the (001) layered crystal structure. The
most striking feature is the prepeak, which is very intense
for z polarization but almost absent for x, y polarization. To
explain this observation, we look at the unoccupied states of V.
p symmetry that are probed at the vanadium K edge. Figure 7
shows the unoccupied, vanadium py, p,, p, and d. DOS
obtained in a density functional theory (DFT) calculation with
the VASP code [32] (see next section for details). In the energy
range 2-7 eV, which corresponds to the vanadium K-edge
prepeak, the p, DOS is much larger than the p, and p, DOS,
and it has virtually the same shape as the d. DOS. This
shows that the V-d,. band has a strong admixture (~25%) of
V-p, states. The prepeak corresponds to the o *-type vanadyl
bond, made mainly of V-3d,. and O-2p, orbitals [33]. The
large mixing between V-p, and V-3d_. is due to the fact
that both orbitals are strongly hybridized with O-2p, in the
vanadyl bond (V=0), which is possible because of the lack of
inversion symmetry at the V site (see Fig. 1). If the vanadium
atom was in a symmetric bonding configuration, such as O-
V-0, then the V-p states would contribute only to ungerade
molecular orbitals, and V-d states only to gerade ones, and so
they could not mix.
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FIG. 7. Partial density of states (DOS) above the Fermi level
of V,0s for V-p and V-d. states. Note the different vertical scale
ford,.

V. EFFECT OF OXYGEN VACANCIES

We now turn to the effect of oxygen vacancies on the
vanadium K- and L-edge spectra. We only consider vana-
dium sites next to a vacancy. For more distant vanadium
sites, the spectral changes are negligible. In order to find
the relaxed atomic structure around the oxygen vacancy, we
have performed DFT calculations with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation potential and the VASP
code [32], which is known for its high structural accuracy.
The atomic positions were optimized ina 1 x 2 x 2 supercell
with experimental lattice constants, containing one O vacancy.
The optimized structure of the defect-free crystal agrees well
with previous DFT studies [34] and with the experimental
structure, with bond lengths differing from experiment by
less than 0.02 A, except for the vanadyl bond (+0.04 A).
We find that O, is by far the most stable O vacancy site.
Vacancies at O or O, are less stable by 1.68 and 1.89 eV,
respectively, in good qualitative agreement with previous DFT
studies [8].

The relative stability of the O, vacancy can be understood
from the relaxed structure (see Fig. 8, panel O,). The loss of
a vanadyl bond is partially compensated by the fact that the
near-neighbor V atom moves away from the O, vacancy and
makes a new covalent bond with the O, atom in the lower
layer. As a consequence, all vanadium atoms retain a VOs
coordination. In contrast, when a O, or O, vacancy is created,
two or three vanadium atoms lose an oxygen bond and become
undercoordinated (VO,) and thus less stable.

The calculated L-edge spectra of vanadium atoms next to
an O vacancy are shown in Fig. 9(a) along with the theoretical
spectrum of the perfect crystal (PC). The O, vacancy spectrum
is similar to the PC spectrum, except for a shift of the prepeak.
With an O, vacancy, both the prepeak structure and the
shape of the L;-edge main peak are changed, but the overall
line shape is also quite similar to the PC spectrum. The O,
spectrum is more strongly modified, especially in the prepeak
region. In the case of an O, vacancy, the spectral changes
are most dramatic. The prepeak is gone and both the L3
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FIG. 8. DFT optimized structure of V,0s around a vanadium
atom that is nearest neighbor of an oxygen vacancy (indicated as
a dotted circle). The figures are labeled with the vacancy site (see
Fig. 1) and PC denotes the perfect crystal.

and L2 main peaks transform from their roughly triangular
shape to a double-hump structure. The finding that the effect
is largest for O, is in line with the fact that the vanadyl V
atom is strongly displaced upon O, vacancy creation. The
displacement implies a large modification of the ligand field
at the metal site, which is an important factor for L-edge
spectral shapes [29]. We conclude that the most stable O
vacancy (O,) has a strong effect on the L-edge spectra of the
neighboring vanadium atom, which should be observable with
atomic resolution electron energy loss spectroscopy.

Figure 9(b) shows the corresponding vanadium K-edge
spectra. There are clear spectral changes for all four O-
vacancy types. Interestingly, in the case of an O, defect, the
vanadium K-edge prepeak is split into a doublet. This may be
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FIG. 9. (a) L-edge and (b) K-edge spectra of vanadium atoms
next to an oxygen vacancy at sites O,, O.1, O, and O, (see Fig. 8)
along with the perfect crystal spectrum (PC).
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understood from the V-O,/-V’ structure along z, which results
from the V atom relaxation upon O, vacancy creation; see
Fig. 8, panel O,. (V’, the regular vanadyl atom in the lower
layer, is not shown in the figure.) In this V-O,-V’ chain,
the V-p, states on the absorber site V, which determine the
K-edge spectra, can couple, via O-2p, hybridization, to the
3d,. orbitals of both V and V. These two 3d,: levels are split
in energy because the core-hole attraction pulls down the 3d
level on the absorber atom V, but not that of V', which explains
the observed splitting of the prepeak. For the other oxygen
vacancies, Op, O.1, and O, the prepeak is hardly affected.
This again shows that the prepeak is a signature of the vanadyl
bond. As far as the main peak is concerned, the situation is
rather opposite. While there are clear spectral changes for all
defect types, the spectra are less modified for an O, vacancy
than for O, or O, defects.

VI. CONCLUSIONS

In summary we have presented a theoretical study of the
vanadium K- and L-edge spectra of V,0s using the full-

potential and multichannel extensions to multiple scattering
theory (MST). While standard MST yields poor agreement
with the experimental data, our extended MST can reproduce
the experimental data very well. Both the K- and L-edge spec-
tra display prepeaks with a strong polarization dependence,
reflecting the low symmetry of the VOs coordination. The
prepeak at the K edge is due to the large V d2-p, mixing in the
vanadyl o* bond, and the prepeak at the L edge corresponds
to the ligand-field split V-d,, level. Upon formation of oxy-
gen vacancies, the spectra of vanadium atoms next to an O
vacancy display substantial changes with respect to the per-
fect crystal, which should be detectable in atomic resolution
spectroscopy.
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