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Abstract. We present x-ray photoemission spectra of the vanadium oxides V2O5, VO2, and
V2O3, and their analysis in terms of a simple cluster model based on the Anderson impurity
Hamiltonian. The electronic structure of these materials is characterized by a strong V 3d–O 2p
hybridization energy which exceeds the energy scales related to on-site Coulomb correlation and
metal–ligand charge transfer. This result is at variance with the usual Mott–Hubbard picture,
but agrees with recent studies of other early 3d transition metal compounds. The V 3d ground-
state occupations obtained by the cluster-model analysis are considerably higher than the values
derived from the formal valencies. Covalency also affects the exchange splitting observed
in the V 3s core-hole spectra. X-ray absorption measurements and resonant photoemission
spectroscopy at the V 2p–3d threshold provide further evidence for a strong V 3d–O 2p coupling.

1. Introduction

3d transition metal oxides (TMOs) show a great variety of electronic and magnetic
properties. This is particularly true for the compounds of the early 3d transition metals
(TM) from Sc to Cr. As examples we consider here the binary oxides V2O3, VO2, and
V2O5 of vanadium (atomic electron configuration 3d34s2) with cation valences of 3, 4,
and 5, respectively, corresponding to the formal valence shell configurations 3d2, 3d1, and
3d0. V2O5 is a diamagnetic insulator with a gap of≈2 eV, as could be expected from the
formally empty 3d shell of the V cation [1]. VO2 undergoes an insulator-to-metal transition
with a sudden conductivity increase of almost five orders of magnitude at 340 K [2]. The
gap in the insulating low-temperature phase amounts to≈0.5 eV [1]. V2O3, crystallizing in
the corundum structure, also exhibits an insulator-to-metal transition with a 6–7 orders of
magnitude jump in the conductivity at 160 K [3] and a gap of 0.2–0.3 eV in the insulating
phase [1].

Despite the many efforts made towards obtaining an understanding of their electronic
behaviour, the vanadium oxides still pose many open questions. V2O3 for example has often
been regarded as prototype for the so-called Mott–Hubbard (MH) compounds [4, 5] with
Udd < 1. Here1 is the charge-transfer (CT) energy required to transfer an electron from a
ligand orbital (e.g. O 2p) to the TM 3d orbital, andUdd is the Coulomb repulsion energy of
two 3d electrons. Metallic or insulating behaviour as well as metal–insulator transitions can
be analysed in terms of these parameters and their relation to the bandwidthsW andw of the
O 2p and TM 3d bands, respectively [6, 7]. However, the nature of the phase transition in
V2O3 and also the influence of the antiferromagnetic ordering on it are still poorly understood
[8]. The same applies to VO2; some authors relate its phase transition to a MH scenario
[9], whereas others attribute it to electron–phonon coupling (a Peierls mechanism), on the
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basis of the change in crystal symmetry from a rutile-type structure above the transition
temperature to a strongly distorted rutile structure (of monoclinic symmetry) below it [10].

Whereas the electronic character of the early TMOs is thus still an open question, late
TMOs like NiO or CuO [11–13] can be shown to belong to the CT regime of the Zaanen–
Sawatzky–Allen (ZSA) phase diagram [4, 14], meaning that it is the CT energy which
determines their fundamental excitation gap (1 < Udd ), with covalency being a small (but
for some aspects crucial) perturbation.

Estimates of the important model Hamiltonian energiesUdd and1 can be obtained
by a cluster-model analysis [15–17] of data from experiments like photoemission, inverse
photoemission or x-ray absorption studies. An additional parameter in such an analysis is
the hybridization energy (or inverse hopping rate)V of the O 2p and TM 3d orbitals. To be
more specific, it is the effective hybridizationVeff = √nhV (nh being the formal number
of holes in the TM 3d shell in a purely ionic picture) which appears in the non-diagonal
matrix elements of the Hamiltonian matrix. Previous applications of the cluster model to
selected early TMOs [18, 19] have shown that the large number of holes in the 3d shell
results in a considerably enhanced value ofVeff , which thus becomes comparable to the
other parameters or can even dominate the electronic structure, rendering the usual MH
description of these compounds highly questionable [20, 21].

In this paper we present core-level spectra of the vanadium oxides V2O5, VO2, and V2O3

measured by x-ray photoemission spectroscopy (XPS). The data are modelled by means of
simple cluster-model calculations based on the Anderson impurity Hamiltonian (AIH) [22]
(neglecting multiplet and crystal-field effects) in order to extract the parametersUdd , 1, and
Veff . The ligand–cation hybridization can also be probed by x-ray absorption spectroscopy
(XAS) and resonant photoemission (ResPES) by sweeping the energy of the exciting photon
through the threshold energy of a core level. Therefore we have also performed XAS and
ResPES measurements at the V 2p and O 1s absorption edges as an independent check
of our cluster-model results. All experimental results lead to the unambiguous conclusion
that the electronic character of the vanadium oxides studied here is determined by a strong
hybridization between V 3d and O 2p orbitals, in agreement with similar results for other
early TMOs [19–21, 23, 24]. As a consequence, these compounds cannot be regarded as
simple MH systems.

2. Experimental details

2.1. XPS measurements

The room temperature XPS measurements were performed with monochromatized Al Kα

radiation (h̄ω = 1486.6 eV) using an SSI M-Probe Small Spot Spectrometer which is
designed to produce photon spots from 1000µm down to 150µm. The pass energy
setting of the hemispherical analyser and the size of the photon spot were chosen to yield
a resolution of≈0.9 eV. The pressure during the angle-integrated measurements was in the
low 10−10 mbar range.

The position of the Fermi energyEF was determined using a clean gold sample. The
spectra of V2O3 and V2O5 are directly referred to the instrumentalEF , as the measurements
of the former compound were made when it was in the metallic phase, and the latter
compound, being semiconducting, showed no charging. Distinct charging was however
observed in the insulating phase of VO2 (at room temperature). Here we aligned the room
temperature spectra relative to those measured with the sample in the metallic phase above
340 K in such a way that the Fermi level is placed at the top of the insulator gap (≈0.5 eV).
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The resulting energy position corresponds to an effective n-type doping and facilitates better
comparison to the other non-metallic oxide, V2O5 (see section 3.1.1).

2.2. XAS and ResPES

XAS and ResPES spectra have been measured using synchrotron radiation at the HE-
PGM3 monochromator of the BESSY storage ring in Berlin. The photon energy resolution
was ≈0.3 eV. The angle-integrated photoemission spectra were taken with the HIRES
spectrometer [25] at an overall (electrons and photons) energy resolution of 0.9 eV. The
spectra were corrected for features resulting from second-order light. Absolute energy
calibration was performed by using the position of the O 2s line and second-order features.
An integrated (Shirley) background [26] was subtracted from the raw data. The XAS spectra
were measured in the total-yield mode by monitoring the sample current and correcting for
variations of the photon flux. The pressure during the room temperature XAS and PE
experiments was in the low 10−9 mbar range.

2.3. Samples

For all three materials, single crystals were available; only for the XAS measurements on
VO2 was a polycrystalline sample used.In situ preparation of clean surfaces started with
a slight annealing of the crystals up to≈150 ◦C in order to remove water which may
sometimes be present in these oxides. Subsequently the VO2 and V2O3 were scraped with
a diamond file, whereas the V2O5 crystals could be cleaved very easily in the spectrometer
due to their layered structure [3]. These procedures resulted in contamination-free surfaces
as monitored by the absence of a C 1ssignal.

The effect of carbon (oxide) contamination on the PE spectra in the region of the
V 2p and O 1s core levels is shown in figure 1 for a V2O5 sample. A prominent feature
appearing at about 532–533 eV, i.e. on the high-binding-energy side of the O 1s line of the
contaminated sample is clearly correlated with the C 1s signal. As the V 2p and O 1s core
levels lie so close in binding energy, possible correlation satellites of the V 2p emission can
overlap with the O 1s spectrum. Therefore it is crucial to avoid any contamination signal
near the O 1s line that could obscure or be mistaken for an intrinsic V 2p satellite.

3. Results and discussion

3.1. X-ray photoemission

3.1.1. Valence band spectra.Figure 2 shows the Al Kα valence band photoemission (PE)
spectra for the three vanadium oxides studied. The data have been corrected for an integrated
(Shirley) background [26]. The valence bands are separated into a main part covering the
binding energy range from 3 to 9 eV and a separate small peak near the Fermi level, which
is absent for V2O5 and then grows in intensity with the formal d1 and d2 occupation in the
other two oxides. Therefore it would be tempting to interpret the valence band spectra in
terms of a simple ionic picture, namely to assign the main part to the filled O 2p shell and
the structure at low binding energy to the increasing number of V 3d electrons. However,
as we will show in the course of this paper, there is considerable hybridization which mixes
the orbital character of these spectral features.

The binding energy of the onset of the valence band in V2O5 coincides with the optical
gap energy of 2 eV [1], implying that the Fermi energy is pinned near the bottom of
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the conduction band, presumably due to a small concentration of oxygen defects leading
to electron doping. V2O3 is a metal at room temperature and thus clearly exhibits finite
spectral weight at the Fermi energy. As mentioned before, VO2 displayed strong charging
below 340 K, so the spectrum was aligned in such a way as to place the Fermi level at the
top of the small energy gap. Apart from as regards the charging, no differences between
the insulating and metallic phase could be resolved within the instrumental resolution.

3.1.2. Core-level spectra.Figure 3 displays the V 2s, V 2p, and V 3p core-level spectra
of the three oxides, in comparison. Figure 4 shows in addition the V 3s spectra. All of the
data were taken at room temperature, so VO2 was in the insulating phase and V2O3 in the
metallic phase. For VO2 we also took some spectra for the metallic phase (not shown here)
at ≈100 ◦C, but due to the limited instrumental resolution no differences from the spectra
for the insulating phase (except as regards charging) could be detected.

The widths of the core spectra are found to increase from the (formally) d0 system V2O5

to the d1 system VO2 and finally to V2O3 with formally two electrons in the V 3d shell.
This behaviour can be explained by there being a growing number of available (and here
unresolved) multiplet configurations in the corresponding PE final states, resulting from the
coupling of the core hole to the 3d valence electrons. With a formally empty 3d shell, V2O5

will thus display no multiplet splitting which explains the sharpness of its core-level peaks.
The effect of the multiplet splitting, in VO2 and V2O3 is particularly strong in the V 3p
spectra (panel (c) of figure 3) due to the large spatial overlap with the 3d shell, also giving
contributions to the features centred at around 52–54 eV. The small spin–orbit splitting of

Figure 1. The influence of the carbon (oxide) contamination on the V 2p/O 1s spectra of
vanadium oxides, here shown for the case of V2O5 as an example. The inset shows the
corresponding V 2p/O 1s spectra including the binding energy range of the C 1s core level.



Strong hybridization in vanadium oxides 5701

Figure 2. Shirley background-corrected valence band XPS spectra of V2O3, VO2, and V2O5,
taken at room temperature and normalized to equal heights.

the V 3p spectrum of only 1 eV is not resolved, and contributes to the overall broadening.
The large width of the V 2s lines (panel (a) in figure 3) as compared to the core levels

at lower binding energies is attributed to a substantially larger lifetime broadening. The
V 2p spectrum (panel (b)) is spin–orbit split into the 2p3/2 and 2p1/2 parts, separated by
7–8 eV, and this doublet is followed by the O 1s emission atEB ≈ 530 eV. Apparently, the
asymmetry on the high-binding-energy side of the O 1s line increases in going from V2O5

to V2O3. Due to this systematic trend and the complete absence of a C 1ssignal, which
would otherwise relate the asymmetry to a possible surface contamination (cf. figure 1), we
interpret it as part of the intrinsic satellite structure of the V 2p spectrum (see section 3.1.3).

The interaction of the core hole with the 3d valence shell not only causes a broadening
of the lines but also results in satellite structures which can be found in most of the spectra
in figures 3 and 4. The separation from the corresponding main lines is typically 14–15 eV
for V2O5 and 10–13 eV for VO2 and V2O3. From the main-line–satellite separation in the
V 2s, V 3s, and V 3p spectra we can estimate the satellite positions in the V 2p spectra,
where they interfere with the spin–orbit splitting and the O 1s emission. One finds that for
V2O5 a satellite belonging to the V 2p3/2 main line and for VO2 and V2O3 a satellite of the
V 2p1/2 line could be expected on the high-binding-energy side of the O 1s peak leading
to the asymmetry seen at≈531 eV. For the latter two oxides, the satellite of the V 2p3/2

part falls into the binding energy range of the V 2p1/2 line. The V 2p1/2 satellite in V2O5

contributes to a structure at around 540 eV (not shown here), which however could also be
interpreted as a plasmon satellite of the O 1s peak [27].

The main-line–satellite separations1Esat and relative satellite intensitiesIsat /Imain
have been extracted from least-squares fits to the experimental data (using a combination
of Gaussian and Lorentzian line profiles [28]) and are listed in table 1. The estimated
uncertainties for1Esat are approximately 0.5 eV for the analysis of the V 2s, 3s, and 3p
spectra, and 1.0 eV for the V 2p spectra. ForIsat /Imain we estimate an accuracy of about
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Figure 3. Core-level XPS spectra of the vanadium oxides V2O3, VO2, and V2O5. (a), (b), and
(c) show the V 2s, V 2p, and V 3p spectra, respectively. Solid lines correspond to the results
of the cluster-model calculation (see the text), and dashed lines indicate a Shirley-type inelastic
background. ‘Sat.’ marks the correlation satellite features.

Table 1. Main-line–satellite separations1Esat and satellite intensities relative to the main-line
intensitiesIsat /Imain for the V 2s, V 2p, V 3s, and V 3p core-level spectra (figures 3 and 4) of
V2O5, VO2, and V2O3.

V2O5 VO2 V2O3

1Esat (eV) Isat /Imain 1Esat (eV) Isat /Imain 1Esat (eV) Isat /Imain

V 2s 15.0 0.20 11.6 0.12 10.7 0.19
V 2p1/2 — — 8.3 0.12 9.7 0.19
V 2p3/2 14.1 0.06 10.2 0.11 11.4 0.17
V 3s — — 13.0 0.03 13.0 0.06
V 3p 13.9 0.07 11.3 0.16 10.5 0.25

0.01 for V 3s, 0.03 for V 2s and 3p, and 0.05 for V 2p.
From table 1 it can be seen that the interpretation of the O 1s asymmetry as an intrinsic

satellite structure is not unambiguous, since for VO2 and V2O3 it results in a separation of
the V 2p1/2 satellite from the corresponding main line which is distinctly smaller than that
for the V 2p3/2 satellite. On the other hand, the relative satellite-to-main-line intensity ratios
of the two spin–orbit parts are found to be rather similar. However, it should be noted here
that, due to the broad and overlapping features in the V 2p spectra, the corresponding fit
parameters carry a non-negligible error bar. Table 1 also shows that the 3s satellite is less
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Figure 4. V 3s PE spectra of the vanadium oxides V2O3, VO2, and V2O5. Least-squares fits
to the experimental data (see the text) are shown as solid lines, and the Shirley background is
indicated by dashed lines. ‘Sat.’ again marks the correlation satellite.

intense than those for the other core levels; for V2O5 it is hardly observable at all.
Satellite structures were not observed in the XPS valence band spectra (see figure 2) and

are therefore not further discussed in the following. We only note that the less steep slope
on the high-energy side of the O 2p band for V2O3 as compared to V2O5 may originate
from a small satellite at around 10.5 eV.

3.1.3. Cluster-model description.In this section the vanadium core-level spectra are
analysed on the basis of a simple cluster model [13, 15–17], in which multiplet and crystal-
field effects are neglected. The electronic structure of a system consisting of a 3d transition
metal cation and its surrounding ligand anions can be described by the interactions between
and within the corresponding valence shells, i.e. in our case in terms of the V 3d orbitals (d)
and O 2p-derived ligand states (L) symmetrized according to the local cluster configuration.
The Hamiltonian, which is a simplified version of the AIH, then assumes the form

Hcm = εL
Nd∑
ν=1

L+ν Lν + εd
Nd∑
ν=1

d+ν dν + εcc+c +
1

2
Udd

Nd∑
ν,µ=1
ν 6=µ

d+ν dνd
+
µ dµ

+ V
Nd∑
ν=1

(d+ν Lν + L+ν dν)− Ucd(1− c+c)
Nd∑
ν=1

d+ν dν (1)
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where theL+ν , Lν and d+ν , dν are creation and annihilation operators for an electron in a
ligand orbital and a V 3d orbital, respectively.c+ and c create and annihilate the core
electron. The indicesν andµ represent coupled labels for orbital and spin symmetry, and
Nd denotes the degeneracy of the V 3d orbital. As our simple model neglects crystal-field
and multiplet effects, we have to takeNd = 10. The first three terms in (1) describe the one-
electron energies of the ligand (O 2p), 3d transition metal, and core orbitals, respectively.
The fourth term contains the effect of the Coulomb repulsionUdd on the metal atom. The
hybridizationV mixes V 3d and symmetrized ligand orbitals. The last term accounts for the
effect of the core-hole potential generated by photoemission of a vanadium core electron.

Diagonalizing Hcm in the basis sets{|dn+qLq〉} and {|cdn+qLq〉} for the initial
and photoemission final states, respectively, yields the corresponding eigenvalues and
eigenstates, with the latter being of the form

|ψg〉 =
10−n∑
q=0

αgq |dn+qLq〉 (2)

for the ground state (the lowest-energy initial state) and

|ψj 〉 =
10−n∑
q=0

βjq |cdn+qLq〉 j ∈ {0, . . . ,10− n} (3)

for the final states. Heren is the formal occupation of the V 3d shell in a purely ionic
picture (e.g.n = 2 for V2O3), L means a hole in the ligand valence orbital (O 2p), and
c stands for a core hole in the final state of the photoemission process. On the basis of
the sudden approximation for the photoelectron current [29], theoretical satellite intensities,
main-line–satellite separations, and occupation numbers (using the occupation probabilities
|αgq |2 and|βjq |2) can be calculated using the model parameters1, Udd , Ucd , andV as input.
A nice description of how different kinds of excitation spectra (photoemission, inverse PE,
energy-loss spectra) can be calculated within the cluster limit of the AIH has been given by
Imer and Wuilloud in reference [30], to which the interested reader is referred for details.

In our calculations, all of the basis states|dn+qLq〉 for the initial state and|cdn+qLq〉
for the final state have been included (i.e.q = 0, . . . ,10− n). We tried to reproduce all
of the core-level spectra of a given oxide with the same set of parameters1, Udd , and
Vi (hybridization in the initial state); onlyVf (hybridization in the final state) andUcd
were allowed to vary slightly between different core levels, the latter by using the relation
Ucd = Udd/γ with γ ≈ 0.8 for 2s and 2p core holes andγ ≈ 0.9 for 3p PE [23], as
deduced from atomic values based on the Slater–Condon parameters [31]. Note thatUcd
is a positive parameter, as defined in (1). We found that with such a ‘universal’ choice of
parameters the calculated satellite separations and intensities did not in all cases reproduce
the experimental data in an optimal way. This may well result from the neglect of multiplet
and crystal-field interactions in our simple approach. Though we can thus not expect to
model all details of the spectra, it should still be possible to reproduce the essential features
and trends in the electronic structure of the vanadium oxides.

Figure 3 compares the results of the cluster-model calculations for the core-level spectra
with the experimental data. The theoretical spectra were produced from the calculated
satellite separations and intensities, with the line broadening taken from the above-mentioned
Gaussian–Lorentzian fits of the measured data. We omit a similar presentation for the V 3s
spectra, since the cluster model was not able to reproduce—with reasonable parameters—
the very low satellite intensities seen in the experimental spectra (cf. figure 4 and table 1).
This problem could be related to configuration interaction between the 3s PE final states
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3s13p63d
n

and 3s23p43d
n+1

which is not contained in our model but has been shown to
additionally affect the 3s satellite structure in early 3d TMOs [32, 33].

Table 2. Cluster-model parameters1, Udd , andVi for the vanadium oxides V2O5, VO2, and
V2O3. The last two columns contain the effective initial-state hybridizationV

eff

i = √nhVi and
the formal numbernh of 3d holes, respectively.

1 (eV) Udd (eV) Vi (eV) V
eff

i (eV) nh

V2O5 3.5 4.5 3.6 11.4 10
VO2 4.4 3.8 2.5 7.5 9
V2O3 5.5 3.8 2.3 6.5 8

The parameter values, satellite separations and intensities (in comparison with
experiment), and the 3d occupation numbers of the ground state (ng), main line (nm),
and satellite line (nsat ) obtained from the cluster-model analysis are presented in tables 2
and 3. Figure 3 and table 3 demonstrate that the model is—despite its simplicity—quite
able to satisfactorily reproduce the measured PE excitation spectra.

Our analysis yields for the charge transfer and d–d excitation energies1 and Udd
typical values of 4–5 eV, whereas the effective initial-state hybridizationV

eff

i is found
to be significantly larger, ranging from nearly 7 to 12 eV. Due to the effect of the core-
hole potential, the hybridization is additionally increased (V

eff

f /V
eff

i ≈ 1.0–1.3) in the PE
final state. These results indicate that the electronic structure of the vanadium oxides is
dominated by a strong coupling between the V 3d and the O 2p ligand orbitals, a situation
which strongly differs from that found in late TMOs [11–13, 34, 35]. The error bars for the
hybridization parameters are only a few tenths of an eV. The uncertainties for1 andUdd
are somewhat larger; however, they do not profoundly affect the gross electronic structure
as long as the hybridization dominates the other terms. The parameter values obtained from
our analysis are comparable to those presented in previous cluster-model studies available
for V2O5 [23], VO2 [19], and V2O3 [23, 24].

Table 3. Cluster-model parametersUcd , Vf , and the effective final-state hybridizationV efff =√
nhVf for V 2s, V 2p, and V 3p core-level photoemission. Also listed are the satellite

separations and relative intensities obtained from the cluster model (1ECMsat , ICMsat /Imain) in
comparison with the experimental values (1E

exp
sat , I expsat /Imain), and occupation numbers of the

ground state (ng) and photoemission final states (main line,nm, and satellite,nsat ) compared
with the formal valuend for V2O5, VO2, and V2O3. All of the energies are given in eV.

Vf V
eff

f Ucd nd ng nm nsat 1ECMsat 1E
exp
sat ICMsat /Imain I

exp
sat /Imain

V2O5 2s 3.9 12.3 5.9 0 1.3 2.1 2.1 14.7 15.0 0.19 0.20
2p 3.6 11.4 5.3 2.0 2.0 13.9 14.1 0.13 0.06
3p 3.6 11.4 5.0 1.9 1.9 13.9 13.9 0.12 0.07

VO2 2s 2.6 7.8 4.5 1 1.9 2.5 2.6 10.1 11.6 0.16 0.12
2p 2.5 7.5 4.4 2.5 2.5 9.8 9.3∗ 0.14 0.11∗
3p 2.9 8.7 4.2 2.6 2.6 11.0 11.3 0.18 0.16

V2O3 2s 2.8 7.9 4.5 2 2.6 3.3 3.4 10.3 10.7 0.21 0.19
2p 2.8 7.9 4.5 3.3 3.4 10.3 10.5∗ 0.21 0.18∗
3p 2.9 8.2 4.3 3.3 3.4 10.6 10.5 0.21 0.25

∗ Mean values from 2p3/2 and 2p1/2 satellites (see table 1).
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Figure 5. Energy level diagrams for the vanadium oxides V2O5, VO2, and V2O3 calculated by
the cluster model described in the text. Shown are basis states and eigenstates of the initial-state
(left-hand panel) and V 2p PE final-state Hamiltonian (right-hand panel). The dramatic effects
of the hybridizationV are clearly visible.

Figure 5 shows the energy levels of the (unhybridized) basis states compared to
those of the initial and V 2p PE final states as calculated using the cluster model. The
marked deviation of the eigenstates from the basis states directly reflects the effect of the
hybridization. It is largest for V2O5 not only due to the large number of holes in the V 3d
shell, but also because the bare hybridization parameterVi (and alsoVf ) is already bigger
than in the other oxides, in accordance with the smaller mean V–O bond length in the
pentoxide [3].

The strong mixing between the V 3d and O 2p levels is also reflected in an enhancement
of the ground-state and final-state V 3d occupation numbers (ng, nm, andnsat ) relative to
their values in a purely ionic picture. Forng we obtain 1.3, 1.9, and 2.6 instead of the formal
occupations 0, 1, and 2 for V2O5, VO2, and V2O3, respectively. In the final states (both
main line and satellite) the deviation is even larger, with e.g. V 2p main-line occupations
of 2.0, 2.5, and 3.3, respectively. This increase of the 3d occupation in the final state is
partly induced by the core-hole potentialUcd which lowers the energy of the V 3d states.
For a given compound the final-state occupation numbers do not vary much between the
main line and satellite or between the different core excitations.

A more detailed analysis of the cluster-model results shows that the large 3d occupation
numbers originate from the fact that the configurations|dn+qLq〉 (initial state) or|cdn+qLq〉
(final state) withq up to 4 contribute considerably to the resulting eigenstates. This is
illustrated in figure 6, where the occupation probabilities|αgq |2 and|βjq |2 (cf. equations (2)
and (3)) of the different basis states in the ground state|ψg〉 and in the final states|ψm〉 (main
line) and |ψsat 〉 (satellite) are sketched for the example of V 2p photoemission. For the
other core-level excitations, one finds similar distributions. Figure 6 clearly demonstrates
that the PE final states of the vanadium oxides can no longer be characterized by a single
dominant ionic configuration|cdn+qLq〉, as is possible for the late TM compounds.
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Figure 6. The fractional parentage of the various basis states in the ground state (GS)|ψg〉 and
the PE final states|ψm〉 (ML = main line) and|ψsat 〉 (Sat = satellite), obtained from the cluster
model for the case of V 2p PE.

Another method for obtaining at least a rough estimate of the 3d occupation numbers
is the analysis of Auger spectra involving the 3d shell, e.g. the 2p3p3d and 2p3d3d decays.
Such transitions should only be observable if the 3d shell is not empty, because the Auger
excitation is regarded as a local process, with interatomic transitions being negligible to a
first approximation [36]. As regards the 2p3d3d Auger decay, the evaluation of its intensity
in the formal d0 compound KMnO4, for example, yielded an apparent 3d occupation of the
Mn7+ cation of about five electrons [37]. Although the exact number has to be viewed
with caution due to the effects of the core-hole potential in the intermediate state, the result
nevertheless indicates a strongly non-zero 3d occupation. The same was found for the d0

systems TiO2 and PbCrO4 [27]. Thus, it comes as no surprise that V2O5 also displays an
intense 2p3d3d Auger signal (see also section 3.2.2), in good agreement with the finite 3d
occupation derived in the cluster-model analysis.

A more quantitative analysis of the Auger spectra of vanadium oxides has been
performed by Sawatzky and Post [38] who extracted from a comparison of the 2p3p3d
intensities 3d occupation numbers of 2.5, 2.6, and 3.1 for V2O5, VO2, and V2O3, resp-
ectively. These values are in rather good agreement with the above-stated numbers (2.0,
2.5, and 3.3) for the final state of the V 2p PE, indicating that it is actually the 3d occupation
of the intermediate(i.e. core-hole-excited) state rather than that of the ground state which is
determined by Auger spectroscopy. The authors attributed one of the features of the Auger
spectra to V 3d states mixed into the ‘O 2p’ part of the valence band. Its occurrence and
relatively high intensity yield further evidence for a strong hybridization between O 2p and
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V 3d states.

3.1.4. Exchange splitting of V 3s photoemission spectra.We finally focus on the V 3s
spectra (cf. figure 4), for which a detailed cluster-model analysis was not performed due
to the surprisingly low satellite intensity, as discussed above. Nonetheless, these spectra
contain other interesting final-state effects, which are related to exchange coupling of the
3s electrons and the valence shell.

In a 3d TM compound, the coupling of the spin of the 3s photohole with the total spin
S of the partially filled 3d shell is expected to cause an exchange splitting of the 3s PE line
corresponding to high-spin (S + 1

2) and low-spin (S − 1
2) final-state configurations [39, 40].

In an ionic picture with integral d occupation, the magnitude of the separation is, according
to van Vleck [41], given by

1Eex =
{
J (2S + 1) S 6= 0

0 S = 0
(4)

whereS denotes the total spin of the 3d shell.J is an exchange-coupling constant which
is related to the Slater–Condon parameterG2(3s, 3d) through [42]

J = G2(3s, 3d)

5
. (5)

Due to correlation and screening effects in the solid, the effective magnitude ofG2(3s, 3d)
is often reduced by a factor of≈0.5 relative to its bare atomic value [39]. The intensity
ratio of the two exchange-split final-state structures is given by

I (S − 1
2)

I (S + 1
2)
= S

S + 1
. (6)

This theory has been quite successful as regards the interpretation of the 3s spectra of late
TM compounds [39, 40] where1Eex was found to scale with the 3d occupation (or rather
3d hole number), which in these materials directly correlates with the 3d spin of the ground
state. For the vanadium oxides we find however notable deviations from this picture.

Table 4. The exchange splitting1Eex and intensity ratioI (S − 1/2)/I (S + 1/2) as deduced
from the fits in figure 4 for the vanadium oxides V2O5, VO2, and V2O3. S/(S + 1) is the
theoretical intensity ratio according to (6).nd is the formal 3d occupation, andS the total
‘Hund’s rule spin’ of the 3d shell.

nd S 1Eex (eV) I (S − 1/2)/I (S + 1/2) S/(S + 1)

V2O5 0 0 0 — 0

VO2 1 1
2 2.7 0.36 0.33

V2O3 2 1 3.0 0.47 0.5

We begin our discussion with the 3s spectrum of the d0 compound V2O5 which, in
contrast to V2O3 and VO2, shows a clear single-line character, i.e.1Eex = 0 (see figure 4).
According to equation (4), this is indeed the behaviour expected for the formal Hund’s rule
spin S = 0. On the other hand, it should be recalled that the cluster-model analysis for
this compound yielded a 3d ground-state occupation number of 1.3. This indicates that one
must not take the exchange splitting as a measure of the 3d occupancy, in marked contrast
to the case for the late TM oxides. The absence of a measurable 3s exchange splitting has
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also been observed for other d0 systems (e.g. TiO2 or KMnO4 [27, 37]), despite an actual
non-zero d occupation of their respective ground states. This confirms experimentally that in
diamagnetic systems the total spinS = 0 of the 3d valence shell as derived from the formal
valence is conserved under the influence of covalency between 3d and ligand orbitals, since
hybridization cannot mix magnetic states into an unmagnetic ionic ground state.

A non-zero exchange splitting is observed in the 3s spectra of VO2 and V2O3, which
can be well fitted by a double-peak structure (CT satellites not being included), with the
respective intensity ratios in good agreement with equation (6) (see figure 4 and table 4).
For V2O3 this behaviour is in qualitative agreement with the existence of a local moment
(m = 2.37 Bohr magnetons) in the metallic phase, inferred from the Curie behaviour of the
magnetic susceptibility [43]. The 3s exchange splitting in V2O3 has in fact recently been
used to monitor the variation of the local moment through the metal–insulator transition
[44].

For VO2 however the situation is more complicated. The 3s spectrum clearly indicates
an exchange splitting not much smaller than that observed for V2O3. On the other hand, the
susceptibility of VO2 is (in both phases) almost temperature independent [45], and cannot
be interpreted in terms of a local moment. This apparent discrepancy can be related to the
fact that 3s photoemission and susceptibility measurements probe different spatial scales
(and timescales). For example, the 3s core hole excited by photoemission experiences
an instantaneous, truly local, on-site 3d spin, whereas the ‘local’ moment inferred from
the Curie behaviour of the susceptibility is a property of the entire cluster consisting of
the TM ion and its ligand shell, especially if covalency couples them strongly. Solid-
state effects may even completely screen out any local moment behaviour in the global
magnetization, despite the observation of a 3s exchange splitting, as found here and in other
3d compounds [46].

Therefore, the 3s exchange splitting observed in these oxides neither directly reflects
the 3d occupancy nor necessarily reflects the magnetic behaviour seen in the susceptibility,
in contrast to the case for late 3d TM compounds, for which ionic configurations are
stabilized due to the reduced role of the covalency. A similar lack of correlation between
3s photoemission exchange splittings and magnetic measurements has been reported in an
extensive study of Fe compounds [46]. On the other hand, the systematic variation of1Eex
observed through the phase transition of V2O3 [44] indicates that there is some magnetic
information contained in the 3s spectra, whose detailed interpretation however requires
further theoretical clarification.

3.2. XAS and ResPES

For a further verification of our cluster-model results on a strong V 3d–O 2p coupling,
we also performed XAS and ResPES measurements. For a given configuration dn of the
valence shell, the ResPES effect can be described as an interference of the direct PE process

cdn + h̄ω→ cdn−1+ e− (7)

with a second excitation channel

cdn + h̄ω→ [
cdn+1

]∗ → cdn−1+ e− (8)

which leads to the same final state when the photon energy ¯hω is swept through the
absorption threshold of a core level c. The first step in (8) describes the absorption of
the photon resulting in an excited intermediate state, indicated by the asterisk, which decays
in the second step through a Coster–Kronig (CK) or super-Coster–Kronig (SCK) process.



5710 R Zimmermann et al

Coherent superposition of channels (7) and (8) can lead to a resonant enhancement of
the dn−1 final state, especially if the cross-section for the absorption process is strong
(‘giant resonance’). Due to the local character of the ResPES process, it is possible to
distinguish TM 3d-like states in the valence band from those having ligand character. If the
dn configuration makes the major contribution to the ground-state wavefunction, ResPES
further allows one to separate dn−1-like final states from those with larger dnL contribution
[47]. But the strong mixing between the different configurations dn+qLq already existing
in the ground state for the vanadium oxides (see figure 6) makes such an analysis rather
meaningless for these compounds.

Previous ResPES experiments on vanadium oxides performed at the V 3p threshold
[48, 49] already suggested a strong V 3d admixture with the O 2p part of the valence band
spectra. Due to the much larger cross-section for TM 2p photoabsorption as compared to
the TM 3p edge, one can expect a higher resonant enhancement in ResPES measurements
near the 2p threshold. In the following we present such data for V2O5 and V2O3.

Figure 7. V L 23/O K absorption spectra of the vanadium oxides V2O5, VO2, and V2O3. 1ECF
denotes the crystal-field splitting of the O 2p ligand states hybridized with V 3d states. The
arrows indicate the photon energies used for the ResPES experiments illustrated in figure 9,
later.

3.2.1. V L23/O K XAS. Figure 7 shows the V L23/O K absorption spectra for the three
vanadium oxides V2O5, VO2, and V2O3, taken with an angle of 60◦ between the surface
normal and the direction of light incidence. The overall shape of the spin–orbit-split
V L 23 absorption is determined by the intra-atomic interaction of the absorption final state
(multiplets) as well as by crystal-field (CF) effects [50].
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Since the absorption process is a local (i.e. intra-atomic) excitation whose probability is,
in principle, proportional to the unoccupied partial density of states, we should in a purely
ionic picture with fully occupied O 2p orbitals not expect to see any O K absorption at
all. The experiment, in contrast, shows a quite noticeable O K absorption signal in the
higher-energy region of figure 7, indicating the existence of a large number of unoccupied
O 2p states due to pronounced hybridization-induced transfer of O 2p electrons into V 3d
and V 4sp orbitals.

The first part of the O K absorption spectrum, centred at around 532 eV, is attributed
to O 2p states hybridized with unoccupied V 3d states, and the structure centred at around
h̄ω ≈ 543 eV arises from O 2p states hybridized with V 4sp states [51]. The double-peaked
feature of the former has its origin in the (distorted) octahedral crystal field, which splits
the 3d states in a lower-lying t2g and a higher-lying eg part [51]. For the case of V2O5

one may argue about whether the coordination of the V ion can still be described by a
strongly distorted octahedron, but crystal-field effects are clearly present. For a detailed
interpretation of the observed features, we refer the reader to the literature [20, 50–55].

Figure 8. V L 23/O K absorption spectra of V2O5 taken for different anglesα between the
surface normal and the direction of light incidence.

Figure 8 shows, using V2O5 as an example, that the intensity ratio of the CF-split
parts also depends on the angleα between the direction of light incidence and the surface
normal. This effect is caused by the variation of the polarization vector of the light relative
to the different orientations of the 3d orbitals in the layered crystal structure of V2O5 [52].
However, for our further analysis it is important to note that we find themeanintensity of
the V 3d part of the O K edge, i.e. averaged over the crystal-field terms and normalized
to the corresponding V L23 intensity, to be fairly independent of the light incidence angle
α. For V2O5, the corresponding absorption ratios are 0.22 and 0.24 forα = 60◦ and
0◦, respectively. For the other oxides with their much more isotropic crystal structure,
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the absorption spectra showed only a marginal polarization dependence [27]. With this
empirical result that geometry effects are apparently negligible, we take the total ‘V 3d-
like’ O K absorption weight in our XAS spectra as a measure for the numbernh

O 2p of those
holes in the O 2p ligand shell which are caused by hybridization with the V 3d states.

On the basis of these considerations, one can now perform a quantitative comparison of
the absorption data to the results of the cluster-model analysis of the PE core-level spectra.
For this purpose, we assume that for an oxide of composition VaOb the (V 3d-like) O K
absorption signal is given by

I (OK) ∝ σO 1sbn
h
O 2p (9)

with σO 1s denoting the O 1s photoabsorption cross-section andnh
O 2p as defined above.

Similarly, one has for the V L23 absorption

I (VL23) ∝ σV 2pa(10− ng) (10)

whereσV 2p is the photoabsorption cross-section for the V 2p core level and(10−ng) is the
number of holes in the V 3d shell with ground-state occupation numberng. The number of
‘3d-like’ O 2p holesnh

O 2p can easily be determined from the requirement of charge neutrality
in the compound, leading to

a(ng − nd) = bnh
O 2p (11)

wherend is the 3d occupation expected from the formal vanadium valence. The intensity
ratio I (OK)/I (VL23) calculated from equations (9) and (10) usingnh

O 2p from equation (11)
leads to the expression

I (OK)

I (VL23)
= σO 1s

σV 2p

(ng − nd)
(10− ng) (12)

which is independent of the stoichiometry (a and b). If we further assume the
photoabsorption cross-sections to be purely atomic properties, independent of the actual
compound, they will drop out of a comparison between the various vanadium oxides. We
thus find the normalized O K absorption weight to depend directly onng, and, in particular,
to scale with the deviation ofng from the purely ionic 3d occupationnd . Takingng from
our cluster-model results in table 3 yields theoretical relative O K-to-V L23 intensity ratios
of 1.8:1.4:1 for V2O5:VO2:V2O3, in rather good agreement with the experimental values
2.2:1.3:1 extracted from the XAS spectra in figure 7. We take this good agreement as an
independent confirmation of our cluster-model results.

3.2.2. ResPES of the valence band near the V L23 threshold. Figure 9 presents valence
band spectra of V2O3 (figure 9(a)) and V2O5 (figure 9(b)) measured at photon energies near
the V 2p threshold (marked by the arrows in figure 7). All of the spectra are corrected
for a Shirley-type background, and are normalized to the intensity of the O 2s structure at
EB ≈ 22 eV; at some photon energies, this was difficult to achieve due to interference with
an LVV Auger signal.

In both oxides the intensity of the O 2p band centred at around 5–6 eV binding energy
shows a pronounced enhancement which, in agreement with our cluster-model results,
reflects a strong V 3d admixture with this spectral region, if interpreted as a pure ResPES
effect. Unfortunately, however, the spectra contain additional contributions from incoherent
LVV Auger processes, which can make the interpretation of ResPES data rather ambiguous,
as was argued from a detailed analysis of ‘giant resonances’ in some late TMs and their
oxides [56, 57]. These incoherent Auger decays lead to a different (two-hole) final state
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Figure 9. (a) Resonant photoemission at the V 2p threshold for V2O3. The upper and lower
spectra correspond to on- and off-resonance systems, respectively. (b) Resonant photoemission
at the V 2p threshold for V2O5. The lower spectrum corresponds to an off-resonance system.
The diamonds indicate the positions of the incoherent V LVV Auger emissions. The photon
energies are given in eV on the right-hand side of the spectra.

dn−2 which, in principle, should be distinguishable from the coherent ones (dn−1) on the
basis of its photon energy dependence, because they appear at constant kinetic energy
and thus shift with photon energy, whereas the true resonance appears at constant binding
energy. However, if the two processes cover a relatively broad spectral range (e.g. because
of multiplet effects), an unambiguous decomposition of the spectra is hardly possible. In
the case of the vanadium oxides, this prevents us from carrying out a more quantitative
analysis of the spectra. Nonetheless, the data in figure 9 clearly show that the observed
intensity increase is not exclusively caused by incoherent Auger weight (whose centre
position is marked by the diamonds in figure 9(b)), but that there is also intrinsic resonant
photoemission enhancement. Moreover, the occurrence of incoherent Auger processes of
the 2p3d3d type already indicates that the 3d occupation in V2O5 must be different from 0,
again supporting our conclusion that there is a strong V 3d–O 2p overlap.

For V2O5, the intensity of the ‘O 2p’-related valence band part follows qualitatively
the photon energy dependence of the absorption, with maxima at ¯hω ≈ 519.1 eV and
h̄ω ≈ 525.8 eV. The resonance is strongest on the high-binding-energy side of the ‘O 2p’
band, indicating a strong V 3d admixture, and is much less pronounced towards lower
binding energy. These findings are in good agreement with recent band-structure calculations
[58, 59] which find the ‘O 2p’ band to consist of strongly hybridized V 3d–O 2p bonding
states at higher binding energies and of non-bonding O 2p character (with some admixture
of V 4sp states) at lower energies. Similar results have been observed in 3p–3d ResPES
experiments by Shinet al [49] who explained the resonant behaviour of the ‘O 2p’ band as
manifesting a strong contribution of the d1L configuration in the ground state, in accordance
with the results of our cluster-model calculations (cf. figure 6).
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For V2O3, we observe, additionally to the resonance in the ‘O 2p’ band, a strong
enhancement of the feature atEB ≈ 1 eV. This agrees again well with ResPES experiments
on the V 3p threshold [48] and band-structure calculations, which identify the 1 eV peak as
of V 3d character with a strong O 2p admixture, and obtain a considerable V 3d contribution
to the ‘O 2p’ band [58].

4. Conclusions

The electronic structure of the vanadium oxides V2O5, VO2, and V2O3 is determined
predominantly by the strong hybridization between V 3d and O 2p orbitals. The inter-
pretation of vanadium core-level spectra in the framework of a simple cluster model based
on the AIH leads to the result that the effective hybridization energyVeff = √nhV is
significantly larger than the charge-transfer energy1 and the d–d correlation energyUdd of
the model, although the latter two remain of importance. A large contribution from several
basis configurations|dn+qLq〉 to the initial state and from|cdn+qLq〉 to the photoemission
final states yields V 3d occupation numbers much higher than the numbers expected in a
purely ionic picture based on formal valencies. This also means that neither the ground
state nor the final states can be characterized by a single dominant configuration, as is
possible for the late TM compounds, for which covalency plays a minor role. The strong
influence of hybridization in early 3d TMOs is supported by XAS and ResPES data, where
the occurrence of O K absorption intensity itself and the resonating behaviour of the ‘O 2p’
band at the V L23 threshold confirm a strong mixing of V 3d and O 2p states.

The absence of a V 3s exchange splitting in the d0 compound V2O5 indicates that the
total 3d spinS = 0 expected in the ionic limit remains unchanged by the hybridization,
although it does lead to a non-zero d occupation. Finite exchange splittings are observed
in the other two oxides, even though the magnetic susceptibility of VO2 shows no
behaviour characteristic of the existence of local moments. This demonstrates that, for
these compounds, the relationship of the 3s exchange splitting to the d occupation, the
valence spin, and the macroscopic magnetic behaviour is little understood, and requires
further theoretical elucidation.

These results, which reveal the importance of hybridization and covalency in the
vanadium oxides, demand a reconsideration of the standard classification of early TMOs as
simple Mott–Hubbard compounds (withUdd as the single most important parameter), which
we believe, in agreement with previous studies [19, 20, 21, 48], to be no longer justified.
Instead, their electronic structure appears to be determined by a delicate balance between
covalency, d–d correlation, and charge-transfer energy, which may also be ultimately
responsible for the rich phase diagrams encountered for these compounds.
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[28] The Gaussians and Lorentzians used to fit the spectra only serve to determine the integrated weights and

peak positions. They are not meant to reproduce realistic line profiles, which e.g. for metallic V2O3 may
contain an asymmetry due to electron–hole-pair shake-up (the Doniach–Sunjic line-shape) or a low-energy
plasmon satellite due to the narrow conduction band. The neglect of these effects is of marginal importance
for the cluster model parameters derived here, with a possible error certainly smaller than the uncertainty
in the inelastic background subtraction.
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