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Experimental high-energy transmission electron energy-loss absorption spectra from the oxygenK edges of
NbO2, MoO2, and WO2 are compared with electronic structure calculations for the relevant empty states,
based on the linear augmented plane wave(plus local orbital) method, in the local density approximation.
These are also compared with calculations for an idealized rutile structure. The agreement of these ground-state
density functional theory calculations(without core-hole effects) for these transition metal dioxides at our
resolution of about 1 eV is excellent, and shows in each case an underlying structure consisting of five main
peaks, despite differences in local atomic and electronic structure. We find also that shoulderlike features on an
eg peak can be related to structural distortions induced by the formation of metal-metal bonds.

DOI: 10.1103/PhysRevB.70.245117 PACS number(s): 79.20.Uv, 71.15.Mb, 71.20.Ps

I. INTRODUCTION

Transition metal dioxidessMO2d have a variety of inter-
esting physical properties.1 One particular interesting phe-
nomenon is that these dioxides show a wide range of elec-
trical conductivity: from insulators (e.g., TiO2) to
semiconductors(e.g., NbO2) to conductors(e.g., MoO2 and
WO2). Some exhibit temperature-induced metal-insulator
transitions(e.g., VO2 and NbO2). From an atomic structure
point of view, most of the transition metal dioxides have
crystal structures related to tetragonal rutile TiO2.

2 From an
electronic structure point of view, the transition metals that
form dioxides with rutile-related structures have incom-
pletely filled d shells. Many of their physical properties(in
particular, electrical conductivity) are attributable tod elec-
tron behavior. However, whether the mechanism can be ex-
plained using one-electron band theory3 or requires strong
electron-electron correlation4,5 is still unknown. However,
recent calculations of band structure using density functional
theory (DFT) in the local density approximation(LDA ) fa-
vor the former.6–8 In support of the band theory calculations,
experimental data on the occupied and unoccupied electronic
density of states(DOS) are needed. In this work, we inves-
tigate the unoccupied DOS for NbO2, MoO2, and WO2 by
measuring electron energy-loss spectra(EELS) at the oxygen
K edge.

The occupied DOS of NbO2 and MoO2 have so far been
largely studied based on optical, ultraviolet photoelectron
(UPS), x-ray photoelectron(XPS), and x-ray emission(XES)
spectroscopy experiments.9,10 No measurements of the unoc-
cupied DOS of these dioxides have been reported. In EELS,
we detect a fraction of a high-energy beam of electrons
which, on traversing a thin slab, has lost energy by excitation
of a core electron from an initial state to an unoccupied final
state. By analogy with x-ray absorption, the transition prob-
abilities for EELS can be calculated using Fermi’s golden
rule, and the energy-loss near-edge fine structure(ELNES) is
then determined by the density of final states, projected onto
the excited atom’s crystal site and symmetry.11 Since it is
restricted by the dipole selection rule, for example, the OK
ELNES probes the unoccupied oxygenp DOS, assuming

that the atomic background varies slowly with energy, and
that core-hole effects have been efficiently screened by va-
lence electrons. In this work, the interpretation of the OK
ELNES was obtained by comparison with band theory cal-
culations. The consistency between experiment and simula-
tions establishes the accuracy of our band theory calcula-
tions.

II. EXPERIMENT

NbO2, MoO2, and WO2 crystals(Alfa Aesar) were used
in this study. The crystal structure was confirmed by x-ray
diffraction. No impurities were apparent in the energy dis-
persive characteristic x-ray spectra. The transmission elec-
tron microscope(TEM) samples were prepared by grinding
the oxides into powders in acetone, and picking them up
using a Cu grid covered with a lacy carbon film. The samples
were then immediately transferred into a Philips EM400
TEM with a field-emission gun operating at 100 keV, and a
Gatan parallel EELS system. The energy resolution of the
energy-loss spectrometer is about 1.0 eV[determined by the
full width at half maximum(FWHM) of the zero-loss peak].
The collection semiangle is about 5 mrad. To reduce the
noise from channel-to-channel gain variations of the photo-
diode, a series of spectra were acquired with each spectrum
shifted prior to acquisition by 0.5 eV relative to the previous
spectrum, which is not equal to the interdiode spacing. The
resulting spectra were realigned before being added together.
The backgrounds were fitted using power-law functions and
subtracted from raw data, and multiple scattering intensities
removed using the Fourier-ratio method.12

III. CALCULATION METHOD

The ground state DOS of NbO2, MoO2, and WO2
were calculated using the full potential, linearized
augmented plane wave plus local orbitalsLAPW+lod
method,13 using the WIEN2K program.14 LAPW is a
density-functional-based15 electronic structure method,
which refines the electron density iteratively by solving the
Kohn-Sham equations.16 For the exchange-correlation poten-
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tial, the generalized gradient approximation is employed.17

In the calculations, the radii of the muffin-tin spheres are 2.0
a.u. for transition metal atoms and 1.7 a.u. for oxygen. To
save computation time, cutoffs ofRKmax=6.0 and 2000k
points in the irreducible zone were used. It was found that
these conditions are sufficient for the reproduction of experi-
mental ELNES with poor energy resolutions.1 evd. All cal-
culations use experimental measurements of lattice constants
and atomic positions for NbO2,

18 MoO2,
19 and WO2.

20 No
structural relaxation was performed.

At room temperature, NbO2 is tetragonal with space
group I41/a. The lattice parameters area=13.696 andc
=5.981 Å. Both MoO2 and WO2 have the same structure:
monoclinic, space groupP21/c. The lattice parameters are
a=5.611,b=4.856,c=5.629 Å with b=120.95° for MoO2,
and a=5.563,b=4.896,c=5.663 Å with b=120.47° for
WO2. Although the Bravis lattices are different among these
dioxides, their local environments are all related to tetragonal
rutile TiO2.

21 In the rutile structure, each metal atom is oc-
tahedrally coordinated to six oxygen atoms. Along the rutile
c axis, the edge-sharing oxygen octahedra form chains,
which are interlinked via oxygen corners. The symmetry of
the octahedron is not perfect; it either extends or shortens
along the apical axis. Therefore, there exist two different
M-O distances: two apical and four equatorial distances. Fig-

ure 1(a) is a plan view of rutile downs1̄10d [given in Fig.
1(c)], which schematically shows part of the chain of edge-
sharing MO6 octahedra in the rutile structure. The metal at-
oms are equally spaced along the rutilec axis. Each oxygen
atom is surrounded by three metal atoms in a planar geom-
etry; two are equatorial and one is apical. In the structures of
NbO2, MoO2, and WO2, which are considered as the dis-
torted rutile, the metal-metal distances alternate along octa-
hedral chains. As a result transition metal atoms form pairs
along the rutilec axis. Part of the chain of edge-sharingMO6
octahedra in the distorted rutile is schematically shown in
Fig. 1(b). The oxygen octahedra are highly distorted in these
structures. It is seen that metal-metal pairing also causes the
oxygen surroundings to change, and thus lifts the oxygen
into two inequivalent sites(indicated as O1 and O2 in Fig.
1). Although there are four inequivalent oxygen sites in an
NbO2 unit cell, they can be approximately categorized into
two groups. The geometric parameters indicated in Fig. 1(b)
for NbO2, MoO2, and WO2 are listed in Table I. The octa-
hedral chains(i.e., rutile c axis) lie along thec direction of
the NbO2 lattice and thea direction in MoO2 and WO2.

In order to understand the OK ELNES in these dioxides,
calculations have also been carried out for their regular rutile
forms. NbO2 undergoes an apparently second-order transi-
tion from the low-temperature tetragonal phase to the high-
temperature regular rutile form[aR=4.85,cR=3.03 Å, and
u=0.2925(Ref. 22)] at ,810°C. The structural relationship
between tetragonal(T) and rutile(R) NbO2 can be viewed as

f100gT i f110gR, f010gT i f1̄10gR, and f001gT i f001gR. On the
contrary, no rutile forms have been reported for MoO2 and
WO2. Therefore, the hypothetical rutile cell for MoO2 (aR

=4.856,cR=2.805 Å, andu=0.2847) constructed by Eyert
et al.6 is used in this work. Using the same method foraR

=b/2 andcR=a (Ref. 6), the hypothetical rutile cell for WO2

(aR=4.8963 andcR=2.7815 Å) was also constructed and
used in this work. Since WO2 and MoO2 are isostructural,
with similar oxygen positions, we use the same internal pa-
rameteru=0.2847 for WO2.

IV. RESULTS

A. NbO2

Experimental EELS of the OK edge of NbO2 is given in
Fig. 2 (thick solid line). Overall, five major peaks marked
a, b, c, d, ande can be recognized in the spectrum. The first
three peaks(a, b, andc) are within the first 20 eV from the
ionization threshold. The last two broad peaks(d ande) are
beyond 20 eV from the threshold. The energy positions of all
these peaks are listed in Table II. Broadly speaking, details
within the 20 eV range from the threshold can be considered
as near-edge fine structure, i.e., OK ELNES. It is known that
the ELNES not only depends on the local coordination, but
also on the bonding distances and angles. Beyond 20 eV, the
features are generally broad, and are considered to be ex-
tended fine structure, which will not be discussed in detail in

FIG. 1. Schematic drawings of(a) regular and(b) distorted
rutile structure on the base plane.M and O represent transition
metal and oxygen, respectively. The arrow marked byc indicates
the rutilec axis. (c) is the unit cell of rutile TiO2.
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this work. It is seen that beside these strong peaks, the OK
ELNES also shows some other weak fine structure. On the
high-energy side of peakb, a shoulderlike feature is indi-
cated by an arrow(marked ass). Between peakb and peakc,
there is a small bump. A shoulder is also seen on the tail of
peakc.

In Fig. 1, the calculated oxygenp DOS is compared with
the experimental OK ELNES of NbO2. The theoretical re-
sults have been aligned with the position of peaka. It should
be noted that no core-hole effect and no atomic transition
background are considered in the calculations, and the results
have been broadened to 1.0 eV using a Gaussian function, to
match the experimental broadening. Remarkably, the calcu-
lation in the tetragonal(distorted rutile form) NbO2 (thin
solid line) fits the experiment very well: not only the energy
positions of the five strong peaks, but also their relative in-
tensities. The weak fine structure in the near-edge range is
also reproduced: a shoulderlike feature on the tail of peakb,

a small bump between peakb and peakc and a shoulder on
the tail of peakc. Quantitatively, however, there are some
discrepancies. The calculated intensity of peaka relative to
that of peakb is too strong in comparison with the experi-
ment. Additionally, the intensity of small bump between peak
b and peakc is also weaker than the experimental observa-
tion. These may be due to the assumptions in the calcula-
tions, such as the many-body effects and exchange-
correlation potentials. However, further investigation is
needed to clarify this.

Our calculation of the idealized rutile form(dotted line in
Fig. 1) also shows the five strong peaks, and the shoulder on
the tail of peakc, but it does not reproduce the weak fea-
tures: peakb is rather symmetric without the shoulderlike
feature, and a small bump between peakb andc is missing.
In the idealized rutile form, NbO2 shows a 4.4 eV splitting
between peaka and peakb, which is much wider than the
3.2 eV splitting in the distorted form. The corresponding
experimental value is close to the latter, which is about 3.5
eV. All these differences are probably due to changes in bond
distances and angles, and will be discussed in the next sec-
tion.

B. MoO2

Figure 3 shows the EELS of the OK edge of MoO2 (thick
solid line). The energy positions of these peaks are listed in
Table II. As for NbO2, five strong peaks can be identified.
There are also differences: peaka is narrow and the splitting
of peaksa andb is small in MoO2 in comparison with NbO2.
We also note that peakb is asymmetric: a shoulderlike fea-

TABLE II. Energy-loss values for the OK ELNES shown in
Figs. 2–4.

a b c d e

NbO2 537.8 541.3 548.7 558.0 568.3

MoO2 532.0 535.0 544.1 553.3 564.6

WO2 533.2 536.9 544.1 553.6 566.2

TABLE I. A list of geometry parameters of distorted rutile structures for NbO2, MoO2 and WO2. The
geometries are given in Fig. 1. For comparison, the corresponding parameters of regular rutile structure are
also given.

O1−M O2−M

d11
eq d12

eq d1
ap u1 d21

eq d22
eq d2

ap u2

NbO2 2.043 2.056 2.030 84.06° 2.102 2.175 1.934 99.12°

MoO2 1.984 1.995 1.972 78.22° 2.065 2.073 1.977 97.54°

WO2 1.969 2.020 1.975 76.71° 2.061 2.108 1.989 95.90°

M-M Rutile

dS uS dL uL dR uR

NbO2 2.743 95.85° 3.256 80.83° 2.993 95.05°

MoO2 2.510 101.78° 3.112 82.46° 2.805 86.98°

WO2 2.475 103.29° 3.096 84.10° 2.782 86.02°

FIG. 2. Comparison of experimental EELS(thick solid line) of
the O K edge in NbO2 with calculations. The calculations were
carried out in both tetragonal(thin solid line) and rutile structure
(dotted line).
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ture on the high-energy side of peakb is more significant
(indicated by an arrow in Fig. 3) by comparison with that of
NbO2. Instead of the small bump between peakb and peakc
observed in NbO2, the corresponding feature in MoO2 be-
comes more intense, which results in a very broad peakc.

For comparison, the calculated oxygenp-DOS of MoO2
in both monoclinic(thin solid line) and idealized rutile(dot-
ted line) have been aligned to the position of peaka of the
experiment, and plotted in Fig. 3. Remarkably, the calcula-
tion of the monoclinic(distorted rutile form) MoO2 matches
the experiment very well, except for the relative intensity of
peaka. Contrary to NbO2, the differences are small in the
calculations between the monoclinic and idealized rutile of
MoO2. However, a significant change of intensity indicated
by an arrow is observed: a small peak occurs in the distorted
rutile form, which decreases to a shoulder in the hypothetical
rutile form. This small peak is responsible for the significant
shoulderlike feature in the experiment.

C. WO2

Figure 4 shows the EELS of the OK edge of WO2 (thick
solid line). Overall, five peaks can also be recognized, al-
though peaksb andc largely overlap and form a rather broad
feature. The broad feature consists of the strong peakb fol-
lowed by a shoulderlike feature and weak peakc. The split-
ting of peaka and peakb is larger in WO2 than in MoO2
although they have the same structure and samed electron
configuration.

The calculated Op DOS in both monoclinic(thin solid
line) and idealized(dotted line) rutile forms are also com-
pared in Fig. 4. The calculation of the monoclinic(distorted
rutile) WO2 fits the experiment very well. All the features,
including the overlap of peaksb and c, can be reproduced
except the relative intensity of peaka. Due to the overlap,
the shoulderlike feature on peakb and the bump on peakc,
which are observed in both NbO2 and MoO2, cannot be re-

solved in WO2. The calculation of the idealized rutile form
gives the four-peak features of the broad peak, and each peak
has similar intensity.

V. DISCUSSION

In NbO2, MoO2, and WO2, EELS of the OK edge show
the same underlying structure. The interpretation of these
five basic peaks can be obtained with the aid of the well-
studied rutile structure TiO2.

23 The same five-peak features
were also observed in rutile TiO2 in our previous work24 and
by other researchers. This is probably because these transi-
tion metal dioxides have similar local structures to TiO2,
although their long-range order is different. Fortunately,
DOS and thus ELNES are determined by the local environ-
ment rather than long-range order.25 In the octahedron of
idealized rutile, the transition metald states split into two
parts:t2g andeg, which involveM-O p and s bonding and
antibonding interactions, respectively. Accordingly, the first
two peaks(a and b) are due to oxygenp states hybridized
with the transition metalt2g andeg states, and thus assigned
ast2g andeg peaks, respectively. The spacing between peaka
andb is a measure of the ligand-field splitting of thet2g and
eg states of the oxygen octahedron.

The justification of these assignments is confirmed by the
DFT-LDA calculations. As an example, Fig. 5 shows a com-
parison of the unoccupied partial DOS for tetragonal and
rutile NbO2. It is noted that the calculation predicts a small
band gaps,0.15 eVd in tetragonal NbO2, although it is
much smaller than the experiment values,0.5 eVd.26 The
Nb 4d states almost completely split intot2g s−1.0−3.5 eVd
andeg s3.5−8.0 eVd groups of bands. The smallt2g-eg con-
figuration mixing is due to the distortion of octahedra. The
Nb d3z2−r2 orbital points in the rutilec direction, and also
belongs tot2g in the ideal rutile structure. However, in dis-
torted rutile NbO2, the transition metal pairing along the

FIG. 3. Comparison of experimental EELS(thick solid line) of
the O K edge in MoO2 with calculations. The calculations were
carried out in both tetragonal(thin solid line) and rutile structure
(dotted line).

FIG. 4. Comparison of experimental EELS(thick solid line) of
the O K edge in WO2 with calculations. The calculations were
carried out in both tetragonal(thin solid line) and rutile structure
(dotted line).
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rutile c axis significantly changes thed3z2−r2 band. In ideal-
ized rutile, this band has only a weak tendency to split into
two peaks, but it completely splits into two peaks at,−1.5
and 4.0eV in the distorted rutile structure, allowing the par-
tial DOS to fall to a small value between them. These results
are consistent with Goodenough’s model, in which the
t2g band splits into di and p* bands.27 The strong
M-M d-electron interaction in the distorted rutile structure
causes thedi to further split into bonding and antibonding
states. According to this model, thed3z2−r2 states are desig-
nated as thedi band, with two separated peaks corresponding
to M-M bonding and antibonding states, respectively. The
p* is strongly hybridized with the O 2pp states, and remains
between twod3z2−r2 peaks.

As shown in Fig. 1, oxygen atoms are coordinated with
three metal atoms nearly in a plane in distorted rutile. There-
fore, theM-M pairing, which is perpendicular to the O 2pp
orbital, has little effect on the O 2pp DOS (indicated as
off-plane in Fig. 5), which bears a similarity to both the
idealized and distorted rutile structures. However, theM-M
pairing significantly changes the O 2ps DOS (indicated as
in-plane in Fig. 5). The strong hybridization with Nbd3z2−r2

results in the splitting of the O 2ps in the range from −1.0 to
3.5 eV. Unfortunately, the energy resolution of our spectrom-
eter is not good enough to resolve the change in thet2g peak
in the experiments. In the range from 4.0 to 8.0 eV, the O
2ps also splits into two peaks(indicated by arrows), which
shows in the experiments(Fig. 2) as a shoulderlike feature in
the high-energy side of theeg peak. However, this splitting
does not directly relate to the Nbd3z2−r2, because it makes
little contribution in this energy range.

A reasonable interpretation can be based on changes in
the local structural arrangement around oxygen, induced by
dimerization in the distorted rutile structure. TheM-M pair-
ing reduces the symmetry around the oxygen, and lifts the
oxygen degeneracy into two different sites in general, which
are defined as O1 and O2 in Fig. 1. O1 and O2 are associated
with the short and longM-M pair, respectively. The bond
angle ofM-O1-M becomes smaller, while that ofM-O2-M
increases. Additionally, the averageM-O1 distance is shorter
than that ofM-O2. The differences in the local structural

arrangements alter significantly the partial DOS projected on
each of these two oxygen atoms. Figure 6 compares the Op
DOS on O1 and O2 in NbO2, MoO2, and WO2. The main
difference is that the densities on the O1 between 4.0 and 8.0
eV become flat in comparison with those on the O2. This
enhances the intensities of the second subpeak(black arrows)
of the eg band relative to the first one(white arrows). In the
O K ELNES, this is reflected by the appearance of the
shoulderlike feature on the high-energy side of theeg peak.

We also note that the width of thet2g peak of NbO2 is
much larger than that of MoO2 and WO2, while the later two
are quite similar. This can be understood by considering their

FIG. 5. Comparison of partial
DOS of NbO2 in tetragonal(left
panel) and regular rutile (right
panel) structure. The chained lines
represent Fermi level.

FIG. 6. Comparison of Op DOS projected on two different
oxygen sites, O1 and O2 in NbO2, MoO2, and WO2. The chained
line denotes the Fermi level.
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d electron configurations: it isd1 for NbO2 but d2 for MoO2
and WO2. One mored electron in MoO2 and WO2 filling the
t2g states narrows down the width of the emptyt2g band. In
other words, the width of thet2g peak depends on the occu-
pancy of the transition metald electron, and it decreases
from d0sTiO2d , d1sNbO2d, to d2 (MoO2 and WO2).

Unlike the first two peaks, the origin of the third peak
(peakc), which varies significantly from oxide to oxide, is
not obvious. Usually, it is attributed to the interaction of O
2p and transition metal 4spstates. However, this assignment,
particularly in TiO2, has been questioned by de Grootet al.,
because none of Ti 4s and 4p has maximum intensity in the
energy range of peakc.28 Therefore, peakc was assigned to
antibonding combinations of direct O-O interactions. This
assignment is reexamined in this work. Careful inspection of
structural details reveals that the O-O bonding distances and
corresponding bond angles are very similar to each other in
MoO2 and WO2. If the O-O interaction had the dominant
role, both MoO2 and WO2 would have the same appearance
as peakc. In fact, this peak shows a completely different
intensity distribution and energy position in these two isos-
tructural dioxides. Therefore, the O-O interactions may not
play a dominate role in these oxides.

According to our calculations, the origin of peakc is as-
sociated with the appearance of metald states. In both NbO2
and MoO2, metal d states have relatively strong peaks at
same energy as peakc. The bumps before peakc in these
two oxides also relate to the metal states. Interestingly, both
NbO2 and MoO2 5s states, which show narrow and sharp
peaks(not shown here), have maxima at the energies where
the shoulders are on the high-energy side of peakc. This
shoulder occurs about 14.3 eV above the threshold in NbO2,
which is close to the calculated 14.1 eV of Nb 5s maximum
above the Fermi energy. In MoO2, the corresponding experi-
mental and calculated values are 15.4 and 15.5 eV, respec-
tively. On the contrary, the W 6s state in WO2 shows a broad

and dispersive peak in the 5 eV range, instead of a narrow
and sharp peak, as in NbO2 and MoO2. This is responsible
for the broad character of peakc in WO2.

Peakd in all three oxides has strong metalp character. In
the high-energy region, however, it is difficult to relate the
broad features to the partial DOS. The appearance of peake,
which we do not discuss, has been related to the nearest-
neighbor structure.29

VI. CONCLUSION

The good fit here between calculation and experiment in-
dicates the accuracy of DFT calculations within the LDA
approximation for these transition metal dioxides at our en-
ergy resolution. This ground state approach to final state
spectra indicates that core-hole effects on OK edge in these
dioxides have been efficiently screened by the valence elec-
trons.

The O K ELNES (empty states, absorption spectra) of
NbO2, MoO2, and WO2 have been interpreted here in detail
with the aid of band structure calculations. It is found that all
the dioxides have the same underlying peak structure in the
O K ELNES. These peaks reflect the similarity of the local
structure of distorted rutile. The small variations in bond
distances and angle(or local structural fluctuations), as well
as their variationsd electron configuration, only affect the
weak fine structure. In particular, the shoulderlike features
observed on theeg peak have been related to the structural
distortion induced by the formation of metal-metal pairs.
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