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Abstract 
The investigation of the niobium dioxide electron-energy structure is presented in the paper. The electronic structure 
computer modeling of the NbO2 with a rutile crystal structure has been performed using linearized augmented plane wave 
method. The energy band structure as well as total and partial densities of electronic states are calculated.
Experimental studies of the NbO2 sample electronic structure were carried out using synchrotron and laboratory X-rays 
sources. The X-ray photoelectron spectrum of the valence band and subvalent states of NbO2 and the spectrum of the X-ray 
absorption near edge structure near K-edge of the oxygen atom in NbO2 have been recorded.
The spectra of the X-ray absorption near edge structure of the oxygen and niobium atoms K-edges are modeled. The 
calculated spectra make it possible to reliably interpret the data from the synchrotron experiment. It is shown that for NbO2 
the spectrum calculated for the ground energy state without using the supercell and core hole modeling method demonstrates 
high agreement with the experiment.
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1. Introduction
Materials in which the metal-semiconductor 

phase transition is observed can be used to 
create various electronic, optical and other 
devices: memory elements, neuromorphic 
hardware devices, “smart windows”, devices for 
energy generation and storage, etc. [1–4]. Such 
materials include niobium dioxide NbO2 [3, 5, 
6]. Above the phase transition temperature (for 
NbO2 Tc ≈ 808 °C), this material has a crystalline 
structure of the classical rutile type (P42/mnm 
space group) and is a conductor of electric 
current [7, 8]. Below this temperature, the crystal 
structure of NbO2 changes to a distorted rutile 
structure (space group I41/a) that accompanied 
by a change in the nature of the conductivity to 
semiconducting [7, 8].

In order to study the features of the electron-
energy structure of niobium dioxide in the 
present work a comprehensive study is carried 
out including the use of ab initio methods 
of computer modeling, X-ray photoelectron 
spectroscopy (XPS) and X-ray absorption near 
edge structure (XANES) spectroscopy.

2. Calculation technique
The high-temperature phase of niobium 

dioxide has a rutile crystal structure, belongs to 
tetragonal syngony, and is characterized by the 
P42/mnm space group [3, 7, 9]. The experimental 
values of the NbO2 crystal structure parameters 
given in Table 1 [10] were used in the calculation, 
similar to other works [9, 11, 12]. The appearance 
of the NbO2 unit cell and the corresponding first 
Brillouin zone are shown in Fig. 1a, b.

Calculations of the electronic structure were 
performed using the linearized augmented plane 

waves method using the Wien2k software package 
[13]. The Generalized Gradient Approximation 
(GGA) was used to account for the exchange-
correlation energy [14]. The radii of muffin-
tin spheres Rmt given in atomic units of lenght 
(numerically equal to the Bohr radius a0), were 
1.98 a.u. for the Nb atom and 1.79 a.u. for the O. 
The Rmt·Kmax value that determines the number of 
the basis plane waves was 6.0. When integrating 
over the Brillouin zone 5000 k-points were used 
for calculating the unit cell and 200 k-points for 
calculating the supercell.

The XANES spectra were modeled for a unit 
cell in the ground energy state as well as for a 
2×2×3 supercell using the core hole method. The 
formalism of this method is described in detail in 
our previous work [15]. Previously, this method 
was successfully tested when calculating the 
XANES spectra of various oxide materials [16, 17].

3. Experimental technique
The experimental part of the work consisted 

in conducting studies of the commercial NbO2 
powder sample produced by Sigma-Aldrich 
[18] using XPS and XANES spectroscopy. X-ray 
phase analysis of the sample showed that it has 
a crystalline structure of distorted rutile (space 
group I41/a).

The experiments were carried out at the 
NanoPES synchrotron radiation end-station 
including the ESCA module of the National 
Research Center “Kurchatov Institute” [19]. 
The pressure in the analytical chambers of 
the NanoPES workstation spectrometers was 
~10–10  Torr. Electron energy analyzers Specs 
Phoibos 250 and Phoibos 150 were used. When 
using a laboratory monochromatic source, the 
excitation energy was 1486.6 eV.

We used a standard approach to data 
calibration based on recording the C 1s signal line 
of hydrocarbon contamination [20]. To compare 
and analyze the main features of the spectra, well-
known databases were used from which the most 
relevant data were selected [20, 21].

4. Results and discussion
The band structure of NbO2 is shown in 

Fig.  1c. The position of the Fermi level (EF) is 
selected as the beginning of the energy count. 
The lower part of the valence band consists of 

Table 1. Parameters of the NbO2 crystal lattice

Space group P42/mnm
Unit cell parameters а, b, Å 4.8464

Unit cell parameter с, Å 3.0316
Atomic position x/a y/b z/c

Nb1 0.0 0.0 0.0
Nb2 0.5 0.5 0.5
O1 0.2925 0.2925 0.0
O2 0.7075 0.7075 0.0
O3 0.2075 0.7925 0.5
O4 0.7925 0.2075 0.5
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12 bands originating mainly from 2p-states of the 
oxygen with a small admixture of 4d-states of the 
niobium (see Fig. 2c, d), has a width of 5.65 eV and 
is located in the energy range of –8.65.. –3.0 eV. 
Above the top of this group of bands there is a 1.98 
eV wide gap of forbidden energies. Even higher 
in the energy is a group of 10 bands originating 
mainly from 4d-states of niobium atoms with 
a certain proportion of 2p-states of oxygen 
atoms. According to the crystal field theory due 
to the octahedral surrounding of the niobium 
atom by oxygen atoms in NbO2 the 4d-states 
of Nb are splitted into 6 low-energy bands with 
t2g symmetry and 4 high-energy bands with eg 
symmetry [9]. These two groups of 4d bands 
are well separated in the band structure with 
the exception of the point Γ vicinity where they 
slightly overlap [22].

A comparison of the performed calculations 
results with the data from [8, 9, 11, 22] shows 
a fairly high agreement which indicates their 
reliability. At the same time some differences 

are observed. Compared with the results of [11] 
there is a noticeable difference in the behavior 
of the uppermost t2g band in the Z-A and Z-R 
directions connecting the center of the upper face 
of the Brillouin zone Z with its vertex A and the 
middle of its edge R respectively. In both cases 
the bands have an almost flat character but in our 
calculation this band lies ~ 1 eV lower in these 
directions (at an energy of ~ 2.2 eV above EF) than 
in [11]. At the same time our picture of the band 
dispersion of the uppermost t2g band is closest to 
the results of work [9]. However, in the calculation 
[9] as in [8] but unlike [11, 22] there is a gap of 
forbidden energies separating the upper t2g band 
from the lower eg band. In our calculation these 
two groups of bands converge in the vicinity of 
point Γ similar to the results of [11, 22].

In our calculation the forbidden energy gap 
dividing the valence band into two parts has 
a width of 1.98 eV. This is less than the values 
obtained in other works: 6.1 eV [8], 4.1 eV [22], 
~ 3 eV [9].

Fig. 1. NbO2 unit cell with rutile crystalline structure (a). The first Brillouin zone of NbO2 (b). Band structure 
of NbO2 (c)
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In general, NbO2 has a band structure 
typical of rutile-like transition metal oxides. 
The most important characteristic defining 
the unusual properties of NbO2 is the position 
of the Fermi level which is explained by the 
following considerations. The free niobium 
atom has five electrons on the valence shell 
occupying 4d45s1‑states. During crystallization 
into the rutile structure the niobium valence shell 
electrons are transferring to more electronegative 
oxygen atoms. Formally the niobium atom in 
rutile-like NbO2 has an oxidation state of Nb+4 
and the filling of the d-subshell is 4d1 [23]. As 
a result, the energy bands formed from the 
d‑states of niobium atoms are partially occupied 
by electrons. The Fermi level crosses a group of 
bands formed by Nb 4d-states which acts as a 
conduction band and NbO2 exhibits a metallic 
type of electrical conductivity.

The results of NbO2 XPS spectroscopy 
provide important information about the 
features of occupied electronic states. Fig. 2a 
shows the X-ray photoelectron spectrum of the 
NbO2 sample recorded in the range of binding 
energies from –45 to 0 eV.  In the considered 
energy range 4 regions of occupied states are 
observed similar to the results of [24] and the 
experimental spectrum is generally consistent 
with the results of [11, 24–28]. The XPS spectrum 

was compared with the total density of states 
calculation results in the same energy range 
by combining the position of the valence band 
on the energy scale (Fig. 2b). At the same time 
the starting point of the experimental and 
calculated scales do not coincide. Fig. 2a, b shows 
a good agreement of the results which makes it 
possible to explain the features observed in the 
XPS spectrum. The intense peak at –35.8 eV in 
the experimental spectrum corresponds to the 
density of Nb 4p- states peak at the –33.0 eV on 
the calculation scale where the position of the 
Fermi level is taken as the starting point. The 
experimental peak at –22.25 eV corresponds 
to the density of O 2s- states peak at an energy 
of –19.5 eV on the calculation scale. The peaks 
position of the Nb 4p- and O 2s- states in the 
calculation turns out to be shifted closer to the 
Fermi level if compared with the experiment. 
At the same time the distance between the 
peaks in the calculation is 13.5 eV which is in 
excellent agreement with the experimental value 
of 13.55 eV.

Features in the energy range –10 .. 0 eV 
describes the structure of the valence band. This 
area as well as the bottom of the conduction 
band are shown on an enlarged scale in Fig. 2c, 
d. The total density of electronic states (DOS) 
of the NbO2 crystal, the total atomic DOS for Nb 

Fig. 2. XPS spectrum of NbO2 (a). Total DOS of NbO2 (b). Total DOS of the crystal and the Nb and O atoms in 
the valence region and near the bottom of the conduction band (c). Partial DOS of the Nb and O atoms (d)
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and O atoms as well as the partial densities for 
Nb 4d- and O 2p- electronic states dominating 
in the considered energy range are shown. As 
mentioned above the valence band consists of 
two regions. Its lower part from –8.65 to –3.0 
eV is formed mainly by 2p-oxygen states. Nb 
4d‑states dominate in the upper part of the 
valence band and at the bottom part of the 
conduction band in the range from –1 to +6 eV. 
It can be seen that there is a contribution of O 
2p-states to the two upper groups of bands and 
Nb 4d-states to the lower group respectively 
that indicates the covalent component of the 
chemical bond [9]. In the low-energy group of 
states there are local maxima at the bottom 
and top of the considered range with the local 
minimum observed in its center. The Fermi 
level is located near the local DOS maximum 
which may indicate the instability of such an 
electronic structure and contribute to the metal–
semiconductor phase transition observed in 
NbO2. The calculated DOS spectra are in good 
agreement with the results of [11, 22].

Figure 3 shows a comparison of the 
experimentally recorded O K-edge XANES 

spectrum with the spectra calculated for a unit 
cell in the ground energy state (without core hole 
modeling) and for a 2×2×3 supercell calculated 
using the core hole method. The experimental 
spectrum contains three maxima designated as 
A, B and C at energies 531.1, 534.8, and 542.0 eV, 
respectively. Maximum A has the highest 
intensity. The intensities of maxima B and C are 
approximately equal. Experimental spectra of the 
O K-edge with the same intensity ratio between 
the maxima were obtained in [27] by the XANES 
method for NbO2 thin films and in [12] by electron 
energy loss spectroscopy (EELS) for a commercial 
sample produced by Alfa Aesar. The relative 
intensity of peak A is less than the intensity of 
peak B but greater than the intensity of peak C in 
spectra obtained by EELS for commercial samples 
produced by Aldrich [29] and Alfa Aesar samples 
[30]. It can be concluded that the data presented 
in the literature are ambiguous and probably 
depend on the conditions of the experiment as 
well as the subsequent mathematical processing 
of the result.

The calculated spectra shown in Fig. 3 were 
compared with the experimental one based on 
the maximum B position at an energy of 534.8 eV. 
In our calculation performed for a unit cell in 
the ground energy state all three maxima have a 
similar intensity, but maximum A has the lowest 
value and maximum C has the highest. There are 
known papers [12, 27] in which calculations of the 
O K absorption edge were also performed using 
the Wien2k software package. In [27] the ratio of 
the maxima A and B have the same intensities 
as ours but unlike our result in [27] maximum 
C has the lowest intensity. In [12] maximum A 
is the most intense followed by least intense 
maximum B and C. Thus, in all three calculations 
including the present one the obtained results 
differ slightly in the ratio of the main spectrum 
features intensities. At the same time there is a 
good agreement between the calculated spectra 
and the experimental one in terms of the number 
of peaks and their position on the energy scale 
that makes it possible to unambiguously interpret 
the experimental data.

The use of the core hole method in the 
calculation does not lead to a change in the 
number of features in the spectrum or their 
position on the energy scale. However, the 

Fig. 3. O K-edge XANES spectrum. 1 – experimental, 
2 – calculation for unit cell without core hole, 3 – cal-
culation for supercell with core hole
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relative intensity of the A and C maxima is 
noticeably decreasing. The decrease of the 
first peak intensity in the calculated XANES O 
K-edge spectrum by the core hole method in 
transition metal oxides is a well-known effect 
[31]. According to our calculations and ones 
given in [23, 31] the hybridization of unoccupied 
O2p‑electronic states and unoccupied states 
of metal atoms is observed in transition metal 
oxides. According to this approach the O K 
spectrum fine structure is explained as follows. 
Peak A in the spectrum reflects the density of 
oxygen 2p- states hybridized with niobium t2g 
states, peak B – with niobium eg states. Peak C 
reflects the hybridization of O 2p- states and 5s-, 
5p- metal states. Thus, modeling a core hole leads 
to a systematic underestimation of the first peak 
intensity associated with t2g-symmetry states [31].

Using the XANES O K spectrum as the 
example we conclude that the calculation for 
the NbO2 unit cell without accounting the core 
hole gives results that are better consistent with 
experiment. Therefore, for the Nb K absorption 
edge the calculation was performed only for 
the unit cell. The result in comparison with the 
experimental spectrum [32] is given in Fig. 4. The 
calculated spectrum reproduces all the absorption 
edge fine structure main features presented in 
the experimental spectrum which indicates the 
correctness of the chosen modeling method and 
the reliability of the result obtained.

5. Conclusions
The electronic structure of niobium dioxide 

has been studied by the linearized augmented 
plane waves method. The band structure, total 
and partial densities of electronic states are 
calculated. The DOS spectrum allows reliable 
interpretation of XPS spectroscopy results.

The results of XANES spectra calculations for 
the Nb K-, O K- absorption edges are presented. 
For the O K absorption edge spectrum it is 
shown that the calculation for the ground energy 
state without using the supercell and core hole 
modeling method demonstrates high agreement 
with the synchrotron experiment.

The results obtained can be used in the 
analysis of experimentally studied samples of 
the Nb – O system.
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