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The band structure, density of states, and the Fermi surface of a tungsten oxide WO, ¢ with idealized crystal
structure (ideal octahedra WOg creating a “square lattice”) is obtained within the density functional theory
in the generalized gradient approximation. Because of the oxygen vacancies ordering this system is equivalent
to the compound W,,0sg (Magnéli phase), which has 78 atoms in unit cell. We show that 5d-orbitals of tung-
sten atoms located immediately around the voids in the zigzag chains of edge-sharing octahedra give the
dominant contribution near the Fermi level. These particular tungsten atoms are responsible of low-energy

properties of the system.
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1. INTRODUCTION

Superconductivity, as one of the fundamental
ground states in solid state physics, is realized some-
times in the most unexpected cases. These are both
high-temperature superconducting cuprates [1],
which are dielectrics in the underdoped case, as well as
pnictides and iron chalcogenides [2—5], although
under normal conditions iron is a ferromagnet. These
systems are unusual superconductors, i.e., having an
anisotropic momentum dependence of the order
parameter. They are related to tungsten oxides by the
presence of a partially filled d-shell. Oxygen non-stoi-
chiometric WO, _ , tungsten trioxide compounds have
been known for a long time and their structure and
properties have been well studied [6, 7]. However,
more recently, the discovery of superconductivity in
the compound WO, 4 with 7, = 80 K and with 7, =
94 K when intercalated with lithium [8] has been
reported. This was preceded by the observation of
superconductivity near the domain walls in WO, _ |
[9], thin films [10] and in WO, with surface deposited
sodium, Na,, ;sWO; [11], which led to the prediction of
the possibility of superconductivity realization in
WO, _ . [12].

Despite the long history of research on tungsten
oxides, there are only a few works on the band struc-
ture calculations of WO;. These are works on the elec-
tronic structure of bulk samples, thin films and clus-
ters [13—20], the role of oxygen vacancies [21—25] and
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cationic doping [26—33]. Calculations for Magnéli
phases with ordered oxygen vacancies, WO; _ ,, are
described in only one work [34], which illustrate that
the compounds W;,0g4, W;05, WOy, W;0,,
W50 4, Wy Osg, and W,505; show metallic properties.

The ordering of oxygen vacancies in the system
WO, _ | leads to the appearance of quite large unit
cells, which significantly complicates its description.
In addition, superconductivity is realized in the system
W,,055 containing 78 atoms in a unit cell. Tungsten
atoms coordinated by oxygen atoms form octahedra,
which are either corner sharing or edge sharing. The
octahedra themselves are distorted, and the W—O—W
bonds between the octahedra are distorted as well,
which leads to an additional complication of the
description of the electronic structure of W,,Osg.

Since the foundation for building a superconduct-
ing state theory is the band structure of the normal
phase, the calculation of the last one from the first
principles will be the first step on this path. In this
work, we obtained the band structure, density of
states, and Fermi surface for the compound WO, _ ,
with ideal octahedra creating a square lattice, which is
the first approximation in the description of this com-
plex compound.
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Fig. 1. (Color online) Idealized crystal structure of the W,(Osg supercell (2 X 2 X 1).

2. STRUCTURE
AND CALCULATION RESULTS

W,Osg belongs to the family of oxides with the
Magnéli structure and the general formula W,0;, _,

[6]. Space group is P2/m:b, lattice parameters are
a=2339 A, b=12.1 A, ¢ =378 A, y=95° [35].
The crystal structure consists of WO4 octahedra which
are either corner sharing or edge sharing in the
(100) plane.

As stated earlier in the compound W,,Os4 the WO,
octahedra are distorted and the O—O bond length
ranges from 2.63 to 2.72 A. In order to model the ide-
alized crystal structure, all octahedra were made ideal
with average oxygen—oxygen distance equal to 2.68 A.
In this case, the bases of all ideal octahedra form a
square lattice. Figure 1 shows the 2 X 2 X 1 supercell
for the idealized crystal structure W,,Os;.

To calculate the band structure, the density of
states (DOS) and the Fermi surface we use the density
functional theory (DFT) with all-electron full-poten-
tial linearized augmented-plane wave method (FP-
LAPW) implemented via the Elk code [37] together
with the generalized gradient approximation (GGA)
[36]. For the self-consistent ground state calculation,
we used a 8 X 8 X 8 k-points grid in an irreducible Bril-
louin zone making sure that the results are almost
indistinguishable from those fora 6 X 6 X 6 grid.

The density of states in the wide energy range is
shown in Fig. 2. The top of the valence band from
—0.8 to —4.0 eV is formed mainly by O-2p states. In
the region from —4.0 to —9.0 eV, we see strong hybrid-
ization of W-5d and O-2p states.

In the stoichiometric compound WO,, tungsten

W6 has a 5d° configuration, that is, an empty 5d-shell

and, therefore, a completely filled O-2p shell, being a
band dielectric. The oxygen deficit in WO; _ , leads to
electron doping and a finite conductivity value [7].
This is clearly seen in our calculation as well, where
the W-5d states are almost empty and form the con-
duction band. At the Fermi level, we can see only
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Fig. 2. (Color online) (Left panel) Total density of states
for W,(O5g with idealized crystal structure, (middle panel)
density of states for tungsten atoms W1, 12, 14—19, and
(right panel) density of states for oxygen atoms in a wide
energy range. Zero corresponds to the Fermi level.
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Fig. 3. (Color online) (a) Band structure for W,,0sg with
idealized crystal structure near the Fermi level. Color
denote the contribution of individual tungsten atoms W1,
12, 14—19. Zero corresponds to the Fermi level. (b) Brill-
ouin zone for idealized crystal structure W;Osxg.

a low-intensity tail coming from W-5d states (see
Fig. 2), which are filled with electrons due to an oxy-
gen deficit compared to the stoichiometric composi-
tion of WO;,.

We would like to emphasize the presence of flat
bands at the Fermi level in the direction A—FE and near
it, as well as in the direction I'=A, which are shown in
Fig. 3a. For the band structure, we used highly sym-
metric k-points and corresponding directions gener-
ated with the SeeK-path tool [38]. They are shown in
Fig. 3b.

To demonstrate which states form these flat bands,
Fig. 3a shows the band structure with the contribu-
tions of individual atoms near the Fermi level. One can
see that the flat bands are formed by 5d-states of W1,
12, 14—19 tungsten atoms, which are arranged around
the voids in zigzag chains of edge-sharing octahedra
(see Fig. 1). Located directly around the voids atoms
W14, 19 and W16, 17 give the greatest contribution. It
is also worth saying that the 5d states of W1, 12, 14—19
tungsten provide about 70% to the value of the total
state density at the Fermi level. Note that some “cha-
otic” band structure in the I'-A4 direction, visible
above the Fermi level, is nothing but multiple crossing
of bands, resulting from the rather small volume of the
Brillouin zone and the large number of atoms in the
unit cell, split between themselves by small hybridiza-
tion interaction.

Figure 4 shows the Fermi surface for W,;,Os5 with
an idealized crystal structure. The corresponding
Fermi surface contains six sheets. The sheets located
near the I'-point (yellow and red) are clearly three-
dimensional, while the other sheets are quasi-two-
dimensional. Note that the flat bands at the Fermi
level in the A—F direction form rather large two-
dimensional hole pockets at the corners of the Brill-
ouin zone.
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Fig. 4. (Color online) Fermi surface for idealized crystal
structure W5,Osg.

3. CONCLUSIONS

We have studied the compound W,;,0s5 with an
idealized crystal structure via the ab initio DFT-GGA
calculation. Despite the large number of atoms (78) in
the unit cell the main contribution to the states near
the Fermi level originate from the 5d-orbitals of tung-
sten. These atoms are located directly around the voids
in the zigzag pattern of edge-sharing octahedra. Thus,
it is this zigzag pattern, disordering the ideal “checker-
board” arrangement of octahedra, are responsible for
conductivity and other effects related to the states near
the Fermi surface. On the one hand, we are dealing
with a complex crystal structure with a huge unit cell,
which is caused by the disordered arrangement of
some tungsten atoms, and on the other hand, the
5d-orbitals of these atoms determine the low-energy
physics of the compound WO; _ ..
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