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First-principles investigation of ReO3 and related oxides
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Electronic-structure calculations are performed, within the local-density approximation to the density-
functional theory, using the full-potential linear muffin-tin orbital method to understand the relation between
structural and electronic properties of ReO3, WO3, and the stoichiometric tungsten bronze NaWO3. Energy
changes associated with small deformations from the cubic phase indicate that ReO3 and the tungsten bronze
are stable when cubic while the W ion in WO3 shows a tendency to off-center displacements. The different
behavior is explained by examining the band structure of the compounds. Calculated frequencies and eigen-
vectors ofG phonons in ReO3 corroborate the existence of high-frequency modes in this crystal which supports
a recent theoretical proposal for the interpretation of its electrical resistivity.@S0163-1829~97!03607-2#
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I. INTRODUCTION

ReO3 is a transition-metal oxide exhibiting high electric
conductivity. The Bravais lattice is simple cub
(Pm3m-Oh

1), with one formula unit ReO3 per unit cell. Its
structure comprises a network of corner-sharing oxygen
tahedra, with Re occupying the center of each octahed
~Fig. 1!. Among the numerous structures based on MO6 cor-
ner sharing~including the perovskitelike compounds! ReO3
is unusual in that the undistorted cubic structure is stabl
all temperatures; however, a pressure-induced phase tr
tion was discovered by Razavi, Altounian, and Datars,1 who
observed an anomaly in the Fermi surface when the sam
was under pressure. Since then, the nature of this p
transformation has been investigated by different hi
pressure experiments.2–4

In contrast to ReO3, the closely related WO3 shows sev-
eral phase transitions and remains tetragonal up to the m
ing point: the distorted ReO3 structure of WO3 changes from
tetragonal to orthorhombic, monoclinic, triclinic, and mon
clinic during cooling.5 On the other hand, when metal atom
are introduced in the WO3 structure to form insertion com
pounds~the tungsten bronzes MxWO3!, the cubic lattice is
again stable for large values ofx. In the stoichiometric tung-
sten bronze NaWO3, the Na atom donates its 3s electron to
the conduction band making NaWO3 isoelectronic to ReO3.
Based on this simple anology, the stability of the cubic ph
in ReO3 could be associated with the occupancy of the c
duction band, a point examined in this article. Fujimori a
Tsuda have also attributed the different structural behavio
the screening effect involving W or Re 5d and O 2p states
on the lattice vibrations.6

The band structure and Fermi surface of cubic ReO3 were
calculated semiempirically by Mattheiss7 using the Slater-
Koster linear combination of atomic orbitals scheme. T
tight-binding parameters were adjusted to fit the optical a
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Fermi surface data. This work found that the valence a
conduction bands are mainly composed of O 2p and Re
5d(t2g) orbitals, respectively. Strong bonding, due to t
overlap of those states, contributes to the broadening of
5d conduction band and leads to metallic conductivity. T
Fermi surface is composed of two roughly spherical she
centered aboutG plus a third sheet that consists of^100&
directed cylinders intersecting atG. This remains, to our
knowledge, the only theoretical investigation of the ele
tronic structure of ReO3.

There is a great deal of experimental information ab
dynamical properties of ReO3, but a precise knowledge o
the optical modes frequencies at the Brillouin zone cente
still missing. The optical bond-stretching modes~Re-O! are
observed in the region from 920 to 600 cm21 and those as-
signed to the angle-bending modes~O-Re-O! are observed
below 450 cm21. These modes have been probed by differ
techniques such as acoustic8,9 electric conductivity,10,11 and
specific-heat12,10 measurements; inelastic neutron2 and Bril-
louin scattering;13 and x-ray-absorption spectroscopy.14 The

FIG. 1. Schematic representation of the perovskite struc
ABO3, showing the corner-sharing connection between oxygen
tahedra. The dodecahedral siteA is empty in the binary ReO3 and
WO3 oxides, while it is occupied by Na in the bronze.
7508 © 1997 The American Physical Society
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55 7509FIRST-PRINCIPLES INVESTIGATION OF ReO3 AND . . .
only direct observation of optical phonons at the center
the Brillouin zone was made by IR transmission spectr
copy of ReO3 films deposited upon a silicon plate.15 Two
peaks were found at room temperature at 905 and 315 c21

and assigned to the IR active stretching and bending mo
respectively, in agreement with the second-order Ram
spectrum. Raman spectroscopy studies of tungsten ox
with the ReO3-like structure, confirm that the stretching an
bending modes are expected at 800 and 270 cm21,
respectively.16,17

In the present article, we report density-functional calc
lations of ReO3, WO3, and the stoichiometric tungste
bronze NaWO3, performed with the full-potential linea
muffin-tin orbital method. In Sec. II we give a description
the computational aspects of our study. The results are
sented in Sec. III: the structure optimization and electro
structure in Sec. III A, the relation between the electro
structure and lattice stability in Sec. III B, and the calculati
of frequencies and eigenvectors for the optical phon
modes atG in Sec. III C. Finally, Sec. IV contains a sum
mary and conclusions.

II. METHOD OF CALCULATION

For the calculation of the electronic structure of the th
oxides we used the full-potential~FP! linear muffin-tin or-
bital ~LMTO! code by Methfessel,18,19 within the local-
density approximation~LDA ! and the Hedin-Lundqvis
exchange-correlation potential. In the FP-LMTO, no sha
approximations are made for either the charge density or
potential. The participating states are divided into valen
semicore, and core. Core states are those confined w
spheres centered on the nuclei. They are treated by sol
the radial Schro¨dinger equation in each iteration, assumi
that the wave function is zero on the sphere surface~unfro-
zen core!. Semicore states are those associated with v
narrow bands that can, however, spill out of the atom
sphere.

As is customary for a LMTO approach, the basis for t
wave function consists of atom-centered Hankel functio
which are augmented by numerical solutions of the rad
Schrödinger equation within the nonoverlapping atom
spheres. In the interstitial region the charge density is re
sented by fitting a linear combination of Hankel functions
the values and slopes on the sphere boundaries. To pro
sufficient variational freedom, it is essential in the method
extend the basis using LMTO’s with different localization
The envelope function decays ase2kr , where2k2 is the
kinetic energy of the Hankel function.

The FP-LMTO calculations were performed employing
basis set~presented in Table I! that was found to be optima
for describing the band structure of ReO3. A similar setup

TABLE I. Basis set and MT-sphere radii used in the calculatio

Atom k2520.01 Ry k2521.0 Ry k2522.3 Ry RMT ~a.u.!

Re 6s5p5d5 f 6s5p5d 6s5p 1.85
W 6s5p5d4 f 6s5p5d 6s5p 1.85
O 2s2p3d 2s2p 2s2p 1.47
Na 3s2p 3s 3.2
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was used in the study of the closely related ferroelectric p
ovskite KTaO3.

20 In addition, Re 5s and W 5s states have
been explicitly included in the separate semicore panel.
choice of muffin-tin ~MT! radii was based on the spatia
distribution of the self-consistent charge density over the u
cell; this allowed us to attribute charge densities centere
different atoms to their corresponding spheres, leaving o
relatively smooth variations of the charge density over
interstitial region. The only exception is Na, whose sphere
enlarged in order to include some interstitial space aroun
In the binary oxides, empty spheres~of radiusRMT53.2 a.u.!
were added at the dodecahedral sites in order to achieve
ter space filling. The resulting packing parameter~VMT/Vtotal!
was around 58%. The Brillouin-zone integrations were c
ried out by the tetrahedron method using 35 irreduciblek
points ~corresponding to 83838 regular divisions along the
kx , ky , andkz axes, respectively!.

III. RESULTS

A. Structure optimization and electronic structure of ReO3

Before analyzing the electronic properties, we have o
mized the structure of the oxides examined. For the cu
phase this is a straightforward procedure: since the struc
does not contain internal degrees of freedom, the cha
consists in an isotropic compression or expansion of the
cell and corresponds to calculating the total energy as a fu
tion of the lattice parametera. The results are shown in
Table II. The equilibrium lattice constant for ReO3, cubic
WO3, and NaWO3 are 3.71, 3.78, and 3.83 Å, respectivel
For ReO3, the total energy as a function of volume has t
minimum atV/Vexpt50.969. This difference in the evalua
tion of the equilibrium volume is typical for a calculatio
using the local-density approximation. As cubic WO3 has
never been observed experimentally, we compare our res
with Hartree-Fock calculations.21 There is good agreemen
for the equilibrium lattice constants obtained with the tw
techniques. For NaWO3 we compare the equilibrium lattice
constant with the estimate given by the empirical formu
a53.7899 Å10.0601 Å3x @valid for NaxWO3 when
x.0.75 ~Ref. 22!# for x51. Results of the calculations re
ported hereafter make reference to the optimized cubic st
ture of ReO3. For subsequent reference, we definea0 as the
calculated equilibrium lattice constant of ReO3 ~a053.71 Å!.

The calculated band structure for ReO3 is shown in Fig.
2~a! @Fig. 2~b! is for further reference#. Here and in the fol-
lowing figures the zero of energy is chosen to coincide w
the Fermi level of the solid in the case of metallic behav
and the top of the valence band if it is an insulator. T
general features are not greatly different from the ear
tight-binding ~TB! calculation;7 there are, however, appre

. TABLE II. Optimized cubic structures for ReO3, WO3, and
NaWO3. An asterisk denotes the Hartree-Fock~HF! calculation
from Ref. 21.

Oxide FP-LMTO
~Å!

HF*
~Å!

HF1correlation*
~Å!

Expt.
~Å!

ReO3 3.71 3.75
WO3 3.78 3.76 3.72
NaWO3 3.83 3.85
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ciable differences in bandwidths and band gaps. In our c
culation, the widths of the conduction and valence bands
approximately 5 and 8 eV, respectively. These values
greater than the 4 and 6.5 eV obtained in Ref. 7. The oxyg
2s bands are centered at'20 eV below the Fermi level and
have a bandwidth of 2.8 eV. In the TB band structure there
a gap between the conduction and valence bands unlike
calculations, where the top of the valence band at theM
point overlaps the energy range of the conduction band. T
conduction band presents splittings along theG-R andG-M
directions, which are particularly important for the determ
nation of the Fermi surface and that influence the conduc
ity of the solid. To obtain similar splittings in the TB calcu
lation it was necessary to introduce a spin-orbit parame
that was determined by comparison between the theoret
and experimental Fermi-surface areas. This effect arises
our calculation without including spin-orbit coupling.

In Fig. 3 we report the band structure, projected onto t
basis set associated with the atomic MT spheres, along
G-X-M directions. The shaded width is proportional to th
partial change of the specified atom and orbital and allows

FIG. 2. ~a! Band structure of ReO3. ~b! Band structure along the
G-X-M direction for distorted ReO3. In the distorted structure the
Re ion is displaced by 3% of the lattice constanta0 along the@001#
direction.

FIG. 3. Projected band structure of ReO3 indicating the contri-
butions to each band along theG-X-M directions.
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to highlight the contributions from the Re and oxygen orb
als of a particular symmetry to each band. The valence b
is formed mainly by O 2p states, although they are strong
hybridized with Re 5d orbitals. The conduction band has
dominant contribution from the Re 5d(t2g) orbitals, while
the Re 5d(eg) orbitals lie at higher energy. This trend in th
band composition closely resembles that obtained for cu
WO3 in Ref. 21. The same arguments advanced there a
to the case of ReO3 treated here: mixing of oxygen and met
states occurs in both valence and conduction bands, bu
can clearly distinguish a dominant contribution from t
oxygens in the valence band and from the metal in the c
duction band~partly occupied in the case of the metall
ReO3!. Regarding the relative energy ordering of the me
eg andt2g levels, we note that in the conduction band this
as expected for a metal ion in a octahedral field, with thet2g
levels at lower energy. The metal contribution in the valen
band takes into account the hybridization of its states w
the surrounding oxygens. The stabilization arising from t
interaction is proportional to the overlap of the correspon
ing orbitals; this is maximum for theeg orbitals, which point
directly towards the oxygenp states, and the resulting stab
lization is such that theeg levels lie at lower energy than th
t2g in the valence band.

Figure 4 shows the calculated Fermi surfaces on thekz50
andkx5p/a planes. Two out of the three sheets are clos
surfaces centered aboutG, with completely electronlike char
acter. The third is an open surface, with both electronlike a
holelike character, and consists of^100& directed cylinders
intersecting atG. The shape of the three surfaces agrees w
the ones obtained by Mattheiss7 by adjusting the tight-
binding parameters to fit the de Haas–van Alphen data
Marcus.23

B. Relation between electronic structure and lattice stability
of ReO3, WO3, and NaWO3

The electronic band structures for the optimized unit ce
of cubic WO3 and NaWO3 are shown in Figs. 5~a! and 5~b!,
respectively; they are very similar to the results of earl
calculations performed on NaWO3 within the atomic sphere
approximation~LMTO! atomic sphere approximation.24 We
note that the band structures of the three oxides are topo
cally very similar~compare with Fig. 2 for ReO3!. Because
of the different number of valence electrons per unit cell,
conduction band is empty in WO3 and half filled in ReO3 and

FIG. 4. Fermi surface of ReO3 on thekz50 andkx5p/a planes
of the Brillouin zone.
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55 7511FIRST-PRINCIPLES INVESTIGATION OF ReO3 AND . . .
the tungsten bronze. The latter two materials are theref
metallic conductors, while the former is an insulator, i
agreement with the experimental evidence.25 This, together
with the agreement already mentioned with the experime
tally determined Fermi surface for the case of ReO3, reas-
sures that for our case the LDA gives reliable predictions f
the band structures. As in ReO3, in both WO3 and NaWO3
the valence bands have a prevalent contribution from the
2p orbitals and the conduction bands from the metalt2g
orbitals.

The charge density in ReO3 was investigated experimen-
tally by x-ray structural analysis.26 An anisotropic charge
distribution was found around the Re atom, which was a
tributed to thep bond formed by Re 5d(t2g) and O 2p
electrons. This experiment also indicated that the therm
vibrations of the oxygen atoms were remarkably anisotrop
at every temperature: the amplitude of the oxygen vibrati
towards Re is in fact much smaller than in the perpendicu
direction, towards the empty spaces of the perovskiteli
structure. These structural features of the solid are eviden
Fig. 6~a!, where we show the calculated valence charge de
sity of ReO3 in the ~001! plane. The metal and oxygen posi
tions marked in Fig. 6~a! serve as a reference for Figs. 6~b!
and 6~c!.

FIG. 5. Band structure of~a! cubic WO3 and~b! stoichiometric
tungsten bronze NaWO3.
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The electronic charge densities for WO3 and NaWO3 are
very similar to the one shown in Fig. 6~a! for ReO3. To
highlight the differences we have compared the valence d
sity of both metals with that obtained for WO3. Figure 6~b!
reports the difference between ReO3 and WO3 in the ~100!
plane. In both cases we have employed the equilibrium
tice parameter of ReO3 ~a0!. Given the similarity in the band
structures, this procedure can be considered as equivale
integrating the density of the half-filled conduction band
ReO3 ~showing also a minor charge redistribution arisi
from the different potentials of the two crystals!; this map is
therefore showing the distribution of the electron respons
for the metallic conductivity of ReO3. The corresponding
difference density map for NaWO3 is shown in Fig. 6~c!. In
ReO3 the conduction electron is well localized in at2g orbital
on the metal center; this is not the case in the bronze, wh
the electron is delocalized over the whole structure. In b
cases we observed a depopulation of the metaleg orbital.
The plane selected in Fig. 6 does not contain Na ions;
increased density at the corners of Fig. 6~c!, with respect to
Fig. 6~b!, therefore is not directly associated with the N
nuclear region. The Na cations in the bronze increase
polarization of the oxygen ions in the direction perpendicu
to W-O, as can be seen in Fig. 6~c!.

FIG. 6. ~a! Valence charge density of ReO3 and ~b! and ~c!
difference between the self-consistent charge density for the m
and WO3 in the~100! plane:~b! ReO3 and~c! NaWO3. Continuous,
dashed, and dot-dashed lines correspond to positive, negative
zero densities, respectively; the interval between consecu
isodensity lines is 0.0015 a.u.~e/bohr3!.
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In the study of the lattice deformations we are interes
in understanding the different behaviors of the three mat
als and not their absolute properties. For this reason we
not consider completely optimized structures, but used
idealized description in which the oxygen sublattice is fix
in its undistorted cubic position. The lattice parameter c
sen wasa0 in every case. Only ferroelectric displacements
the transition metal along the principal crystallographic
rections have been examined: results are shown in Fig
where the total energy is reported for displacements of
transition metal sublattice along the@001# ~right panel! and
@111# ~left panel! directions. These movements correspond
displace the B ion towards a corner~@001#! or towards a face
~@111#! of its coordination octahedron~see Fig. 1!. For ReO3
and the bronze, the cubic structure remains favored over
displaced ones and the potential wells have an essent
parabolic shape. On the contrary, the cubic structure in W3
is unstable when the transition metal is displaced, in both
@001# and@111# directions; the equilibrium position for W is
along the@111# direction, and a local minimum exists also
the @001#. The energy gained from the displacements is 1
and 8.5 meV, respectively.

One important contribution explaining the different b
havior arises from the one-electron part of the total ener
In Fig. 2~b! we report the band structure of distorted ReO3,
where the Re sublattice is displaced by 3% of the latt
constanta0 along the@001# direction; the same qualitativ
effects occur for the other two materials. Under displacem
of the transition metal, both valence and conduction ba
are distorted; in particular, we observe a stabilization in
valence band and a destabilization of the conduction ba
Two of the six valence bands ranging from22.6 to24.5 eV
are stabilized at a lower energy; on the other hand, the
conduction band in theG-X direction, that lies in the region
of '22 eV is destabilized by'0.9 eV.

FIG. 7. Total energy versus transition-metal displaceme
along the @001# ~right! and @111# ~left! directions for ReO3,
NaWO3, and WO3.
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To illustrate the origin of the above splitting in the ener
levels, we make reference to Fig. 8. It corresponds to
projected band structure of Fig. 3, after the displacemen
the Re ion. In the cubic phase, the two flat bands betw
23 and22 eV that represent the top of the valence band a
the bottom of the conduction band along theG-X direction
correspond to pure O 2p and Red(t2g) states~see Fig. 3!.
The transition-metal displacement causes a hybridization
the two levels, with bonding character in the valence ba
and antibonding in the conduction band. In Fig. 8, in fact,
clearly see that after the displacement of Re, the levels
scribed above have contributions from both O 2p and Re
d(t2g). The atomic orbitals involved havep symmetry along
the Re-O direction; we can therefore ascribe the change
the onset of ap bond between metal and oxygen. In WO3
only the bonding level is filled and the distortion is energe
cally stable, while in the metallic oxides ReO3 and NaWO3
also the antibonding orbital is populated; this second eff
destabilizes the distorted structure of the latter materials
opposes the deformations examined.

A similar hybridization pattern between the transitio
metal and oxygen states was found to be essential to exp
the ferroelectric behavior of ternary perovskites;27,20 a more
detailed study of the effects of charge distortion and co
lence in WO3 is reported in Ref. 21, where the importance
the W-O hybridization for the stability of the tetragon
phase is discussed in detail.

C. Frozen phonon calculation in ReO3

As we have pointed out in Sec. III A, the value calculat
from the total-energy minimum for the equilibrium volum
of cubic ReO3 is '0.97% of the experimental cell volume
Such a discrepancy is known to be typical for calculatio
based on the LDA. Since the curvature of the total-ene
hypersurface may be affected by the error in the cell volu
and LDA calculations generally agree best with experim
when performed at the experimental lattice parameter,

ts

FIG. 8. Projected band structure for distorted ReO3 indicating
the contributions to each band along theG-X-M directions. In the
distorted structure the Re ion is displaced by 3% of the latt
constanta0 along the@001# direction.
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TABLE III. Frequencies and eigenvectors in ReO3.

Symmetry

Eigenvectors

Frequency~cm21!Re O1 O2 O3

a53.71 Å
F1m 20.84 0.54 0.54 0.02 222
F1m 0.16 0.29 0.29 20.94 822
F2m 0 1 21 0 438

a53.75 Å
F1m 20.85 0.52 0.52 0.05 217
F1m 0.14 0.32 0.32 20.94 760
F2m 0 1 21 0 433
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performed our phonon calculation for both the theoreti
~a053.71 Å! and the experimental~a53.75 Å! values of the
lattice constant.

As is known ~see, e.g., Ref. 15!, G phonon vibration
modes in the cubic perovskite structure of ReO3 are split by
symmetry into twoF1m modes and oneF2m mode ~all of
which are triply degenerate!. TheF1m modes are active only
in the infrared, while theF2m mode is inactive in both the
infrared and Raman spectra~silent mode!.

In the cubic cell we have a Re atom at~0,0,0!, an oxygen
atom at ~a/2,0,0! ~O1!, a second oxygen atom at~0,a/2,0!
~O2!, and a third oxygen atom at~0,0,a/2! ~O3!. Since the
modes atG are degenerate with respect to displacement
the x, y, or z direction, it is convenient to select a referen
one sayz, where atoms are displaced by an amountu. Sym-
metry requires thatu~O1!5u~O2! in the F1m modes and
u~O1!52u~O2! in the F2m mode. To provide a good multi
dimensional fit of the total-energy hypersurface in the eva
ation of phonon frequencies, we have performed total-ene
calculations for 22 and 4 different displacement patte
~which include individual atoms as well as mixed displac
ments! for the infraredF1m and silentF2m modes, respec
tively. Atomic displacements were extended up to 3% of
lattice constant. A second-order least-squares fit was app
and the phonon frequencies and eigenvectors were deriv

The frequencies and eigenvectors for both theoretical
experimental cubic structures are shown in Table III. Desp
the differences in the calculated frequencies, the corresp
ing relative displacements of atoms determined for both
tice constants are very close. As can be seen from the ei
vectors, the high-frequencyF1m mode is a Re-O stretchin
mode that involves a displacement of O3 with respect to the
rest of the crystal. The low-frequencyF1m mode and the
silent mode are O-Re-O bending modes. The difference
the calculated frequencies for these two bending modes
be understood examining their respective eigenvectors: w
the silent is a pure oxygen mode, the bendingF1m mode
includes an important contribution from Re displaceme
Due to the large mass of Re, the frequency of the bend
F1m mode is smaller.

The calculated frequencies for the two infrared act
modes are lower than the ones obtained by IR transmis
spectroscopy of ReO3 film,

15 where two peaks were found a
room temperature at 905 and 315 cm21. It is not possible to
ascertain whether such a discrepancy arises from errors
to the LDA or from the fact that the experimental results a
l
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obtained for the thin films and therefore are not a va
model for the bulk system. However, the present calculat
corroborates a very important fact: the existence of a hi
frequency stretching mode~v'800 cm21! in ReO3.

The existence of high-energy phonons in ReO3 is particu-
larly interesting. Allen and Schulz28 analyzed the shape an
magnitude of the electrical resistivity for four inter-metall
compounds. They concluded that ReO3 belongs to the nor-
mal class of conventional band Fermi liquids, with electro
phonon interactions dominating the resistivity, but showin
sharp departure from the Bloch-Gru¨neisen formula that could
be explained if most of the phonons coupling involves hig
frequency vibrations.

IV. SUMMARY

We have presentedab initio calculations of the band
structure and Fermi surface of metallic ReO3. Despite the
differences in the calculated bandwidths and band gaps,
general features of the band structure and Fermi surface
not very different from those obtained in an earlier LCA
calculation, where the tight-binding parameters were
justed to fit the optical and de Haas–van Alphen data.

The differences in structural behavior between WO3 and
the metallic compounds ReO3 and NaWO3 have been studied
by performing total-energy calculations. The energy chan
associated with small deformations from the cubic phase
dicate that ReO3 and the tungsten bronze are stable wh
cubic, while off-center displacements of the metal ion a
stable in WO3. The different behavior is explained by th
strong destabilization of the conduction band that follows
displacement of the transition metal ion. In WO3 the conduc-
tion band is vacant and a stabilization of the valence b
due to the Wd–Op hybridization favors the distorted struc
ture, while in ReO3 and NaWO3 the destabilizing effect due
to the occupation of the conduction band prevails, oppos
the deformations. Finally, a frozen phonon calculation ofG
phonons in ReO3 corroborated the existence of a hig
frequency Re-O stretching mode.
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