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Electronic structure of the metallic oxide ReO3
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We have investigated the electronic structure of the metallic oxide ReO3 using bulk-sensitive angle-resolved
soft-x-ray and angle-integrated hard-x-ray photoelectron spectroscopy. We observed clear dispersions of the
Re 5d- and O 2p-derived bands as well as the momentum splitting of the Fermi surface due to the Re 5d spin-orbit
interaction. We found that density-functional-based band structure methods can provide an accurate description
of the observed electronic states. To achieve the accuracy it was necessary to utilize hybrid functionals for the
calculations.
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I. INTRODUCTION

Transition-metal oxides display a remarkably wide range
of fascinating physical phenomena. These include metal-
insulator and spin-state transitions, colossal magnetoresis-
tance, superconductivity, and multiferroicity [1–4]. The oxide
ReO3 is in this respect quite atypical: it is nonmagnetic [5], de-
spite its d shell being partially filled, and it is highly metallic.
In fact, it has the highest conductivity of all oxides, com-
parable with that of copper or silver [6–9]. The temperature
dependence of the resistivity is remarkably strong and signals
the important role of optical lattice vibrations [9,10].

ReO3 crystallizes in a structure composed of a three-
dimensional, regular network of corner-sharing ReO6 octahe-
dra. Its undistorted cubic crystal structure with space group
Pm3m is closely related to the ABO3 perovskite structure but
with the A-site remaining unoccupied, see Fig. 1(a). Due to
this, the oxygen ions have a large amount of freedom lateral
to their bonding axis, which manifests in an enhanced thermal
displacement parameter and negative thermal expansion be-
tween T = 2 K and 200 K [11–15]. ReO3 undergoes multiple
structural transitions at high pressures [16,17]. The material
also readily absorbs hydrogen due to the vacant body-centered
lattice site and finds application as a hydrogenation catalyst in
the chemical industry [18,19].

The electronic states of ReO3 were studied theoretically al-
ready early on using band structure calculations [20–25]. The
results were compared favorably with findings from experi-
ments using optical spectroscopy [26,27], de Haas van Alphen
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effect [28,29], and x-ray spectroscopies [30–34]. ReO3 was
also compared to other oxides of the 3d series having the same
nominal d1 configuration, and one can safely argue that ReO3

is not a strongly correlated system [35–37]. One may infer that
this is closely related to the rather extended nature of the Re
5d wave functions.

Despite the massive progress in electronic structure cal-
culations and experimental methods in the last decades, it is
somewhat surprising that to our knowledge there are no stud-
ies on the electronic structure of ReO3 using angle-resolved
photoelectron spectroscopy (ARPES). The observation of
dispersive bands will provide details not accessible from
wave-vector (k) integrated measurements. For example, infor-
mation about the influence of the 5d spin-orbit interaction on
the Fermi surface can be gathered. Also the presence of pos-
sible self-interaction effects can be unveiled and quantified.

It is with the above-mentioned considerations that we have
performed ARPES. Since ReO3 is three-dimensional, we have
used soft x rays in order to cover a wide range of k values
in all three directions. It turned out that the probing depth
of the photoemission experiment also needs to be maximized
as to obtain spectra that are representative for the bulk ma-
terial. To this end, the use of soft x rays for the ARPES
and angle-integrated photoelectron spectroscopy (SXPES) is
necessary. In addition, hard-x-ray photoelectron spectroscopy
(HAXPES) for angle-integrated spectra was applied to verify
the integrity of the spectra taken with soft x rays. On the the-
oretical side, we need to make use of hybrid functionals in the
band structure calculations in order to accurately reproduce
the experimental spectra, demonstrating that self-interaction
effects should not be neglected.

II. METHODS

Single crystals of ReO3 were grown by chemical vapor
transport at the MPI CPfS Dresden and oriented using Laue
diffraction. Soft x-ray ARPES and SXPES experiments were
performed at the NSRRC-MPI TPS 45A Submicron Soft
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(a) (b)

FIG. 1. (a) Crystal structure of ReO3. The Re sites (gray, large)
are at the corners of the cubic unit cell and are octahedrally coor-
dinated by six neighboring oxygens (red, small). The oxygens in
turn are located on the edges of the unit cell and are thus linearly
coordinated. This corresponds to the undistorted perovskite structure
with a missing body-centered site. (b) Brillouin zone of ReO3 with
high-symmetry points � (star), X (circle), M (square), and R (trian-
gle). Blue (green) shaded surface indicates k space of states (at EF)
reachable by 665 eV (584 eV) photons. Blue and green lines indicate
the trajectories of the ARPES spectra shown in this study.

X-ray Spectroscopy beamline [38] at the Taiwan Photon
Source in Taiwan. The end station is equipped with an MB
Scientific A-1 photoelectron analyzer. The overall energy res-
olution was set at ≈100 meV. The samples were cleaved in
situ under ultrahigh vacuum conditions with a pressure better
than 2.0 × 10−10 mbar. Figure 2(a) shows the (100) surface
of a sample after cleaving, and Fig. 2(b) the corresponding
low-energy electron diffraction (LEED) pattern. The spectra
were collected with the sample temperature kept at 40 K.

HAXPES measurements were carried out at the MPI-
NSRRC HAXPES end station [39] of the Taiwan undulator
beamline BL12XU of SPring-8 in Japan. The photon energy
was set to hν = 6.7 keV and the overall energy resolution was
≈270 meV. The end station is equipped with two MB Sci-
entific A-1 HE photoelectron analyzers. The photoelectrons
were collected in the direction parallel to the electrical field
vector of the photon beam with the sample temperature set
at 80 K.

The electronic structure calculations were performed using
WIEN2K, an augmented plane wave plus local orbitals program
[40,41]. Two kinds of parametrization of the exchange-
correlation potential were employed: the Perdew, Burke,
and Ernzerhof (PBE) parametrization within the generalized
gradient approximation (GGA) [42] and a screened hybrid
functional for all the electrons [43–47]. The screened hy-
brid functional Ehybrid

xc was constructed such that a part α

of the semilocal PBE-GGA exchange EGGA
x was replaced

by the short-range part of the Hartree-Fock exchange EHF
x

according to

Ehybrid
xc = αEHF

x + (1 − α)EGGA
x + EGGA

c ,

where EGGA
c is the correlation energy. For insulators and semi-

conductors, one may obtain readily accurate results by taking
the inverse of the dielectric constant as an estimate for the α

value [46], but for metals the situation is more complex [47].
Here we varied α from 0 to 0.3, and the best fit was found
for α = 0.15 as will be shown below. The Brillouin zone

(a) (b)

FIG. 2. (a) Photograph of cleaved (100) sample surface. The
dashed line indicates the flat area used for the ARPES measurements.
(b) Photograph of LEED pattern taken at room temperature of the
sample surface after the ARPES measurement (total acceptance an-
gle 102°).

was sampled by a well-converged regular k-point mesh with
dimensions 16 × 16 × 16 in the full zone. The Hartree-Fock
exchange was calculated on an 8 × 8 × 8 k-point submesh.
All calculations were performed including relativistic spin-
orbit coupling unless otherwise indicated.

III. RESULTS: HAXPES/SXPES AND DOS

Figure 3 displays the calculated valence-band density of
states (DOS) together with the experimental valence-band
photoemission spectra. The GGA results in panel (a) re-
produce the general features obtained in earlier calculations
[20–25]: the Re 5d and the O 2p states contribute to the DOS
in the energy range from −9 to −3.7 eV and from −1.5 eV
and up. The DOS in the region between −3.7 and −1.5 eV
consists mainly of the O 2p states. The calculation also shows
that the states closest to the Fermi level are made of Re 5d t2g

and O 2pπ states, while states at the bottom of the valence
band consist of Re 5d eg and O 2pσ .

The valence band as measured by HAXPES, see panel
(b), follows the calculated DOS quite well: the energies of
the experimental peaks at −9 eV, −6 eV, and −3.5 eV are
close to the calculated ones, and the presence of a clear
Fermi cutoff in the experiment is fully consistent with ReO3

being a good metal. One aspect to notice is that the in-
tensity of the peak at −3.5 eV in the HAXPES is much
lower than that of the −2.9 eV peak in the calculation.
Looking at the photoionization cross-section tables [48–50],
we find that for hν = 6.5 keV the Re 5d shell has more
than two orders of magnitude larger cross section than the
O 2p, meaning that the HAXPES experiment is essentially
measuring mainly the Re 5d partial DOS. To illustrate this
aspect in a more quantitative manner, we have calculated the
so-called cross-section weighted DOS, which consists of the
sum of each partial DOS from Fig. 3(d) multiplied by the
corresponding photoionization cross section, thereby taking
into account also the specific geometry of the HAXPES ex-
periment [51,52] and by the Fermi function. The result as
displayed by the dashed line in panel (b) thus indeed confirms
that the DOS between –3.7 and –1.5 eV has an almost pure
O 2p character.
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FIG. 3. Calculated density of states (DOS) and measured
valence-band photoemission spectra. (a) Total and orbital projected
DOS from the GGA calculation. (b) HAXPES spectrum (hν = 6.7
keV) and cross-section weighted DOS. (c) SXPES spectrum (hν =
665 eV) and cross-section weighted DOS. (d) Total and orbital pro-
jected DOS from the GGA calculation using a hybrid functional with
α = 0.15. Dashed vertical line serves as a visual aid to highlight the
shift in the O 2p partial DOS due to the parameter α.

Panel (c) of Fig. 3 shows the valence band measured us-
ing SXPES. The line shape is very similar to that of the
HAXPES spectrum. The only significant difference is that
the intensity of the –3.5 eV peak is much larger in the SX-
PES. This can be attributed to the fact that at hν = 665 eV
the photoionization cross section of the O 2p is not small
compared to that of Re 5d [48,49]. We have also calcu-
lated the cross-section weighted DOS for this photon energy,
see the dashed line in panel (c). This result therefore pro-
vides another confirmation for the mainly O 2p nature for
the states located between −3.7 and −1.5 eV. With HAX-
PES being a bulk sensitivity photoemission technique due to
the high kinetic energy of the outgoing photoelectrons [53],
the consistency between the SXPES and HAXPES spectra
also implies that the use of soft x rays for valence-band
photoemission provides sufficient probing depth as to ob-
tain spectra that are representative for the bulk material.
This is not an unimportant aspect, since for this particular
case of ReO3 we noticed that if the kinetic energy of the
photoelectrons is too low, e.g. below 150 eV, the spectra
become distorted, see Appendix. This is presumably due to
the presence of disorder or reconstructions at the sample sur-
face, which in turn are likely related to the polar nature of
the ReO3 (100) surface termination [54–59]. We therefore use
soft x rays for our ARPES to ensure that the spectra provide
information about the bulk electronic structure.

One striking difference between the calculated DOS shown
in panel (a) and the experimental spectra in panels (b) and (c)
of Fig. 3 is the positioning of the band which has an almost
pure O 2p character. The calculations place it between −3.7
and −1.5 eV with a peak at −2.9 eV, while the experiment
reveals the peak at −3.4 eV. There is thus a discrepancy of
about 0.5 eV. Similar misalignment of the O 2p between
calculation and experiment has also been observed in, for
example, Cu2O [60,61], Ag2O [62], and NbO [63], and can be
taken as an indication for spurious self-interaction effects not
sufficiently accounted for in conventional density-functional
theory. To account for this, additional calculations were per-
formed with a hybrid functional, where an admixture of the
exact Hartree-Fock exchange to conventional density func-
tional theory (DFT) functionals is incorporated [43–47]. We
varied the mixing parameter α from 0 to 0.30 and found that
α = 0.15 provides the best match between the calculation and
the experiment. The resulting total DOS and partial Re 5d
and O 2p DOS are plotted in panel (d) of Fig. 3. The experi-
mental peak at –3.4 eV is now reproduced by the calculation.
For ReO3, admixture of the Hartree-Fock exchange has the
effect of rigidly shifting the primarily O 2p derived bands
to higher binding energy, while the Re 5d bands around the
Fermi level remain largely unaffected. The hybrid-functional
approach thus provides a highly accurate description of the
valence-band spectrum, with perhaps still some deviations
for the bottom part of the valence band where a smaller α

appears to be a better choice. With the Re 5d states close to
the Fermi level being of t2g origin and those at the bottom of
the valence band of eg type, we probably see here yet another
example for the need to consider the orbital dependence of the
exchange-correlation functional [47].

IV. RESULTS: ARPES, BANDS, AND FERMI SURFACE

The ARPES measurements were performed on the (100)
surface. To determine the inner potential V0, a series of spectra
were acquired at normal emission with systematic variation
of the photon energy. A value V0 ≈ 4 eV was determined
for the inner potential relative to the Fermi level of ReO3.
Figure 4 shows the ARPES results. The spectra in panels
(a) and (b) were taken with hν = 665 eV photons and those
in panels (c) and (d) with 584 eV. Measurements shown in
panels (a) and (c) were performed at emission angles close to
the surface normal while those in panels (b) and (d) at larger
emission angles. The trajectory of each spectrum within the
Brillouin zone is also indicated in Fig. 1(b). In comparing the
dispersive features in Figs. 4(b) and 4(c), we can observe that
they are identical despite the spectra having been acquired
at very different photon energies and different emission an-
gles. This demonstrates the equivalence of the trajectories and
consequently gives us confidence that our V0 determination
is accurate. In collecting and plotting the spectra, the non-
negligible transferred photon momentum carried by the soft
x rays was taken into account.

The experimental ARPES results in Fig. 4 are overlaid
with the bands of the GGA-hybrid calculations. The orbital
characters are also indicated. We can observe that in all panels
(a)–(d) there is excellent agreement between the bands from
the experiment and those from theory. We now have a highly
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(a) (b) (c) (d)

FIG. 4. ARPES spectra for different high-symmetry cuts of the Brillouin zone compared to the GGA-hybrid calculations. The photon
energy in (a) and (b) is hν = 665 eV, and in (c) and (d) hν = 584 eV. The trajectories in the Brillouin zone of the spectra are also indicated in
Fig. 1(b). Note: The intensity of the spectrum below −1.8 eV in (a) has been multiplied by a factor of 3 to enhance the visibility of the lower
bands. The thickness of the colors indicates the relative magnitude of projected orbital characters.

detailed look at the electronic states and we can infer that use
of the hybrid functional with α = 0.15, as determined from
the angle-integrated spectra, provides very accurate results.

An important detail which should be noticed is that in panel
(a) of Fig. 4 the bands closest to the Fermi level are split.
These are Re 5d t2g derived states, and they are split by the
spin-orbit interaction for k going from � to X [20]. The en-
ergy splitting at � is approximately 450 meV. Band structure
calculations that do not include the spin-orbit interaction do
not show such a splitting [20,24,25].

From the ARPES data we can also obtain information
about the Fermi surface. Figure 5 plots the Fermi-level inten-
sities of spectra having k wave vectors in the �-X-M plane.
The data were obtained with hν = 664.8 eV. Three sheets are

FIG. 5. Fermi surface cut in the �-X-M plane. The experimental
data were taken with hν = 664.8 eV, and the band structure results
are from the GGA-hybrid calculations. Brillouin zone boundary is
marked with the dashed line.

visible: the α and β sheets centered around the � point, and
the γ sheet centered around the M point. We have also made
an overlay with the Fermi surface from our band structure
calculations using the GGA-hybrid functional. The match be-
tween theory and experiment is excellent.

Our next step is to investigate how the Fermi surface of
ReO3 depends on corrections for self-interaction effects and
on the Re 5d spin-orbit interaction. To this end we compare
the Fermi surface calculated with the GGA-hybrid functional
with that of the standard GGA and that of the GGA without
the spin-orbit interaction. The results are displayed in Fig. 6.
We can observe that the Fermi surface of the GGA hybrid is
practically identical with that of the GGA, see panels (a) and
(b). This is perhaps somewhat surprising since the states that
form the Fermi surface are made of the hybridized Re 5d t2g

and the O 2pπ , see Fig. 3 panel (a), and one may then expect
that modifying the energy of the O 2pπ when using the hybrid
functional, see Fig. 3 panel (d), will modify the states near the
Fermi level. Apparently, these changes are minor and can be

FIG. 6. Theoretical Fermi surface cut in the �-X-M plane, cal-
culated using (a) GGA hybrid, (b) GGA, and (c) GGA without
spin-orbit interaction.
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taken as an indication that the Fermi surfaces are in essence
determined by the Re 5d t2g.

Panels (b) and (c) of Fig. 6 compare the Fermi surface with
and without spin-orbit coupling. The differences are quite
dramatic. The α and β sheets are separated when spin-orbit
interaction is present, in the �-X direction there is a momen-
tum splitting of approximately 0.05 Å−1 (6% �X). In contrast,
without spin-orbit interaction, these two sheets are degenerate
in the �-X direction and are close to each other over large
portions of the Brillouin zone. This demonstrates that the
spin-orbit coupling is essential to explain the experimentally
observed Fermi surface, see Fig. 5.

V. SUMMARY

We have performed angle-integrated and angle-resolved
photoelectron spectroscopy measurements on ReO3. The data
can be accurately explained by band structure calculations,
provided that self-interaction effects are also taken into ac-
count. This affects mostly the position of the O 2p bands
relative to that of the Re 5d . Signatures of the Re 5d spin-orbit
interaction can be clearly observed in the dispersions of the
bands as well as in the Fermi surface, which consists of the
well-resolved α, β, and γ sheets.
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APPENDIX

Figure 7 displays the O 1s spectrum of ReO3 taken with
different photon energies. The HAXPES spectrum at the bot-
tom of the figure shows essentially a single sharp peak at about
529 eV binding energy. The SXPES spectrum, on the other
hand, reveals the presence of another peak (or set of peaks) at
around 530 eV. The weight of this extra peak (or set of peaks)
increases with lower photon energies.

FIG. 7. O 1s core-level photoemission spectra of ReO3 measured
using, from bottom to top, HAXPES with hν = 6.7 keV photons as
well as SXPES with hν = 1000 eV and 660 eV photons.

To understand the photon energy dependence of the spec-
tra, we recall that the inelastic mean free path of the outgoing
photoelectrons is a function of their kinetic energy: it is of
the order of 5–10 Å for 20–50 eV and increases to about
70–100 Å for 6–10 keV [53], depending on the material
composition. The kinetic energy of the O 1s photoelectrons
in Fig. 7 is close to 6 keV in the HAXPES measurement
(bottom curve), 470 eV in the SXPES with hν = 1000 eV
(middle curve), and 130 eV in the SXPES with hν = 660 eV
(top curve). The HAXPES spectrum thus probes more of the
bulk electronic structure, while the SXPES is more sensitive
to the surface region of the sample.

From this we can infer that the single-peak structure of
the O 1s in the HAXPES spectrum is representative of the
bulk material, while the multipeak structure of the O 1s in
the SXPES indicates the presence of O species at the surface
having electronic states that are different from those in the
bulk. We can also infer from these experiments that we will
need a kinetic energy of about 500 eV or higher in order to
obtain a clear bulk signal from ReO3. This in turn implies that
we need 500 eV or higher photon energies for the measure-
ment of the valence band, both in the angle-integrated and the
angle-resolved photoelectron spectroscopy experiments.
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