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The valence-band electronic structures of high-pressure-phase PdF2-type
(HP-PdF2-type) platinum-group metal dioxides MO2 (M = Ru, Rh, Ir, and Pt)
were studied by synchrotron radiation photoelectron spectroscopy and
first-principles calculations. The obtained photoelectron spectra for
HP-PdF2-type RuO2, RhO2, and IrO2 agree well with the calculated
valence-band densities of states (DOSs) for these compounds, indicating their
metallic properties, whereas the DOS of HP-PdF2-type PtO2 (calculated in the
presence and absence of spin–orbit interactions) predicts that this material
may be metallic or semimetallic, which is inconsistent with the electric
conductivity reported to date and the charging effect observed in current
photoelectron measurements. Compared with the calculated results, the
valence-band spectrum of PtO2 appears to have shifted toward the
high-binding-energy side and reveals a gradual intensity decrease toward the
Fermi energy EF, implying a semiconductor-like electronic structure.
Spin-dependent calculations predict a ferromagnetic ground state with a
magnetization of 0.475 B per formula unit for HP-PdF2-type RhO2.

1. Introduction
Transition metal (TM) compounds have attracted considerable attention owing to their
fascinating electric and magnetic properties, which are due to the competitive itinerant and
localized nature of their strongly correlated TM d electrons.1) The electric and magnetic
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properties of 3d TM compounds are usually specified by the TM d–d coulomb repulsion
energy U, the band width W, and the charge-transfer energy  between the localized d states
and the itinerant band states.2) In addition to these parameters, the relatively large spin–orbit
(SO) interactions in the 4d and 5d TM compounds have been found to form new physical
families, such as Weyl semimetals, topological insulators and superconductors.3-7) In the
oxides of platinum-group metals (Ru, Rh, Pd, Os, Ir, and Pt), i.e., 4d and 5d late TMs, larger
radial extents and SO interactions were expected for the TM 4d and 5d states compared to the
3d states of the 3d TM oxides, while smaller extents were anticipated for the O 2p states than
the other chalcogen np states, leading to their values of U/W comparable with that of the 3d
TM dichalcogenides.8)
High-pressure synthesis can generate materials with new crystalline and electronic
structures, which therefore exhibit novel functions compared to materials created under
normal conditions. Recently, high-pressure-phase PdF2-type (HP-PdF2-type) platinum-group
metal dioxides MO2 (M = Ru, Rh, Os, Ir, and Pt) were successfully synthesized and their
electronic-transport and magnetic properties were systematically investigated.8) These
materials comprise corner-shared MO6 octahedra without (O2)2- dimer units in contrast to
pyrite-type MO2, suggesting a nominal valence of the platinum-group metal of 4+. Most of
the investigated dioxides were found to be paramagnetic metals at room temperature, whereas
PtO2 was found to be a diamagnetic insulator, which can be explained by its M t2g band
filling.8)
Herein, we investigate the valence-band electronic structures of the above-mentioned
dioxides via synchrotron radiation photoelectron spectroscopy and first-principles calculations
to understand their magnetic and electric properties.
2. Experimental and Calculating Details
Soft and hard X-ray photoelectron spectroscopy (XPS) measurements were performed at
the BL25SU and BL47XU beamlines, respectively, of an 8-GeV electron storage ring,
SPring-8. At BL25SU, the synchrotron light from a twin-helical undulator was
monochromated to a photon energy h of 900 eV with a varied space grating monochromator
and focused to a size of approximately 50 m on the specimen. The photoelectrons were
analyzed using a hemispherical energy analyzer (Scienta Omicron SES200) with a total
energy resolution E of 0.13 eV.9,10) At BL47XU, the synchrotron light from an in-vacuum
undulator was monochromated with an Si(111) double-crystal monochromator and
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channel-cut Si(333) crystal to h = 7940 eV, and focused to a size of approximately 2 m in
diameter with a Karkpatrick-Baez mirror system. The photoelectrons were analyzed using a
hemispherical analyzer (VG SIENTA R4000) with E of ~ 0.4 eV.11) Calibration of h and
estimation of E were accomplished by measuring the Fermi edge of reference evaporated Au
films. The origin of the binding energy EB was set at the Fermi level EF of the reference Au
electrically connected to the specimens.
Polycrystalline specimens of HP-PdF2-type MO2 were synthesized using a Kawai-type
multianvil apparatus under high pressure (17 GPa) and high temperature (1073 - 1273 K). The
detailed sample preparation is described in the literature.8) The specimens were attached to a
sample holder using carbon adhesive tapes, and the photoelectron measurements were
performed on the as-received specimens without the usual surface-cleaning procedure for hard
X-ray photoelectron experiments. There were traces of C 1s signals around EB = 285 eV for
all the investigated specimens, Cl 2s signal around 270 eV for PtO2, Si 2s signal around 154
eV for RhO2, and an unknown peak, as shown in Fig. 1. The C 1s signals may arise mainly
from surface contamination. In the case of RhO2, the observation of an Si 2s signal and the
chemically shifted components of the O 1s level in addition to the C 1s signals may be
ascribed to the carbon adhesive tape, which could have been accidentally exposed to the
excitation X-rays in the glancing incidence geometry at BL47XU. The angle between the
input lens axis and the sample surface normal was set to 1° in the current measurement.12)
Compared to RhO2, more intense O 1s peak was apparently observed for RuO2, but the
integrated intensity of the O 1s spectrum of RhO2, relative to the respective TM 3p3/2
integrated intensity, is 40% higher than that of RuO2. This may be partly caused by the
above-mentioned chemically shifted components and the surface oxidation component RuO3,
which was suggested by the Ru 3d spectrum of the current RuO2 specimen.13) The Cl 2s signal
may be attributed to the residues in the sample preparation process.8) However, there were no
large components other than the dioxides in the core levels of the constituent platinum-group
metal. Thus, the valence-band spectra of the platinum-group metal dioxides were not
significantly affected by the surface contamination, particularly in the case of hard XPS,14) as
shown later. Since the charging effect was observed for insulating PtO2, its C 1s line was
aligned to those of metallic RhO2 and IrO2 in order to tentatively correct the binding energy
for PtO2 (see Figs.1, 5, and 6).
The first-principles calculations within the density functional theory (DFT) scheme were
performed using a full-potential linearized augmented plane wave (FLAPW) method in a
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generalized gradient approximation (GGA–PBE) with the WIEN2k code15,16) for the
nonmagnetic states of all the investigated HP-PdF2-type MO2 compounds with their
experimental lattice parameters.8) The muffin-tin (MT) radii RMT were taken as 1.98 a.u. for
Ru and Rh, 1.99 a.u. for Ir, 2.00 for Pt, 1.75 for O in RuO2 and RhO2, and 1.77 for O in IrO2
and PtO2. We employed 1000 k points in the Brillouin zone for a self-consistent field cycle, a
cutoff energy of approximately 200 eV, and the following parameters: RMTKmax = 7, lmax = 7,
and Gmax = 12. First-principles calculations were also performed for ferromagnetic RhO2 and
IrO2, along with SO interactions for PtO2.
3.

Results and Discussion
Typical valence-band photoelectron spectra for the HP-PdF2-type metallic oxides RuO2,

RhO2, and IrO2 are shown in Figs. 2, 3 and 4, respectively, in comparison with their calculated
densities of states (DOSs) for nonmagnetic states. The excitation photon energies are
indicated in the figures. The measured valence-band spectra and calculated DOSs for Ru and
Ir are also shown for comparison. The valence-band spectra of MO2 show clear Fermi edges
as the starting metals. The prominent peaks observed from EF to EB = 2 eV are attributed to
the platinum-group metal d states, while the O 2p states mainly extends from EB = 2 eV to EB
= 8 and 9 eV for the 4d and 5d TM dioxides, respectively (see the details below for RuO2).
Here, it should be noted that the experimental photoionization cross sections of the TM 4d
states of RuO2 and RhO2 seem to be more reduced than that of the O 2p states as the
excitation photon energy increases, which is inconsistent with the calculated cross sections.17)
For IrO2, the photon-energy dependence of the Ir 5d and O 2p cross sections is in qualitative
agreement with the calculated results. Although the above discrepancy has not yet been
resolved, both the hard and soft XPS spectra mainly reflect the energy distribution of the TM
d states. As observed in Fig. 2, the current DFT–GGA calculation agrees quite well with the
metallic electronic band structure of HP-PdF2-type RuO2 and with that of the starting metals.
Both the experimental and calculated results are consistent with the reported electric
properties.8)
The theoretical and experimental valence-band electronic structures of HP-PdF2-type MO2
resemble those of rutile-type dioxides,18-24) where the nominal metal valence is also
considered to be 4+. The cubic HP-PdF2-type dioxide comprises a corner-shared MO6
octahedron with equal M-O distances, while the tetragonal rutile-type dioxide is characterized
by an edge- and corner-shared MO6 octahedron with short and long M–O distances. In
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HP-PdF2-type RuO2, for example, the peak structure around EB = 7 eV is attributed to the O
2p states bonding with Ru 3d eg states, while the Ru 3d t2g–O 2p bonding states are located at
EB = 2 - 6.5 eV. The bands between EB = −2 and EB = −5 eV are ascribed to the O 2p–Ru 3d
eg* antibonding states, and EF crosses the O 2p–Ru 3d t2g* antibonding bands at EB = −1 − +2
eV. However, as shown in Fig. 2, the TM d t2g–O 2p bands of HP-PdF2-type MO2 are not as
well separated from the main TM d t2g* band as those of rutile-type MO2, while the eg
bonding peaks are located at nearly the same EB positions as the rutile-type MO2 peaks. The
short M–O distance in rutile-type MO2 may increase the band width of TM d–O 2p by ~1 eV,
whereas the long M–O distance may narrow the TM d t2g–O 2p bands. Accordingly, the
bonding t2g bands, experimentally observed at 4.7 and 5.7 eV for rutile-type RuO2 and IrO2,
respectively,18-20) disappear and are found to flatten out in HP-PdF2-type MO2, as observed in
this study.
There is a peak at EF in the calculated DOS of HP-PdF2-type RhO2 and IrO2. According to
the Stoner criterion,25) this peak feature may suggest a magnetic ordering. In fact, the
spin-dependent calculation predicts a ferromagnetic ground state with a magnetization of
0.475 B per formula unit, and an exchange splitting of 0.3 eV for RhO2, and almost no
magnetization (0.005 B per formula unit) for IrO2. The calculated magnetic properties are
qualitatively consistent with the reported magnetic susceptibility measurements,8) where RhO2
shows a Curie–Weiss temperature dependence at low temperatures, whereas IrO2 reveals
temperature-independent Pauli paramagnetism. For RhO2, the currently calculated
magnetization of 0.475 B per formula unit is larger than—but still comparable with—the
experimental effective magnetic moment meff of 0.17 B per formula unit, which is estimated
from the Curie–Weiss constant CCW of 105 mJ K mol-1 T-2 reported for RhO28) and the
relation meff  3k BCCW N A .26) Here, kB and NA are the Boltzmann and Avogadro constants,
respectively. Recent first-principles calculations also predicted a weak ferromagnetism for
rutile-type IrO2.24) However, a peak feature is experimentally observed in the valence band for
IrO2 but not for RhO2. This is apparently inconsistent with the above-mentioned magnetic
properties but may be explained as follows. Because of the small exchange splitting, the total
DOS of ferromagnetic RhO2 shown in Fig. 3 is not considerably different from the
nonmagnetic (or paramagnetic) total DOS; however, a small broadening or splitting may
cause a reduction and smearing of the peak at EF in the experimental spectra. The differences
observed between RhO2 and IrO2 may arise from the differences in radial extents between the
4d and 5d states and hence in the interaction between the M d and O 2p states as the M–O
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distances of both oxides are nearly the same [i.e., 0.19857(1) and 0.19993(1) nm for RhO2
and IrO2, respectively].8) Indeed, the calculated and experimental valence-band widths of 9 eV
for IrO2 and PtO2 are larger than those of approximately 8 eV for RuO2 and RhO2. Increasing
the itinerant character induced by the M d–O 2p interaction might reduce the ferromagnetic
interactions.
In Fig. 5, a typical valence-band spectrum for HP-PdF2-type PtO2 is compared with the
DOSs calculated with and without SO interactions. Figure 6 also presents a close comparison
between a valence-band photoelectron spectrum of HP-PdF2-type PtO2 and its calculated
DOSs near the Fermi level. Although there is some ambiguity in the binding energy, there is a
gradual decrease toward EF, as observed in Figs. 5 and 6. This suggests that PtO2 might be a
p-type semiconductor, when the reported insulating properties8) and observed charging effects
are considered. The first-principles calculations performed both with and without SO
interactions predict a metallic or semimetallic electronic band structure for PtO2. The DOS
shifted by approximately 1 eV toward higher binding energies exhibits better agreement with
the experimental spectrum for PtO2, and the inclusion of the SO interactions leads to the
appearance of a shoulder structure at EF, as observed in Fig. 6. The discrepancy between the
observed insulating properties and the current theoretical predictions may arise from the
well-known underestimation of the band gap in DFT–GGA calculations. The DOS of IrO2
shows a clear band gap close to EB = –1 eV between the lowest conduction band and the
second unoccupied band, and the increment in the valence electrons from Ir to Pt will just
fully occupy the unoccupied part of the first conduction band. Using other approximations for
the exchange-correlation energy and potential27) would resolve the discrepancy and explain
the spectral features around EF. The core-level spectral profiles also suggest insulating
properties for HP-PdF2-type PtO2. As reported in the previous research,13) asymmetric profiles
due to multiple electron-hole excitations in the metallic conduction/valence band28) are
observed, for example, for Ir 4f core levels of metallic IrO2,19,20) while the Pt 4f lines of PtO2
show symmetric profiles, indicating that HP-PdF2-type PtO2 is an insulator.
The current results of valence-band electronic structures agree with the t2g band-filling
model with a nominal metal valence of 4+, which was proposed for explaining the electric
and magnetic properties of HP-PdF2-type MO2.8) As for the metal valence, both the calculated
valence electron counts within a metal MT sphere and the observed core-level chemical shift
may provide a measure of the valence. The Ru, Rh, Ir, and Pt valences estimated from the
electron counts are 3.2+, 3.1+, 3.7+, and 3.5+, respectively, for HP-PdF2-type MO2. We also
6

found similarly estimated Ru and Ir valences of 3.3+ and 3.9+, respectively, for rutile-type
RuO2 and IrO2. The systematic differences between the 4d and 5d TM elements may be
caused by the radial extents of the relevant valence d states. Thus, the calculated metal
valence partly supports the t2g band-filling model. On the contrary, the observed chemical
shifts of the Ru 3d, Rh 3d, Ir 4f, and Pt 4f core levels in HP-PdF2-type MO2 are +0.54, (+1.4),
+0.82, and +3.06 eV, respectively.13) Here, the parentheses for the Rh 3d level indicate that the
chemical shift is estimated from the currently observed Rh 3d5/2 core-level binding energy of
HP-PdF2-type RhO2 (308.6 eV) and that of metallic Rh (307.2 eV) reported in the literature.29)
The observed values for the chemical shifts are slightly smaller than—but comparable
with—the values of +0.7, +1.7, +0.9, and +3.2 eV (errors of ±0.2 eV) estimated from
core-level binding energies reported for rutile-type RuO2,30,31) Rh2O3,32) rutile-type IrO2,18,19)
and -PtO2,33,34) respectively. Assuming a linear relation30) between the chemical shift and the
nominal valences of 4+ for MO2 and 3+ for Rh2O3 would yield the metal valences of 3+
(±0.8), 2.5+ (±0.3), 3.6+ (±0.8), and 3.8+ (±0.2) for HP-PdF2-type RuO2, RhO2, IrO2, and
PtO2, respectively. Although it is difficult to adapt the nominal valence, which may be valid
for ionic compounds, to metallic compounds, the observed core-level chemical shifts and
calculated electron counts within the MT spheres of platinum-group metals are found to be
qualitatively consistent with their nominal valence of 4+, as predicted from the crystal
structure.
4.

Conclusions
Herein, we clarified the valence-band electronic structures of HP-PdF2-type platinum-group

metal dioxides via synchrotron radiation photoelectron spectroscopy and first-principles
DFT–GGA calculations to understand their magnetic and electric properties. Except for
insulating PtO2, all the studied dioxides were found to be metallic and showed a good
agreement between the observed and calculated valence-band electronic structures. For PtO2,
we obtained (semi)metallic band structures in the DFT–GGA calculations, but observed
semiconductor-like valence-band photoelectron spectra, consistent with the electric resistivity
measurements reported to date.
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Fig. 1.

Wide X-ray photoelectron spectra of high-pressure-phase PdF2-type (HP-PdF2-type)

RuO2, RhO2, IrO2, and PtO2. The assignments of the observed peaks are given in the figure;
VB and “?” represent the valence-band peak and an unknown peak, respectively.

Fig. 2.

Valence-band photoelectron spectra of HP-PdF2-type RuO2 and Ru and their

calculated densities of states (DOSs). The excitation photon energy h is indicated in the
figure. The DOSs of rutile-type RuO2 are also presented for comparison.
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Fig. 3. Valence-band photoelectron spectra of HP-PdF2-type RhO2 and its calculated DOSs.
The excitation photon energy h is indicated in the figure. The calculated results are presented
for the ferromagnetic and nonmagnetic (or paramagnetic) states.

Fig. 4.

Valence-band photoelectron spectrum of HP-PdF2-type IrO2 and Ir and their

calculated DOSs.

The excitation photon energy h is indicated in the figure.
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Fig. 5.

Valence-band photoelectron spectrum of HP-PdF2-type PtO2 and its DOSs calculated

with and without spin–orbit (SO) interactions. For comparison, the data for Pt are shown in
the top panel. The excitation photon energy h is 7940 eV.

Fig. 6.

Detailed comparison between a valence-band photoelectron spectrum of

HP-PdF2-type PtO2 and its calculated DOSs near the Fermi level with and without SO
interactions.
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