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Spin-orbit sensitive hard x-ray probe of the occupied and unoccupied 5d density of states
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We discuss a truly bulk sensitive, j-selective probe of the valence and conduction bands of the 5d transition
metal systems. The electronic structure of Re and W oxides, with formal occupation of d-states ranging from 5d°
to 5d3, was investigated by means of resonant x-ray emission spectroscopy (RXES) across the L and L, edges
of Re (~10.5 and ~12 keV, respectively) and W (~10 and ~11.5 keV, respectively). We present a systematic
theoretical analysis of the RXES spectra within a density functional theory band structure approach. Excellent
agreement between experiment and theory is achieved, demonstrating that the theory accounts for the most
relevant interactions within the experimental energy bandwidth (~2-3 eV). Differences between the L; and the
L, edges can be reproduced by considering spin-orbit interaction. The possible applications and limitations of

our approach are discussed.
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I. INTRODUCTION

The role of spin-orbit interactions (SOIs) in condensed
matter systems is drawing attention,'® and there are intense
research efforts to elucidate the physics of novel materials
with 5d electrons. SOI is especially important for 5d elements
because it increases proportionally with Z*. It is crucial for
understanding phenomena such as Mott transitions'™ and
colossal magnetoresistance’ in 5d element—based compounds.
It is often desirable to study valence and conduction bands of
these systems using an element-selective and bulk sensitive
probe that allows studies in extreme conditions (e.g., high
pressure and high temperature). For this, it is necessary to
photoexcite the system at the 2p3,, or 2p;, core level (L3 or
L, absorption edge) that lies above 10 keV and thus is in the
hard x-ray range.

The x-ray absorption near edge structure (XANES) and
x-ray emission spectroscopy (XES) are sensitive to the
unoccupied and occupied partial density of states (DOS) near
the Fermi level, respectively. Both techniques are combined
in resonant x-ray emission spectroscopy (RXES) (or direct
resonant inelastic x-ray scattering, or RIXS) that is a photon-
in—photon-out process. In RXES, both the incoming and the
outgoing x-rays are monochromatized with an energy band-
width on the order of the core hole lifetime broadening.®* In
the present study, we apply core-to-valence RXES, where the
emitted photon has an energy that corresponds to transitions
from the valence band to a core state that was created by
the incoming photon. XANES spectra are broadened by the
lifetime of the core hole in the excited state. In L-edges of 5d
transition metals, the full width at half maximum (FWHM) of
the core level is larger than 5 eV and important information
in the electronic structure is often concealed. The excited final
states in core-to-valence RXES do not exhibit a core hole and
thus have a long lifetime. The main contribution to the spectral
broadening here is the experimental resolution, providing the
possibility to greatly enhance the spectral features.!®!! Taking
into account dipole selection rules, transitions to the d3),
band are allowed at the L, edge, whereas transitions to the
entire d-band are observed at the L3 edge. This allows study
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of the electronic structure with an element- and j-selective
technique.

We present an experimental and theoretical study of the
W and Re d-DOSs in WO3, ReO3, WO,, and ReO, with
formal 5d occupation ranging from 5d° to 5d° by means
of the RXES at L3 and L, absorption edges of W (10206
and 11548 eV, respectively) and Re (10536 and 11967 eV,
respectively). We show that a simplified theoretical approach
based on SOI band structure density functional theory (DFT)
calculations successfully models the experimental data within
the experimental resolution.

II. EXPERIMENTAL DETAILS

The measurements were performed at beamline ID26 of
the European Synchrotron Radiation Facility (ESRF). Higher
harmonics were suppressed by a flat Pd-coated and two bent
Cr-coated mirrors operating in total reflection. The incident
energy was selected by means of a pair of cryogenically
cooled Si crystals in (311) reflection with an energy bandwidth
of ~0.5 eV at 10.5 keV. The incident flux on the sample
was estimated to be 5 x 10!2 photons/s. The beam size,
measured as the FWHM of the integrated intensity profile,
was 0.2 mm vertical by 1.0 mm horizontal. The resonantly
emitted (scattered) x-rays were analyzed using the Bragg
reflection of spherically bent Si single-crystal wafers. The
(555) reflection was used at the L3 edges of W (10206 eV)
and Re (10536 eV). The (933) reflection was used at the L,
edges of W (11548 eV) and Re (11967 eV). Sample, analyzer
crystals and an avalanche photodiode were arranged in a
vertical Rowland geometry (R = 1 m) at a 90 &£ 3° horizontal
scattering angle to minimize the intensity of Thomson (elastic)
scattering. The combined instrumental energy bandwidth,
measured as the FWHM of the elastic peak, was estimated to
be 2.0 (2.8) and 2.5 (3.2) eV in the W L, (L3) and Re L3 (L)
spectral ranges, respectively. All samples studied were fine
powders of the highest commercially available purity (more
than 99.7%) purchased from Sigma-Aldrich and prepared as
pressed into thick pellets.
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III. THEORETICAL APPROACH

The resonant scattering of a photon in matter is described
by the Kramers-Heisenberg equation at resonance'?!?

dOresonant (W1,02) _ r_g% Z Z (fITy|n) (n| T |g)
dS2 mg o1 S |52 Ey — Eg—w) =ity
Iy
* 2 T ()
(Eg—Ef+w1 —w)* + L

where do/d<2 is the differential cross section; w; and w, are
the incident and emitted photon energies, respectively; | f)
is the final state, |n) is the intermediate state, and |g) is an
initial state with energies Er, E,, and E,, respectively; and
I, and T are the lifetimes (in FWHM) of the intermediate
states and the final states, respectively. The dipole operator
for the incoming and outgoing beam is given by 7} and 7>,
respectively. The classical radius and mass of the electron are
given by ry and m, respectively.

The main challenge of a theoretical treatment is the
description of the multielectronic states, in particular the
excited states |n) and |f). The computational effort can
be greatly reduced by applying some approximations that
simplify the equation. First, we neglect interference effects
between absorption and emission process and write

d0resonant

o wzzz (f1 T |n)* (n| Ty |g)?
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Then we neglect many-body effects for the calculation of
absorption ({n|T|g)) and emission ({f |T>|n)) transition
matrix elements:

(nTi1g)* o (¢ulTilgg)? A3)
(fIT2n)* o< (B¢ Tolepn)? )

where |¢ ), |¢,), and |¢,) are final, intermediate, and initial
eigenstates of the effective one-electron Hamiltonian, respec-
tively. The transition matrix elements can be calculated using
the partial, i.e., according to the dipole selection rules, DOS
p(¢) multiplied with the radial transition probability M(e)'*
(M(s) is referred to as the squared matrix element®):

(@nl Ti1pe)* = M(e)p'(€) = p'(4) &)
for the unoccupied DOS p’(g,) with energy &, and
(@r1T2l¢n)” = M(20)p(e,) ~ ple,) (6)

for the occupied DOS p(g,) with energy &,.

The angular momentum projected (partial) DOS is used.
The dipole selection rule is Al = =1, but we neglect transitions
from p(I = 1)to s(I =0) because the Al = —1 calculated radial
transition probability is ~10 times smaller than for Al =
in the present case. Furthermore, the s-DOS around the Fermi
level is ~10 times smaller than the d-DOS. We assume M (¢)
to be constant but evaluate this simplification (see Sec. V.D).
M (¢) is identical for transitions to occupied and unoccupied
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FIG. 1. (Color online) Simplified energy diagram for the RXES
process at the Re L3 edge.

states in the case of core-to-valence RXES. We approximate
wi/wy = 1 in Eq. (2) because of the short energy range in
core-to-valence RXES. Then we replace the sum in Eq. (2)
with an integral:

dareqonant / ds / /0(80),0 (8u)
Eu (Cl)] - Su) +
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Assuming very long-lived final states, we replace the second
Lorentzian with a Dirac §-function:
p(€0)pP"(eu)

d ’
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After integration, we obtain

d0resonant(@1,®2) /
_— a
€

p(&)p' (e + w; — a)z)
(6 — ) +

19 (€))

This formula was first reported in Ref. 15. The simplified
RXES process is schematically shown in Fig. 1. All RXES
maps in this paper were calculated using this formula. Only
transitions to d3, orbitals are allowed at the L, edge, whereas
transitions to both d3/, and ds, are allowed at the L3 edge. An
elastic peak due to Thomson scattering was added to the RXES
planes to facilitate comparison with experiment. The following
values were used for the lifetime broadening of the 2p3,, and
2pi2 core holes: 4.98 and 5.33 eV for W, respectively, and
5.04 and 5.48 eV for Re, respectively.'® All calculated RXES
maps were convoluted with additional Gaussian broadening of
0.8 eV for emitted energy and 0.3 eV for incident energy.

IV. CALCULATIONAL DETAILS

Crystallographic data were taken from the Inorganic Crystal
Structure Database (ICSD).!"” We used the following space
groups: Pm-3m for ReOs, Pbcn for ReO,, P21/n for WO3,
and P21/c for WO,. We used the full-potential, self-consistent
Wien2k code'* to calculate the electronic structure of Re and W
oxides (in particular, the angular momentum projected DOS)
within the framework of DFT. For the exchange-correlation
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potential, we used the generalized gradient approximation
form derived by Perdew et al..'® The basis functions for the
valence orbitals were expanded simultaneously as spherical
harmonics (inside nonoverlapping atomic spheres centered at
the atomic sites) and as plane waves in the interstitial region.
The plane waves were expanded up to a cutoff parameter,
kmax, fulfilling the relation R sk, = 7, where R, is the radius
of the smallest atomic sphere. We used an atomic radius of
0.93 A for Re and W atoms and 0.81 A for oxygen atoms. The
energy separation value between valence and core orbitals
was set to 91 eV for Re oxides and 82 eV for W oxides. The
self-consistent iteration process was repeated until an energy
convergence of 1.3 x 1073 eV was reached. The number of
k-points in the Brillion zone was set to 1000 for ReO,, WO,
and ReO3 and 300 k-points for WO3 as a compromise between
precision and computational time. We used second variational
treatment of SOL'® In this approach, wave functions were
first calculated in the scalar relativistic approximation for
spin up and spin down. After that, these functions were used
as basis functions. Then, a term describing SOI was added
and the new eigenvalue problem for calculation of the new
wave functions in both spin directions simultaneously was
solved. The calculated DOS was projected on the d3/, and ds»
relativistic states to analyze the differences between the L, and
the L3 edge RXES maps. The d-DOS (total d-DOS for the L3
edge, but only d3/, for the L, edge) inside the 5d transition
metal atomic sphere was inserted into Eq. (9) to calculate the
theoretical RXES planes. Theoretical values of the incident
energies were shifted to the experimental ones. All results
presented in this paper were calculated using Wien2k.
Calculations using full-multiple scattering theory within
a muffin-tin potential approximation (FEFF9 code?’) were
also performed for comparison. Hedin-Lundquist exchange
correlation with full core-hole screening was used. A cluster of
radius 8 A was used for the full multiple scattering calculations,

(a) WO, resonant emission
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and two coordination shells were used for the calculation
of the self-consistent potential. All other parameters were
set to default values. The obtained d-DOS was used for the
calculation of the RXES maps. X-ray emission spectra both in
the dipole and in the quadruple approximation were calculated
to estimate the strength of quadrupole transitions.

V. RESULTS AND DISCUSSION

A. Assignment of general RXES features

The experimental RXES planes around the L; edge for
ReO3 and WO; are shown in Fig. 2(b) and 2(c). The energy
difference between incident and emitted x-ray energy is the
energy transfer or final state energy. The main features present
in all spectra are an elastic peak, which extends as a horizontal
streak through the plane; a main peak (from O to 15 eV
energy transfer); a small feature at 25 eV energy transfer;
and an intense peak at 35 eV for W oxides and 45 eV for
Re oxides. The elastic peak allows determination of the zero
energy transfer and provides an absolute energy calibration.
This greatly facilitates comparison among experimental data,
because experimental errors such as energy drifts are largely
eliminated.

The Re (W) 4 f orbitals are split into 4 f5,, and 4 f7/, with
binding energies of 43 (33.6) and 40.5 (31.4) eV, respectively.'®
The calculations do not show any Re or W d-DOS in the
energy range of the 4 f orbitals; we therefore assign the
spectral features ~45 and 35 eV for Re and W, respectively,
to quadrupole transitions from the 4 f orbitals. The reason
for the strong spectral intensity (comparable to the 5d-to-2p
dipole transitions) is that the 2p and 4 f wavefunctions have
significant overlap and both are strongly localized. The 4 f
electron density of Re and W is distributed mainly within
0.4 A around the atomic nucleus. Re and W 2 p-states are also
situated within this sphere. The quadrupole emission peak
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FIG. 2. (Color online) (a) Resonant emission spectrum of WO; recorded at 10206 eV incident energy (corresponding to a vertical cut
through the RXES plane). Core-to-valence RXES planes for the L3 edge for (b) WO; and (c) ReOs. The energy transfer is the difference
between incident and emitted photon energies. The same color scale (0 = light to 5 = dark) is used for all subsequent figures.
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is well reproduced in the calculation, taking into account
quadrupole transitions (using the FEFF9 code, not shown).
These quadrupole transitions were reported in conventional
XES for metallic W and Re.?""??

A metal d-band appears in the range 0—15 eV for energy
transfer of the RXES plane. WOs3, with the formal W valence
state VI, has a formally empty 5d band. An electron resonantly
excited into the 5d band that decays back into the 2p shell
only gives rise to an elastic scattered line in absence of any
multielectron excitations.?*** Thus, inelastic features upto 15
eV for the final state energy should be absent for a fully empty
5d DOS if one-electron transitions only are considered. The
experimental RXES plane for WO3 shows, however, strong
spectral features of ~10 eV energy transfer. Calculations show
indeed significant metal d-DOS below Fermi level (cf. Fig. 7).

Figure 2(a) shows an emission spectrum recorded at an
incident energy of 10206 eV with an assignment of the spectral
features following our analysis. We assign the feature at
~20 eV energy transfer to oxygen s-states that mix with the
metal d-states (cf Fig. 7). This assignment is in agreement with
what has been observed for the valence-to-core transitions in
3d transition metal compounds and has been referred to as
“crossover” or KB’ transition.”??

The experimental and calculated RXES maps for ReOs3,
WO;3, ReO,, and WO, at the L, and L3 edges are presented
in Fig. 3. We show RXES maps up to a 30 eV energy transfer
for investigation of the partially filled 54 band only. First,
we focus on the main spectral features that are identical for
both edges. ReO3; and WO3; exhibit similar RXES planes apart
from a small low-energy transfer peak at 2 eV for ReOs.
Both compounds have octahedral coordination around the
metal atom, which is slightly distorted for WO3 (cf. Fig. 4).
The dominant feature in the RXES plane extends diagonally
through the RXES plane (at constant emission energies). WO3
shows semiconducting behavior; i.e. it exhibits a band gap
of ~3 eV.?® Consequently, the main RXES feature and the
elastic peak are clearly separated by ~3 eV. The three other
oxides are metallic, and no gap is observed between the elastic
peak and the resonant features; i.e. the elastic peak merges
with the RXES features. The observed gap between the elastic
peak and the resonant features directly shows the gap in the
d-DOS. The elastic peak merges with the resonant features
for systems without a band gap in the dipole-allowed DOS
(i.e. for metallic systems). For ReO, and WO,, the strongest
feature exhibits two prominent peaks at 5 and 10 eV energy
transfer with slightly different intensities. The RXES planes
of WO, show a third peak at 3 eV energy transfer, which is
not well resolved at the L3 edge and becomes much larger
at the L, edge. The continuum excitations extend as diagonal
bands toward the highest incident energies in experiment and
theory. These fluorescence features correspond to excitation
of the photoelectron to the continuum d-band and subsequent
emission from the 5d valence band.

Figure 4 shows crystal structures of all studied oxides.
ReO3; and WOj; are perovskite-like materials. The structure of
ReO; is similar to the perovskite structure (ABOj3), without
the large A cation at the center of the unit cell. Each Re
atom is surrounded by six oxygen atoms, forming a ReOg
octahedron. These octahedrons are situated along the c-axis.
WOj; has a similar structure, but the oxygen octahedrons are
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slightly displaced off the c-axis. WO, has a distorted rutile
structure. ReO, has an orthorombic structure. The Re atom
coordination in ReO; is similar to the coordination of W
in WO,. The RXES maps for WO; and ReO; have similar
features and are significantly different from those for WO,
and ReO;. Therefore, the shape of the RXES map up to an
energy transfer of ~15 eV reflects the difference in the local
atomic structure around the excited atom. This dependence
is significantly more pronounced than the dependence on the
formal number of 5d electrons. Core-to-valence RXES probes
the electronic structure; consequently, we conclude that the
electronic structure is similar for hexavalent oxides of Re and
W, as well as for tetravalent oxides of Re and W, that crystallize
in similar crystal structures.

B. Spin-orbit interaction

The differences between L, and L3 edges can be explained
by considering dipole selection rules with SOI. We observe
differences between the experimental RXES maps at the L,
and L3 edges for ReO; and WOj3. The differences are more
pronounced for WO, and ReO,. We discuss the results for
each oxide separately.

1. W05

For WOs3, The high-energy part of the large diagonal streak
for energy transfer of ~12 eV is less intense at the L, than at
the L3 edge. This is reproduced in the calculated maps. There
are no other significant changes.

2. Re03

A difference in ReO3 similar to that in WOj3 is observed.
Moreover, the low-energy transfer peak (with maximum at
2 eV energy transfer) becomes more intense at the L, edge.
Calculations reproduce these changes.

3. W0,

For WO,, the experimental RXES map at the L; edge
exhibits three peaks at energy transfer of 2, 6, and 10 eV.
The peak at 6 eV has the largest intensity at the experimental
L; edge. The intensity of the low-energy transfer peak (at2 eV
energy transfer) increases considerably at the L, edge. This
peak is the most intense spectral feature at the L, edge. A
sharp peak at 6 eV energy transfer is well separated from the
other features. The intensity of the peak at 10 eV decreases
at the L, edge compared to its intensity at the L3 edge. All
three peaks are reproduced in the calculations for both L, and
L5 edges. Their energy positions are in excellent agreement
with experiment. However, the relative intensities at the Lj
edge differ from the experimental data. While the experiment
shows the feature at 6 eV energy transfer as the most intense,
theory overestimates the intensity of the 2 eV peak. The relative
intensities between the 6 and the 10 eV features are correctly
calculated. The intensity of the low-energy transfer peak at
2 eV increases significantly at the L, edge. This is nicely
reproduced in the calculations.
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FIG. 3. (Color online) Experimental and calculated RXES planes for Re and W oxides displayed as contour maps with axes corresponding
to incident and transferred energies over the Re and W L, and the L; absorption edges. Variations of color in the plot relate to the different
scattering intensities (see Fig. 2).

4. R802

The experimental RXES map for ReO, around the Lj
edge has two peaks at 4 and 10 eV energy transfer, with
the low-energy feature being less intense. The shoulder at

2 eV is not pronounced, unlike in WO,. The spectral intensity
is redistributed at the L, edge RXES map, and the peak at
10 eV becomes strongest. The calculated RXES map for the
L5 edge reproduces both peaks at the same energy transfer as
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WO,

4 ‘

WO,

FIG. 4. (Color online) Crystal structures of the studied Re and W
oxides. The thin black line shows the border of the unit cell, large
blue circles are Re or W atoms, and small red dots are oxygen atoms.
Octahedrons connecting oxygen atoms surrounding one metal atom
are shown in gray.

in the experiment. The theoretical map for the L, edge shows
a better resolved peak at 10 eV energy transfer. The significant
redistribution of intensity between the peaks at 4 and those at
10 eV energy transfer is not reproduced in the calculations.

C. Core hole influence on RXES

The influence of the core hole has been shown to be small
in many cases at the L, 3 edges of 4d and 5d transition metal
compounds. The core hole screening corrections have been
estimated to be ~2% at the W L, 3 edges.?” This was explained
with the delocalized character of the d-orbitals.?”-*® Also, Ru
L, 3 XANES spectra were successfully analyzed recently using
DFT calculations without core hole but taking SOl into account
in the final state.”’ We performed RXES calculations for the
Re L3 edge in ReO; with a supercell containing one excited
atom. The supercell size was 3 x 3 x 4 unit cells, which
corresponds to distances of 11 A along the a- and b-axes and
15 A along the c-axis between the nearest excited atoms. The
final states in RXES do not exhibit a core hole, and according to
the final state rule, we should use the DOS calculated without
core hole for the x-ray emission process [p in Eq. (9)] and the
excited DOS for the absorption [p’ in Eq. (9)]. Figure 5 shows
RXES maps calculated using excited (supercell) and ground
state (no hole) unoccupied DOS. We observe pronounced
differences in the strongest spectral features, but it is difficult
to confirm the differences experimentally due to lifetime
and experimental line broadening. A supercell approach
corresponds to a static screening of a core hole and does not
take into account many-body excitations (hole—photoelectron
interaction, charge transfer excitations, efc.).
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FIG. 5. (Coloronline) Re L; edge RXES maps in ReOj; calculated
(a) with core hole and (b) without core hole.

D. Radial transition probability influence on RXES

Good agreement was obtained for ReO; and WO3 for
both L, and Lj; edges, while some deviations in relative
peak intensities were observed for ReO, and WO,. The
agreement between experiment and theory has to be seen
in context with the experimental energy bandwidth. Possible
small line splitting due to, e.g., multiplet effects cannot be
resolved. The calculated spectral intensities can be partly
corrected by considering an energy-dependent radial transition
probability— i.e. including a factor M(g) x M(e + w; — w,)
in Eq. (9). The inset of Figure 7 shows as an example the
energy-dependent radial transition probability for ReOj3 that is
a monotonic, smooth function. The energy dependence of the
radial transition probability is similar for all studied systems.
Figure 6 shows a comparison of the calculated spectra for
the Re L3 edge in ReOjs. Introducing the energy-dependent
radial transition probability can slightly improve the relative
intensities of the peaks. This has also been observed in
conventional XANES spectroscopy.®°

E. Discussion

Figure 7 shows the calculated partial DOS for all studied
oxides. In all systems, we observe the mixing of oxygen s-
and W (Re) d-states around 17 eV below the Fermi level.
The energy of the oxygen 2s orbital lies close to this value.
Thus, the feature at energy transfer of ~20 eV is assigned
to oxygen 2s states that are mixed with metal d-states.>>!
This mixing allows us to determine the type of ligand, which
is relevant for composite materials, as demonstrated for 3d
transition metals.>! However, the analogy is limited because
RXES at the L-edge probes the metal d-DOS, whereas the
valence-to-core transition is sensitive to the metal p-DOS that
is strongly mixed with the ligand orbitals.

Valence and conduction bands are formed by W or Re d-
orbitals and O p-orbitals. The electron density corresponding
to d-orbitals of the metal atom overlaps significantly with
the electron density centered on the oxygen atom in real
space. This means strong mixing between O p- and Re or W
d-orbitals. Differences between d3; and ds;» DOSs are visible.
These differences are most pronounced in the unoccupied band
and result in different intensities of the RXES features. The
center of mass of the ds;; band compared with that of the
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FIG. 6. (Color online) RXES maps for the Re L; edge in ReOs;. (a) Experimental data; (b) theory using d-DOS; (c) theory using d-DOS,
including energy-dependent radial transition probability M (E); and (d) vertical cut through RXES maps (shown as bold dashed lines in RXES

maps). See the inset in Fig. 7 for M(E).

d3; band is shifted by ~0.9-1.1 eV for all studied oxides
(in the integration range from —10 to 15 eV). The value of
the spin-orbit splitting parameter &5, for these elements was
estimated to be 0.4 eV using a nonrelativistic augmented plane
wave approach.’>** Very small differences between 5ds,, and
5d3;, DOSs close to the Fermi level were obtained using the
Naval Research Laboratory tight-binding model,** and this
is in agreement with our results (c¢f. Fig. 7). The effect of
the spin-orbit splitting becomes larger when moving away
from the Fermi level. The importance of the 5d SOI for the
ionization spectrum of W(CO)s was proposed in Ref. 35.
X-ray magnetic circular dichroism (XMCD) measurements
confirmed the presence of a large SOL*®*" For example, in
SrpIrQ4, the SOI splits the Ir tp, orbitals into two levels
with Jeg = 1/2 and Jeg = 3/2,4 which was confirmed
experimentally.” Band structure calculations showed similar
results for this system.>® Polarization-dependent RXES was
measured for a single crystal of Sr,Ir0,43® with a qualitative
analysis within ligand field theory. Strong SOI compared to
band structure effects was reported based on an analysis of
XMCD data and the branching ratio between Ir L, and Ir L3
edges for BalrO;.>® Within the present study, the branching
ratio was not analyzed. However, we observed that band
structure effects are dominant for 5d systems at the beginning
of the 5d transition metal row. For systems with larger 5d
filling corrections, corresponding to intra-atomic interactions
may be necessary. An investigation of the influence of different
corrections to the local density approximation (SOI and
Coulomb interaction parameter U) was performed in Ref. 4
for a Ir 5d° system. Because of the extended character of 5d
orbitals’ electron—phonon coupling is expected.’ However,
electron—phonon interactions are observed at energy transfer
below 1 eV# using indirect RIXS, where the photoexcited
electron participates in the emission process (see, e.g., Refs. 23,
24,40, and 41). The omission of multielectronic excitations in
the present study is justified a posteriori by good agreement
of the single-electron transition theory with the experimental
data.

The following atomic charges on W and Re atoms were
obtained using a charge analysis following Bader*’: +3.0
(WO3), +2.9 (ReO3), +2.3 (WO,), and +2.1 (ReO,). These
charges are approximately a factor of two smaller than the

formal charges as derived from the oxidation states (+6 for
WO; and ReOs and +4 for WO, and ReO,). Similar results
were obtained recently for perovskite systems using the same

analysis.*?
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FIG. 7. (Color online) Calculated partial densities of states for Re
and W oxides. Black solid lines show metal ds/, states, gray-filled
areas show metal d3), states, blue dotted lines show metal f-states
(divided by 100), green dashed—dotted lines show oxygen s-states,
and red dashed lines show oxygen p-states. The inset gives the radial
transition probability (matrix element) for ReOs.

235113-7



Nikolay Smolentsev

ReO;, ReO,, and WO,*** are metals, and we do not
observe a band gap. The calculated 54 band gap in WO3 is
~1 eV smaller than what is experimentally observed. This
is in line with the generally observed underestimation of the
band gap in semiconductors by standard DFT.*® Calculation
of the total d-DOSs within the muffin-tin approximation using
a cluster approach realized with the FEFF9 code? provides
good agreement with Wien2k for WO, and ReO;.

Our theoretical approach is based on a series of approxi-
mations. The main approximations are (1) only one-electron
transitions are considered, (2) the core hole is fully screened,
and (3) interference effects are ignored.

(1) The calculation of the spectra using the simplified
approach of Eq. (9) gives good agreement with experiment
within the experimental energy bandwidth. Thus, one-electron
transitions already reproduce the main spectral features. Due
to the delocalized character of the 5d electrons, we expect
correlation effects, to be less pronounced than in, e.g., 3d
transition metals. We thus neglect intra-atomic multiplet
effects in the present case. This is in agreement with the
analysis of XANES spectra of Pt*” and Au*® systems.

(2) Supercell calculations that model a core hole for ReO3
show that the core hole may influence RXES. However, the
comparison with experiment is not conclusive due to broad
spectral features and shortcomings of the current level of the-
ory. Our results show that a simplified approach using ground
state DOS gives reasonable agreement with experimental data.
Many-body effects, such as hole—photoelectron interaction
and charge transfer excitations in RXES (RIXS), have to be
investigated more carefully.

(3) Interference effects modify the spectral intensities. They
do not modify the energies of the transitions [c¢f Eq. (2)].
We may observe an apparent shift of a peak position in an
experimental spectrum that arises from a redistribution of
the spectral intensity. The satisfactory agreement between
experiment and our simplified theoretical approach suggests
that interference effects are weak. They may explain the rather
strong discrepancies at the L, edge of ReOs,.

An approach similar to ours was previously applied to Pt
nanoparticles upon adsorption of CO,* and good agreement
was obtained using a muffin-tin potential. The calculated
unoccupied DOS and x-ray fluorescence data for occupied
states with self-absorption corrections are used in the approach
proposed by Hayashi et al.>>>! based on the equation by Tulkki
and Aberg.”? This approach is similar to the present study and
could be applied to 5d systems. The importance of indirect and
direct RIXS processes was discussed in Ref. 41 for Cu K-edge.
A real-space multiple scattering Green’s function formalism
was adapted for resonant inelastic x-ray scattering.’® This
approach is similar to ours. It has the advantage that the
core hole can be easily introduced while the calculations are
performed within the muffin-tin approximation. However, for
L, 3 edges of 4d systems, multielectron transitions already
may be important. For the L, 3 absorption edges of Ru
compounds with formal 4d* and 443 electronic configurations,
multiplet effects are important, with 40% scaling of the
Slater integrals with respect to the atomic values for a 4d*
configuration and 15% scaling for a 4d> configuration.’*
For systems with more localized valence orbitals like 3d or
4 f, a comprehensive treatment of multielectronic transitions
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may become necessary,’® and/or introduction of correction

terms (local density approximation and Coulomb interaction
parameter U, hybrid functionals, efc.; for areview, see Ref. 55).
An Anderson impurity model construction and diagonalization
of the Hamiltonian (crystal/ligand field multiplet model) is able
to address multielectron excitations. This approach is well
established for the analysis of systems with strong electron
correlation and strong interaction of the core hole with the
valence band (e.g., L, 3 edges in 3d transition metals and My s
edges in 4 f systems).®'3 However, this model can address
interatomic orbital mixing and band structure effects only
through semiempirical parameters. To our knowledge, the
recently developed configuration interaction approach within
DFT?% was not yet applied for simulation of RXES.

VI. CONCLUSIONS

Experiments and ab initio single-electron band structure
calculations were performed for the L, and L3 RXES spectra
of Re and W oxides (at the beginning of the 5d transition
metals’ row). All main spectral features were reproduced using
the ground state DOS, i.e. neglecting the core hole potential.
Significant differences between RXES spectra at L, and those
at L3 edges were found experimentally. These differences
were reproduced by taking 5d SOI into account. The energy-
dependent radial transition probability slightly changes the
relative spectral intensities. Satisfactory agreement between
experiment and theory was achieved without including core
hole—induced multiplet splitting and multielectron transitions.
We explain this with the delocalized character of the Re
and W 5d electrons. This does not exclude the need for
a more sophisticated theoretical approach in other systems
and/or when improved spectral resolution reveals additional
features. Some spectral features were assigned to Xx-ray
emission from 4f states driven by quadrupole transition.
Mixing of oxygen 2s and Re and W 5d orbitals was found
at binding energy of ~20 eV, providing a means to identify the
ligand.

The present approach allows the study of the valence
band electronic structure in bulk materials with delocalized
valence states and large SOI. The obtained data can be used as
references for future studies of 5d element compounds, such as
Re-based perovskite materials, Ir-based Mott insulators, and
5d metal-organic coordination complexes. RXES, together
with a theoretical analysis based on a band structure approach,
provides a powerful tool to study a large number of relevant
systems with bulk sensitive hard x-rays.
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