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Charge screening effects in the resonant photoemission of Rh2O3, RuO2, and MoO2
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We have performed valence-band resonant photoemission spectroscopy across the transition-metal (TM) L3

edge of Rh2O3, RuO2, and MoO2. This technique allows us to access important information on the partial
contribution of each respective TM. We show that an extended cluster model, coupled with transitions between
discrete and continua states, describes well the overall resonance behavior as well as the experimental constant
initial-state (CIS) spectra. Moreover, we analyze the resonant enhancement of the main lines and satellite
structures to discuss the influence of the different charge regimes, the TM–O 2p hybridization, and additional
charge screenings to the CIS signal. Finally, we argue that this approach can be extended to the study of other
transition-metal oxides.
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I. INTRODUCTION

Resonant photoemission spectroscopy (RPES) is a power-
ful technique to study the electronic structure of transition-
metal oxides (TMO’s) [1–4]. In principle, it allows one to
identify and decompose the O 2p and transition-metal (TM)
d partial contributions to the valence band (VB) of a given
system, which are usually heavily mixed. The use of high
photon energies also gives this method bulk sensitivity, which
can be applied to interpret with an excellent agreement several
physical properties of these TMO materials [5–8].

After identifying a coincidence in energies of different
configurations that caused an atypical profile in the He atomic
spectrum, Fano developed a theory to treat interactions be-
tween discrete and continuum states. Fano concluded that
the interference between the two transition possibilities (to
continuum and discrete autoionized states) generated the res-
onance profile presented by the helium spectrum (Fano line
shape) [9]. Arguing about decay probabilities and matrix
elements, Dietz et al. [10] was the first to explain Fano
resonance occurring at the 3p threshold absorption. The inter-
ference was said to be occurring between the direct (3p63d9 +
hν → 3p63d8ε f ) and indirect (3p63d9 + hν → 3p53d10 →
3p63d8ε f ) processes involving super–Coster-Kronig (SCK)
[11,12] transitions, which gave rise to the characteristic Fano
line shape.

After successfully expanding Fano’s theory to study many
discrete continua interactions [13], Davis and Feldkamp ap-
plied their formalism to RPES involving SCK transitions in
solids [14]. They considered different models that illustrated
various aspects of resonance behavior. Among other features,
they investigated the difference in the hν dependence of the
mainline and satellite spectra, as well as the effect of inter-
ference on the line shapes, for a few 3d systems (Cr, Ni, Cu,
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and Zn) [14]. Using a simple model including d-d Coulomb
interaction and metal-ligand transitions [15], Davis performed
a study about RPES in 3d transition-metal oxides and halides.
His results presented a behavior qualitatively similar to the re-
sults reported by Oh et al. [16] for several nickel compounds.
Main lines exhibited interference dips and the resonant en-
hancement occurred mostly in the satellite structures. The
same trend was found for Ni compounds by Fujimori and
Minami using a more complex cluster model [17].

Here, we aim to study the photon energy dependence of
the intensities in the valence-band structure of 4d TMO’s,
as well as to reproduce the effect of the interference be-
tween direct and indirect photoemission processes illustrated
by Fano line-shape curves. Since cluster model calculations
have produced reliable results in the description of several
TMO compound spectra [8,18–21], we propose to combine
Davis and Feldkamp’s extension of Fano’s theory [14] with
an extended cluster model to describe 4d TMO resonance
within the L3 (2p3/2) absorption edge. To do so, we choose
three TM 4d compounds with the following crystal structures
and ionic fillings: Rh2O3 (a regular d6 semiconductor), RuO2

(a regular d4 metal), and MoO2 (a distorted d2 metal). Our
goal is to understand the role of charge-transfer (CT) and
screening effects in the RPES description of these relatively
simple oxides and to make this understanding possible for
future applications in more complex systems.

II. EXPERIMENTAL DETAILS

Polycrystalline pellets of RuO2 and MoO2 oxides were
obtained from commercial powders (99.9%) from Alfa Ae-
sar. The synthesis of Rh2O3 consisted of consolidating finely
divided rhodium powders, 99.9% pure from Alfa Aesar, into
pellets and sintering them in a tubular oven heated in a slow
stream of dry oxygen at 850 ◦C for 24 h.

The phase purity and crystal structure of the samples
were confirmed by x-ray-diffraction (XRD) measurements,
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performed in a Bruker D8 Discovery diffractometer. Rh2O3

crystallized in the orthorhombic (space group Pbca) struc-
ture, RuO2 was formed in the rutile (space group P42/mnm)
structure, and MoO2 exhibited the distorted monoclinic (space
group P1 21/c 1) symmetry. The XRD data refinements were
also compared to previous reports [22–24], showing an excel-
lent agreement.

The spectroscopic measurements were carried out at the
Laboratório Nacional de Luz Síncrotron (LNLS), Camp-
inas, Brazil. The L3 x-ray-absorption (XAS) spectroscopy
and the RPES techniques were done at the soft X-ray spec-
troscopy (SXS) [25] beamline, using photon energies greater
than 2500 eV. At these energies, the photoelectron escape
depth is large enough [26] to make the signal bulk sensitive.
The overall energy resolution was about 0.3 eV. All spec-
tra were acquired at room temperature and with the base
pressure around 1 × 10−9 mbar. The samples were scraped
in a vacuum, with a diamond file, to remove any surface
contamination. Finally, the Fermi level and energy scale were
calibrated using a clean Au foil.

III. CALCULATION DETAILS

A. Extended cluster model

The experimental spectra were compared to an extended
cluster model calculation based on a (TMO6) octahedron
with a central TM ion surrounded by six oxygen O2− ions
in Oh symmetry [27]. All relevant charge fluctuations are
considered: (i) between TM 4d and O 2p ions (for all
compounds); (ii) the contribution of the coherent electrons
(metallic character for molybdenum and ruthenium oxides);
and (iii) between neighboring Mo ions (dimers in the MoO2

monoclinic structure). The cluster was solved with the stan-
dard configuration-interaction method [27]: The ground states
(N electrons) and excited states [N − 1 and N + 1 electrons
for removal states (RSs) and addition states (ASs), respec-
tively] were expanded beyond the purely ionic dn in dn+1L,
dn+2L2, etc., configurations, where L denotes a hole at the
ligand (O 2p) band [28], corresponding to the ligand screening
channel (i) cited above. The Hamiltonian includes the on-site
d-d Coulomb repulsion U , the p-d charge-transfer energy �,
and the p-d transfer integrals pdσ and pdπ . The multiplet
splitting, in octahedral symmetry, is given in terms of the
crystal-field parameter 10Dq, the intra-atomic exchange J ,
and the p-p transfer integral ppσ -ppπ .

For the metallic compounds, both ground and excited states
were further expanded in the dn+1C, dn+2LC, etc., config-
urations (C relates to a hole at the coherent band). The
extra intercluster parameters included are the coherent charge-
transfer energy �∗ and the effective transfer integral T ∗. This
type of charge fluctuation represents the effective interactions
of a single TMO6 cluster with the other TMO6 octahedra in
the lattice [29], which was shown to be equivalent to a periodic
p-d model [30] and was already used to describe several other
metallic compounds [18,19,31]. A recent description [18] of
the electronic structure of MoO2 with an extended cluster
model showed the importance of including a Mo-Mo nonlo-
cal fluctuation to reproduce the Mo-Mo dimerization effect,
which gives rise to the so-called d|| band. Thus, the basis

set for MoO2 also includes configurations such as dn+1D,
dn+2LD, dn+2CD, dn+3LCD, etc. (D represents a hole at the
neighboring Mo ion), with the following extra intercluster pa-
rameters: �′ = E (dn+1:dn−1) − E (dn:dn) = U (the Hubbard
charge-transfer energy) and T ′ (the effective dimer transfer
integral). The spectral weight is then calculated using the
sudden approximation [32]

A(ω) =
∑

j

∣∣〈ψ j
F

∣∣ÔF |ψGS〉
∣∣2

δ
[
ω ± (

E j
F − EGS

)]
, (1)

where |ψGS〉 represents the ground-state wave function, |ψ j
F 〉

denotes the jth eigenstate of the final state (RS or AS), EGS

and E j
F are their corresponding eigenenergies, and ÔF denotes

a transition operator that corresponds to the appropriate exper-
imental technique. The resulting discrete transitions are then
convoluted with Gaussian functions.

B. Resonant photoemission

To treat the RPES, we used a combination of the extended
cluster with the expression developed by Davis and Feldkamp
[33]. The transition amplitude, Dk (hν), as a function of the
photon energy hν is given by

Dk (hν) = −π
〈
ψk

RS

∣∣T̂ |ψGS〉

−π
∑

m

[
πV̄km(hν)/
m(hν)

zm(hν) + iπ
[qm(hν) − i]

×
∑

k′
V̄ ∗

k′m(hν)
〈
ψk′

RS

∣∣T̂ |ψGS〉
]
. (2)

In Eq. (2), the first and second terms represent the di-
rect and indirect photoemission channels, respectively. ψk

RS
corresponds to the cluster kth removal final state, T̂ is the
removal operator of a d electron, and V̄km(hν)’s are the Coster-
Kronig matrix elements between the addition (ψm

AS) and
removal (ψk

RS) states, achieved by the 2p → 4d absorption,
followed by an Auger-like decay. 
m(hν) is a typical width,
proportional to |V̄km(hν)|2, which represents the strength of
discrete–final-state interaction, and z(hν) is a real function
[13]. Finally,

qm(hν) =
〈
ψm

AS

∣∣T̂ †|ψGS〉
πV̄km(hν)

〈
ψk

RS

∣∣T̂ |ψGS〉
(3)

is the parameter related to the ratio between the absorption
〈ψm

AS|T̂ †|ψGS〉 (T̂ † is the addition operator of a d electron) and
photoemission 〈ψk

RS|T̂ |ψGS〉 amplitudes, which generates the
Fano profile [9]. Finally, the RPES signal ARPES(ω, hν) can be
obtained with

ARPES(ω, hν) =
∑

k

|Dk (hν)|2δ[ω + (
Ek

RS − EGS
)]

, (4)

as the interference between the direct and indirect photoe-
mission channels in Dk (hν) becomes responsible for the
resonance effects.
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TABLE I. Extended cluster model parameters for Rh2O3, RuO2,
and MoO2 (all values in eV).

Parameter Rh2O3 RuO2 MoO2

U 4.7 4.8 3.4
� 1.4 0.97 5.9
pdσ 1.5 2.0 2.0
10Dq 1.8 2.7 2.7
J 0.25 0.70 0.41
ppσ -ppπ 1.1 0.68 0.80
�∗ 0.61 0.56
T ∗ 0.20 0.08
�′ 3.4
T ′ 2.1

IV. RESULTS

A. Parameters and ground-state properties

Table I presents the parameters used in the present ex-
tended cluster model calculations. The relative values of �

and U would indicate that both Rh2O3 and RuO2 (� > U )
are in the CT regime [34], whereas MoO2 (� < U ) would
appear to be in the Mott-Hubbard regime [34,35]. Further,
the relatively large values of pdσ indicate a strong covalent
TM 4d–O 2p character for all compounds, which, together
with the high 10Dq parameter, are characteristic of TM 4d
compounds [36]. Because the intra-atomic parameter J affects
mostly the x-ray-absorption spectral shape, rather than the
valence-band spectra, the current values for J were obtained
by reproducing the O 1s x-ray-absorption spectra with the cor-
responding cluster calculations [37]. The coherent screening
parameters �∗ and T ∗ for RuO2 and MoO2 are consistent
with their metallic character and in line with previous studies
[18,21]. In MoO2, the large value for T ′ is due to the dimer-
ization that occurs between neighboring Mo4+ ions. Overall,
the parameters for RuO2 and MoO2 are in good agreement
with those reported in similar materials [8,21], but no previous
cluster model studies were found for the Rh2O3 compound.

Table II presents the main contributions to the ground state
of Rh2O3, RuO2, and MoO2. In the rhodium and ruthenium
oxides, the ground state is mostly attributed to the screened
d7L and d5L configurations, respectively. Both compounds
also have important contributions of the unscreened (d6 and
d4) and well-screened (d8L2 and d6L2) configurations and are

said to be in an effective negative charge-transfer regime. This
happens because the effective charge-transfer energy, between
the dn+1L and dn configurations, becomes negative after the
inclusion of multiplet effects (�eff = � + Emult). Similar re-
sults were already proposed in the description of the SrRuO3

oxide [21].
On the other hand, the ground state of MoO2 is mainly

related to the unscreened d2 configuration, although the
screened d3L is also quite important. This is related to the
relatively high TM 4d–O 2p hybridization, represented by
the pdσ parameter. Thus, MoO2 is said to be in a highly
mixed Mott-Hubbard regime. Unlike the other two cases, for
molybdenum oxide, there are also relevant contributions with
Hubbard screening (d3D and d4LD) associated with the dimer
T ′ transfer integral.

The main effect for ground states presenting such a rel-
evant contribution from screened configurations is the high
d-electron count. These values, also presented in Table II, are
much higher when compared to their expected ionic values
of d6 (Rh2O3), d4 (RuO2), and d2 (MoO2). Further, the as-
signment of these regimes is important to infer on the energy
scales of different charge fluctuations in each system, ulti-
mately affecting the interpretation of our RPES results, which
are shown below.

B. Spectral weight

Figure 1 presents the calculated spectral weight of Rh2O3,
RuO2, and MoO2. The total spectra (in black) are a combina-
tion of the cluster model removal (N − 1, negative energies)
and addition (N + 1, positive energies) states, given by
Eq. (1), which are also separated into the TM 4d and O
2p contributions. Thus, the zero in the energy scale can be
somewhat interpreted as the Fermi energy (EF ).

Rh2O3 is classified as a semiconductor with an experimen-
tal direct or indirect band-gap value of around 1.2 or 3.4 eV,
respectively [38,39]. The gap of ≈ 4.0 eV calculated via the
cluster model, between the filled Rh t2g and empty Rh eg

subbands, presented in the top panel of Fig. 1, is close to the
experimental result. The O 2p and Rh 4d bands are located
from −11.5 to −4.0 eV and from −4.0 to 4.0 eV, respectively,
although there is a high metal/oxygen mixture, especially
within the O 2p band. The Rh 4d satellite structure, character-
istic of charge-transfer regimes, is located at the bottom of the
valence band (≈ −10.4 eV). Upon inspecting the composition

TABLE II. Main contributions for the ground state and d-electron count of Rh2O3, RuO2, and MoO2.

Rh2O3 RuO2 MoO2

Config. (%) Config. (%) Config. (%)

d7L 52 d5L 49 d2 43
d6 29 d6L2 26 d3L 35
d8L2 17 d4 21 d3D 9

d5C <1 d4L2 7
d4LD 5
d3C <1

TM d-electron count
6.9 5.1 2.7
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FIG. 1. Total and partial spectral weight calculated via the ex-
tended cluster model of Rh2O3, RuO2, and MoO2. Black bars
represent the discrete final RS and AS, which are convoluted with
a Gaussian function.

of the removal final states, which will be used to interpret
the RPES results, states closer to the Fermi level are related
to well-screened d6L and d7L2 configurations, whereas the
satellite region is mainly related to poorly screened d5 and
d6L configurations.

The middle panel of Fig. 1 shows that, for RuO2, the O
2p and Ru 4d bands are located from −11.5 to −2.7 eV and
from −2.7 to 7.0 eV, respectively. As in the case of Rh2O3,
it is also possible to observe a Ru 4d satellite at the bottom
of the valence band. The calculation shows that the Ru 4dt2g

subband is continuous at EF , due to the coherent contribution
to the spectra, as expected for metals. Finally, the distribution
of the removal final states is similar to the previous compound.
Namely, states near the Fermi level are mostly related to well-
screened configurations, whereas high-energy structures are
mainly due to poorly screened configurations.

For MoO2, the cluster model spectrum, shown in the bot-
tom panel of Fig. 1, is again continuous at EF , crossing the
Mo 4dt2g subband, due to metallic/coherent fluctuations. This
system also presents a relatively high covalent TM 4d–O 2p
mix, especially at the valence-band region. Now, the satellite
structure is hidden in the bottom of the O 2p band and is
much less relevant than in the previous compounds, a result

Rh L3Rh2O3 Valence Band RPES
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FIG. 2. Left panel: Valence-band photoemission spectra of
Rh2O3 taken with different photon energies, as indicated in each
spectrum, within the Rh L3 absorption edge. Black solid lines cor-
respond to the Gaussian plus integral background fit made to the
main VB regions (1, 2, 3, and 4). Right panel: Rh L3 x-ray-absorption
spectrum of Rh2O3.

typical for the Mott-Hubbard regime. Thus, also in contrast
to the previous systems, removal states closer to the Fermi
energy are now mostly formed of poorly screened configura-
tions, whereas the higher-energy states are mainly related to
well-screened features. Finally, it is important to note that in
this case the Mo-Mo dimerization causes a further split within
the Mo t2g states, giving rise to the occupied and unoccupied
parts of the so-called d|| band.

C. L3 resonant photoemission spectra

The left panel of Fig. 2 shows the valence-band photoe-
mission spectra of Rh2O3. Each spectrum was taken with the
indicated photon energy, within the Rh L3 (2p3/2) absorption
edge, which is shown in the right panel of Fig. 2. All valence-
band spectra were divided into four regions (1, 2, 3, and 4)
and fitted using Gaussian curves and an integral background
(black solid lines). We note that region 1 can be linked to
the Rh 4d band, regions 2 and 3 can be associated with the
O 2p band, and region 4 can be related to a small satellite
feature. This assignment is confirmed by the inspection of
the calculated removal states of Rh2O3 (see Fig. 1), which
reproduces the relative energy positions of these structures.
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FIG. 3. Top panel: Constant initial-state (CIS) curves of Rh2O3

obtained from the integrated area of corresponding regions deter-
mined in Fig. 2 (lines are a guide to the eye). Middle panel: Cluster
model results of Rh2O3 RPES calculation obtained using Eq. (4).
Bottom panel: The Rh L3 XAS is shown for comparison.

The relative integrated areas of each main region in the
valence-band spectra of Rh2O3, as a function of the inci-
dent photon energy, are depicted in the top panel of Fig. 3.
The experimental constant initial-state (CIS) spectrum clearly
shows the distinct resonance behavior of each component of
the valence band of Rh2O3. Regions 1 and 3 show a decrease
in intensity as the photon energy sweeps across the Rh L3

edge, whereas regions 2 and 4 show a relative increase.
The cluster model results are presented in the middle panel

of Fig. 3. They show the relative intensity of all final removal
states within each energy region of the calculated valence-
band spectra [calculated according to Eq. (4)], as a function
of the photon energy. In this RPES calculation, the main
parameter is q, given by Eq. (3), which corresponds to a
value of q = 1.1 for the Rh2O3 material. The results are in
good agreement with the experimental CIS in terms of signal
behavior, but we note that the effect calculated for region 1 is
slightly underestimated.

The same procedure was followed for the other com-
pounds. Left panels of Figs. 4 and 5 show the valence-band
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FIG. 4. Left panel: Valence-band photoemission spectra of RuO2

taken with different photon energies, as indicated in each spectrum,
within the Ru L3 absorption edge. Black solid lines correspond to the
Gaussian plus integral background fit made to the main VB regions
(1, 1′, 2, 3, and 4). Right panel: Ru L3 x-ray-absorption spectrum of
RuO2.

spectra of RuO2 and MoO2, respectively. Each spectrum was
taken with the indicated photon energy, within the Ru or
Mo L3 (2p3/2) absorption edge, which is shown in the right
panels of their respective figures. Further, each valence-band
spectrum was again separated into different regions and fitted
using Gaussian curves and an integral background.

In the case of the RuO2 material (Fig. 4), regions 1 and
1′ are related to the Ru 4d band, regions 2 and 3 are asso-
ciated with the O 2p band, and region 4 can be related to a
small satellite feature. Here, the double structure in the Ru 4d
band can be related to the coherent (region 1) and incoherent
(region 1′) parts, which will be further discussed below. As
for the MoO2 oxide (Fig. 5), regions 1 and 2 are now linked
to the Mo 4d band, whereas regions 3 and 4 are associated
with the O 2p band. Now, the double structure in the TM
band is attributed to the dimerization effect (d|| band split),
while no evident satellite is present in this case. Finally, these
assignments are corroborated by the calculated removal states
of RuO2 and MoO2 (see Fig. 1), which reproduces the relative
energy positions of these features.

The experimental CIS spectrum of RuO2 is presented in
the top panel of Fig. 6. The resonance behavior across the Ru
L3 edge is again distinct for each region in the valence band,
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FIG. 5. Left panel: Valence-band photoemission spectra of
MoO2 taken with different photon energies, as indicated in each
spectrum, within the Mo L3 absorption edge. Black solid lines corre-
spond to the Gaussian plus integral background fit made to the main
VB regions (1, 2, 3, and 4). Right panel: Mo L3 x-ray-absorption
spectrum of MoO2.

exhibiting a clear decrease or increase in the relative intensity.
More specifically, we note that the CIS spectra of regions 1
and 1′, within the Ru 4d band, present contrasting profiles, in-
dicating different screening mechanisms. Thus, these regions
can be attributed to the coherent and incoherent parts of the
TM band, respectively, in similar fashion to what was found
in the SrRuO3 compound [21]. The cluster model calculations
for RuO2 are shown in the middle panel of Fig. 6, with the q
parameter again equal to q = 1.1. The results also reproduce
the experimental CIS with an overall good agreement, even
though the resonance effects for region 1 are much higher.
As we will expand upon in the following section, the general
shape of a CIS curve is dictated by the screening mechanism
in that energy region. Therefore, this feature of the cluster
model could be attributed to an overestimation of such charge
fluctuation contribution in the Ru 4d band.

Finally, the experimental CIS spectrum of MoO2 is pre-
sented in the top panel of Fig. 7. The resonance effects
throughout the Mo L3 edge show an increase (decrease) in the
intensity of lower (higher) binding-energy regions. The cluster
model calculations for MoO2 are shown in the middle panel
of Fig. 7, with the q parameter now equal to q = 1.0. The
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FIG. 6. Top panel: CIS curves of RuO2 obtained from the inte-
grated area of corresponding regions determined in Fig. 4 (lines are a
guide to the eye). Middle panel: Cluster model results of RuO2 RPES
calculation obtained using Eq. (4). Bottom panel: The Ru L3 XAS is
shown for comparison.

results also reproduce the overall shape of the experimental
CIS, despite a small decrease in intensity predicted to region
1, which does not appear in the experiment.

V. DISCUSSION

In previous reports, Guedes et al. [21] and Martins et al.
[8] also studied the resonance behavior in the L3 RPES of
other 4d oxides. They measured the photoemission spectra
with photons corresponding to on- and off-resonance energies.
In the former, the on-off spectrum was directly related to the
TM 4d character in the valence band, without the inclusion of
interference between direct and indirect photoemission chan-
nels. In the latter, the interference process was considered,
but ground-state band-structure calculations were used as the
input for the comparison. In the present paper, the extended
cluster model considers all the relevant charge-transfer fluctu-
ations and correlation effects to calculate the ground and final
states involved in the RPES technique, and also considers the
interference between those different final-state transitions.
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FIG. 7. Top panel: CIS curves of MoO2 obtained from the inte-
grated area of corresponding regions determined in Fig. 5 (lines are
a guide to the eye). Middle panel: Cluster model results of MoO2

RPES calculation obtained using Eq. (4). Bottom panel: The Mo L3

XAS is shown for comparison.

At a first glance, it feels quite unusual that the diverse
resonance behaviors for each compound were reproduced
with such similar values of the q parameter. To check the
validity of these parameters, we also calculated q as per
Ref. [14]. In this paper, q is given in terms of the photoe-
mission dipole 〈εp|r|4d〉 and 〈ε f |r|4d〉 matrix elements, the
absorption dipole 〈4d|r|2p〉 matrix element, and the Auger
R1,3(2p, εp; 4d, 4d ) and R1,3(2p, ε f ; 4d, 4d ) integrals, which
were calculated here using the code by Cowan [40]. These are,
in turn, presented in Table III. As one can see, the values of the
q parameter are also remarkably close for all compounds. The
larger magnitude obtained in this atomiclike Hartree-Fock
calculation, when comparing to the cluster model results,
can be related to further screening presented in the solid,
which would eventually imply a reduction of these parame-
ters. Therefore, the different behaviors in the calculated RPES
must be attributed to another effect, as we discuss below.

Upon inspecting the TM 4d spectral weight of Rh2O3

(see Fig. 1), one could naively expect that the resonance
curve corresponding to region 1 would show the largest

TABLE III. Dipole matrix elements (in atomic units) and radial
integrals (in Ry) calculated using the code by Cowan [40]. The
corresponding values of q are shown in the last line.

Parameter Rh2O3 RuO2 MoO2

〈4d|r|2p〉 −0.021 −0.022 −0.023
〈εp|r|4d〉 0.00024 0.00025 0.00027
〈ε f |r|4d〉 −0.0012 −0.0013 −0.0014
R1(2p, εp; 4d, 4d ) −0.0027 −0.0028 −0.0025
R1(2p, ε f ; 4d, 4d ) 0.0083 0.0086 0.0078
R3(2p, εp; 4d, 4d ) −0.0023 −0.0023 −0.0021
R3(2p, ε f ; 4d, 4d ) 0.0052 0.0054 0.0048
q 3.1 2.9 3.1

intensity enhancement in the RPES technique. Instead, it
presents a very pronounced dip, as we can see from Fig. 3.
The reason for such behavior comes from the type of regime
to which Rh2O3 is subject to. As mentioned in Sec. IV B,
there is a huge presence of well-screened states next to EF

in charge-transfer regime compounds, which is justified by
the relatively small value of �. Alternatively, the intensity
enhancement of structures inside the O 2p band region can
be related to the high value of Coulomb repulsion U , which
makes unscreened and poorly screened states appear at higher
binding-energy regions.

The RuO2 case is similar to Rh2O3 because both are in the
same CT regime, where the negative value of �eff makes the
low binding-energy region exhibit a strong TM 4d–O 2p mix-
ture. Usually, this regime can be confirmed by the presence of
high binding-energy satellites in core-level or valence-band
photoemission spectra. Because of the high photon energy
and consequently small photoionization cross section, these
are subdued in Figs. 2 and 4. But, in spectra taken with lower
photon energies, these satellite intensities are more prominent
[41]. Observing Fig. 6, and comparing it with the rhodium
oxide, we can see an alternating RPES signal of curves 2 and
3 (inside O 2p band). This effect could be associated with
nonlocal (coherent) fluctuations that are present in RuO2 but
absent in Rh2O3. Although the �∗ value is small compared to
U , adding a second type of screening can cause energy rescal-
ing of the different removal final states, moving them away
from or closer to EF , depending on their relative contributions.

For MoO2, because of the Mott-Hubbard regime, low
binding-energy states are largely composed of unscreened or
poorly unscreened configurations. Therefore, there are more
“pure metallic states” closer to EF in molybdenum oxide. So,
it makes sense that the resonance curves corresponding to
regions 1 and 2 of the valence band present a more accen-
tuated increase than those related to the remaining parts of the
spectra (see Fig. 7). The relatively large � value, in this case,
shifts oxygen well-screened states to higher binding energies.

These observations are in agreement with the reports from
Davis [15] and Fujimori and Minami [17], who studied RPES
in TM 3d compounds. Succinctly, structures which have
higher screening from oxygen should present a small positive
or negative resonance in the valence band of TMO’s. In con-
trast, features with a more pure TM character (unscreened)
manifest a higher positive enhancement in their resonance
curve, and the CT regime, in which the compound is found,
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controls the positions of such states within the valence band
(close to or far from EF , for example). Therefore, the inclusion
of the essential charge fluctuations in the description of the
electronic structure of a given system is of great importance to
correctly account for the partial contributions in valence-band
states.

VI. CONCLUSIONS

In summary, we reported experimental L3 resonant photoe-
mission of Rh2O3, RuO2, and MoO2. Also, we have applied a
combination of Fano’s theory with an extended cluster model
which was able to reproduce the essential features of RPES in-
volving Coster-Kronig transitions in these 4d transition-metal
oxides. The resonance enhancement of the satellites, rather
than the main lines, illustrated by the CIS curves for rhodium
and ruthenium oxides, at the L3 absorption edge, is attributed
partly to covalence and partly to the charge-transfer regime

to which these compounds are subjected. The Mott-Hubbard
regime for MoO2 causes main line resonance to enhance more
than for satellite structures since well-screened states are lo-
calized at higher binding energies. In addition to the good
agreement with the CIS curves, our extended cluster model
reproduced qualitatively the results for the resonant parameter
q obtained via the Hartree-Fock method, which corroborate
the accuracy of the results of our extended cluster model.
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