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The electronic structure of FeWO, is studied by photoelectron spectroscopy at x-ray and hard x-ray photon
energies on high-quality single crystals. Photoionization cross-section effects together with full atomic multiplet
configuration interaction and band structure calculations allow us to identify the contributions of iron and tung-
sten to the valence band. The analysis shows that the correlations in FeWO, necessitate theoretical approaches
beyond standard band structure models even for the description of the tungsten with a formal 54° configuration.
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I. INTRODUCTION

Transition metal tungstates have attracted the attention
of the research community due to their remarkable electro-
chemical and catalytic properties. A large variety of potential
technological applications such as photocatalysts, photoan-
odes in water splitting reactions, electrodes in batteries,
supercapacitors, electrochromic devices, and gas sensors are
discussed [1-9].

In this work we focus on the iron tungstate (FeWQO,). The
semiconducting antiferromagnet has a band gap of about 2 eV
[10] and a Neel temperature of 75 K [11-14]. It belongs to
the wolframite-type tungstates that crystallize in a monoclinic
structure in which the iron and tungsten atoms are both sur-
rounded by six oxygen atoms. These octahedral FeOg and
WOgs clusters form two edge-shared zigzag chains along the
[001] direction [14,15].

The observed large electrochemical activity of FeWQO, has
been assigned to reversible Fe>™ /Fe’" surface redox reac-
tions [4], making especially samples with large surface area
attractive for applications. Therefore, most reported stud-
ies have been performed on various forms of nanocrystals,
nanostructures, or polycrystalline materials. Detailed stud-
ies on the electronic structure of monophase FeWOQO, single
crystals are still lacking for a fundamental understanding
of the intrinsic properties. Having recently established the
synthesis of millimeter-size high-quality single crystals [14],
we present here a thorough investigation of the electronic
structure of FeWOQy that combines experimental photoelectron
spectroscopy at different photon energies and theory.
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II. METHODS

FeWO; single crystals were prepared by chemical trans-
port reaction as described in detail previously [14]. The
electronic structure of the samples was experimentally stud-
ied by x-ray photoelectron spectroscopy at various photon
energies to make use of the different photoionization cross
sections of the constituents. The hard x-ray photoelectron
spectroscopy (HAXPES) data were collected at the Max-
Planck-NSRRC HAXPES end station at the Taiwan undulator
beamline BL12XU at SPring-8, Japan. The photon energy
was set to about 6.5 keV and the light was linearly polarized
with the electrical field vector in the horizontal plane. The
photoelectrons were collected using a horizontally mounted
MB Scientific A-1 HE analyzer [16]. The x-ray photoelectron
spectroscopy (XPS) data were taken in the laboratory at the
MPI-CP1S in Dresden using Vacuum Generators twin crystal
monochromatized Al K, light (1486.6-eV photons) and a Sci-
enta R3000 electron energy analyzer. The Fermi levels and the
energy resolutions were calibrated using Au or Ag references.
The overall energy resolution was ~0.3 eV for HAXPES
and ~0.4 eV for XPS. All measurements were performed in
near-normal emission geometry and at room temperature. The
FeWO, crystals were cleaved and measured under ultrahigh
vacuum conditions (low 107! mbar range) guaranteeing a
high surface quality.

To model the iron contribution to the valence band re-
gion of the photoelectron spectra, we carried out full atomic
multiplet configuration-interaction-based cluster calculations
[17-19]. The calculations were performed for an FeOg cluster
in octahedral coordination using the XTLS code (version 9.25)
[19]. For comparison with the experimental results, a combi-
nation of Gaussian and Lorentzian broadening was applied.

Density functional theory calculations within the local
density approximation were performed to derive the band
structure of the material. The full-potential local-orbital
code FPLO (version 18.00-52) [20] was employed using the
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FIG. 1. Photoelectron spectra of an FeWO, single crystal. [(a)—(c)] Fe 2p with references (Fe metal film [22], Fe, O3 [23], Fe;O4 [23], and
FeO [23]), W 4f, and O 1s XPS core levels, respectively. [(d),(e)] Valence band (VB) taken at photon energies of 1486.6 eV (XPS, black) and
6.5 keV (HAXPES, blue). (d) Spectra with corresponding integral background. (¢) Comparison of the spectra that are normalized to the area

after subtraction of the integral background.

exchange and correlation potential of Perdew and Wang [21]
and a full relativistic, nonmagnetic approach.

II1. RESULTS

To determine the valence states of iron and tungsten in the
FeWO, single crystal, we performed core-level XPS measure-
ments. Figures 1(a)-1(c) show the Fe 2p, W 4f, and O ls
spectra, respectively. For the Fe 2p spectra, we include also
reference spectra of Fe metal [22], Fe,O3 [23] (Fe), Fe;04
[23] (Fe*" and Fe*"), and FeO [23] (mainly Fe’"). A com-
parison to the energy positions of the spectral features reveals
that the iron in FeWO, has a clean 2+ valence. The W 4f
states have a pronounced double-peak structure whose shape
and energy position are characteristic for a pure W valence.
A detailed discussion on the tungsten valence can be found in
our previous work [14], which refers to a photoemission mea-
surement on the same FeWOy crystal and gives a quantitative
estimate on the level of accuracy (<1% W>*). For complete-
ness, also the O 1s level is shown which exhibits a symmetric
single peak indicative of a high-quality oxide crystal without
any significant amount of defects or contamination.

We would like to note that from a chemical perspective
the coexistence of Fe** and W°* is not trivial. In most ox-
ide compounds, the iron does not have a pure Fe>* valence.
Usually at least some contribution of Fe*" is observed. One
example is FeO which is thermodynamically unstable and
readily forms the Fe-deficient compound Fe;_sO [24]. The
Fe* contribution leads to a broadening of the Fe 2p spectrum
[cf. bulk FeO reference (red curve) in Fig. 1(a)]. In contrast,

FeWO, has significantly sharper Fe 2p features, revealing a
very pure Fe’* valence. The XPS results confirm the high
quality of the FeWO, crystals with clean W+ and Fe*"
oxidation states in agreement with recent findings by x-ray
absorption spectroscopy on crystals of the same batch [14].
These results show that FeWQ, can also serve as a Fe*"
standard for spectroscopic measurements.

In Figs. 1(d) and 1(e), the valence band spectra measured at
photon energies of 1486.6 eV (XPS) and 6.5 keV (HAXPES)
are shown. They consist of a distinct peak close to the Fermi
level at around 1 eV binding energy, which is well separated
from a region of larger intensity between 2 and 10 eV. The
direct comparison of the background-corrected and normal-
ized spectra in Fig. 1(e) illustrates the differences. Part of the
spectral weight shifts from lower (0-5 eV) to higher (5-10eV)
binding energies when going from XPS to HAXPES photon
energies. This photon energy dependence reveals that different
ionization cross sections are involved, suggesting that more
than one constituent contributes to the valence band.

In the following, we investigate in detail the composition
of the valence band spectrum to gain a better understanding
of the electronic structure of FeWO,. We start with general
considerations from a theoretical point of view: Fe>* has a 3d°
configuration and is known to be highly correlated. Therefore,
configuration-interaction-based cluster calculations might be
a suitable method to derive the contribution of the iron. Con-
trarily, W+ has a 5d° configuration. Given the empty 5d shell,
one might expect a more bandlike character of the tungsten,
which then could be adequately described by band structure
calculations.

085119-2



ELECTRONIC STRUCTURE OF THE Fe*" ...

PHYSICAL REVIEW B 108, 085119 (2023)

— XPS VB exp.
— Fe 3dcal.

Intensity (arb. units)

12 10 8 6 4 2 0
Binding energy (eV)

FIG. 2. Comparison of the calculated Fe 3d photoelectron spec-
trum and the experimental XPS valence band spectrum. The
iron contribution was theoretically derived from a configuration-
interaction-based cluster model for an FeOq octahedron using the
parameter values given in Ref. [25]. The calculated spectrum was
shifted in energy to match the experimental data.

First, we consider the contribution of the iron. The Fe?t
ions in the FeWOQ, crystal are locally surrounded by six
oxygen ions. We approximate the structure by an FeOg clus-
ter with octahedral symmetry for which we perform full
atomic multiplet configuration-interaction-based calculations.
The parameters typically used to model Fe*™ systems, for
instance, for FeO (Uyy =6 eV, A =7¢eV [19]; Ugy =7 €V,
A = 6 eV [26]) or for an Fe?* impurity in MgO (Uzy = 6 eV,
A =7.5 eV) [27], had to be adapted slightly to match the
experimental FeWO, results (Uyy =5 eV, A =8 eV). The
full list of parameters is given in Ref. [25].

Figure 2 shows the corresponding calculated Fe 3d pho-
toelectron spectrum together with the measured XPS valence
band. A comparison of experiment and theory immediately
indicates that the peak at 1 eV binding energy is related to the
iron. In fact, this low-energy feature is observed also for other
Fe*-containing compounds like Fe;04 [28]. It is a signature
of the Fe?* 3d° high-spin configuration and can be assigned
to the photoemission of the minority spin electron of the 3d°
shell (3d° —3d° transition with %4, final state) [28,29]. This
is very different from Fe’* compounds with pure Fe 3d°
configurations which have a larger band gap and do not show
a comparable feature close to the Fermi level, such as, e.g.,
Fe,O3 [30]. Thus, the absence of such a low-energy feature
in Fe’* materials can be an indication of a poor quality or
degradation of the investigated sample.

We note that the calculated Fe>* spectrum has striking sim-
ilarities with the calculated spectrum of the Co®>" high-spin
state which has the same 3d° high-spin electron configuration
(cf. Refs. [31,32]).

To include also the other constituents of the FeWOQ, in
our analysis, we perform band structure calculations. Fig-
ure 3(a) shows the calculated total density of states (DOS)
together with the partial densities of states of the elemental
subshells that have a significant contribution to the valence
band, namely, Fe 3d, W 5d, and O 2p. Similar to the experi-
ment, the calculations show a broad spectral feature between
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FIG. 3. Band structure calculations for FeWOQy. (a) The total
density of states and the partial densities of states of the atomic
subshells that are relevant for the valence band, namely, W 5d, Fe
3d, and O 2p for the two oxygen sites, are shown. The Fermi level
is at zero energy. To compare the calculations with the experiment,
the partial densities of states are multiplied by the photoionization
cross sections for the XPS (b) and the HAXPES (c) energies which
are listed in Table 1.

about 2.5 and 8.5 eV. Furthermore, there is an intense peak
structure around zero energy. In contrast to the measurement,
no band gap is opened. This is not unexpected since the calcu-
lations are performed without on-site Coulomb repulsion (U)
and magnetic ordering. When taking a closer look at the band
structure results, we observe that where iron is present there
is also a contribution from tungsten, and where tungsten is
present there is also a contribution from iron, indicating a non-
negligible hybridization between the two elements mediated
by the oxygens.

For a comparison with the experiments, the photoioniza-
tion cross sections for the different subshells have to be
considered. The relevant values are listed in Table I. Accord-
ing to the band structure calculations, the intensity (/) of the
valence band spectra are almost exclusively built up from Fe
3d, W 5d, and O 2p. Following the approach of Ref. [33],
we can then formulate two equations for the spectra taken at
XPS (XP) and HAXPES (HP) photon energies weighting the
partial densities of states (p) by the respective photoionization
cross sections (o):

Fe3d Fe3d

W5d _W5d
Ixp = cxp (pr +

+oxpp @’ 0%). ()

Oxp P

Fe3d FeSd

Iyp = CHP( o W5d W5d +0_02p 02p) (2)

+ Opp P

The proportionality factors cxp and cyp are included to
correct for experimental uncertainties, such as the unknown
absolute values of photon flux and transmission efficiency of
the analyzer.
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TABLE 1. Photoionization cross sections (o) for the atomic sub-
shells that contribute to the valence band of FeWQO, for 1486.6-eV
and 6.5-keV photon energies. The values are extrapolated from the
cross-section tables in Refs. [34-36] and divided by the number of
electrons in the completely filled subshell. The cross-section values
for 6.5 keV are corrected to account for the linear polarized light and
the horizontal geometry of the experiment (see Refs. [16,34-37]).

XPS 1486.6 eV HAXPES 6.5 keV

o /e~ (kb) corr. o /e~ (kb)
W 5d 1.495 0.0916
Fe 3d 0.355 0.0014
02p 0.060 0.0002

Figures 3(b) and 3(c) show the calculated partial densi-
ties of states weighted by the photoionization cross sections.
While the valence band for the XPS photon energy consists
of contributions of W 5d and Fe 3d, the HAXPES spectrum is
nearly exclusively dominated by the W 5d states. The oxygen
contribution is small for both photon energies. Thus, we can
neglect the last terms of Egs. (1) and (2), and the following
relations can be derived for the Fe 3d and W 5d densities of
states, which allow us to extract the contributions of iron and
tungsten to the valence band from the experimental results:

0" ~ Ixp — A X Ip, 3)

o™ ~ Iyp — B x Ixp, 4

: cxp oxp? cup o
with parameters A = o X o and B = X ot -
Since the proportionality factors cyp and cxp are difficult
to determine experimentally, we focus on the product A x B
which can be readily calculated from the cross-section values

listed in Table I:

O,)g\]’)Sd O_I_l-;]e;d
AXB= O—WSd OTC?rd = 0.064. (5)
HP XP

Following Eq. (3), the contribution of the iron can be
extracted from the differences in the XPS and HAXPES va-
lence band spectra, which we then compare to the results
of the configuration-interaction-based cluster calculation. Fig-
ure 4(a) shows the experimental spectra and their difference
curve. The scaling factor A is chosen such that the difference
curve (light red) matches the shape of the iron contribution
obtained from the cluster calculations (dark red). Indeed for
A = 0.8, the difference curve resembles the shape of the
theoretical spectrum quite well over the entire range of the
measurement.

Having deduced that A = 0.8, we can calculate from
Eq. (5) that B = 0.08. According to Eq. (4), the difference of
the HAXPES spectrum and the scaled XPS spectrum should
resemble the tungsten contribution to the valence band. A
comparison of the difference spectrum (light green) with the
W 5d density of states from band structure calculations (dark
green), however, shows significant deviations, as can be seen
in Fig. 4(b). The band structure calculation yields a larger in-
tensity at 1 eV binding energy while spectral weight is missing
between 3 and 7 eV. The intensity of the low-energy feature
is related to the hybridization between tungsten and iron. Its
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FIG. 4. Fe 3d and W 5d densities of states deduced from the
normalized and background-corrected valence band spectra taken
at XPS and HAXPES photon energies following Egs. (3) and (4).
(a) Iron contribution. The HAXPES spectrum has been rescaled by a
factor of A = 0.8. The difference spectrum is compared to the results
of the configuration-interaction-based cluster calculation. (b) Tung-
sten contribution. The XPS spectrum has been rescaled by a factor
of B = 0.08. The difference spectrum is compared to the broadened
W 5d density of states from the band structure calculation which is
shifted by 41 eV to match the experiment.

size seems to depend on details of the calculations (see, for in-
stance, Refs. [38—40]) and is overestimated in our model. The
shape of the W 5d spectrum between 3 and 10 eV, however,
is comparable for the different band structure approaches.
There is a significantly reduced intensity between 3 and 7 eV
compared to our experimentally derived result, indicating that
the contribution of the tungsten is not appropriately described
by the band structure methods. This raises the question about
the nature of the intensity that is lacking in the calculations.
An indication may be given by the cluster calculation [see
Figs. 2 and 4(a)] which shows that it is actually the iron that
has spectral features in this energy region. Thus, the spectral
weight from the 1-eV region is “transferred” to the 3-7-eV
region due to the hybridization with the iron which has inten-
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sity there due to correlations that are not captured in the band
structure model.

IV. CONCLUSIONS

The photoionization cross-section dependence of the el-
emental subshells was used to determine the different
contributions to the valence band of the Fe’* compound
FeWO,. From the difference of the XPS and HAXPES mea-
surements, we extract the position and shape of the states of
the iron and tungsten in the valence band region. A compari-
son of the experimental results with calculations reveals that
the contribution of the iron can be well described by the full
atomic multiplet configuration-interaction-based calculation
for an octahedral FeOg cluster. A calculation of the contribu-
tion of the tungsten in a band structure model, however, shows
large discrepancies. Although having an empty 5d shell, the
tungsten states are not well described by a bandlike picture.

This result indicates that the contribution of the tungsten can-
not be derived independently by a band structure approach
for the FeWO, due to an appreciable hybridization of the W
5d with the Fe 3d mediated by the O 2p. One rather has to
consider a significantly more complex model with a larger
cluster which includes iron as well as tungsten octahedra
in the configuration-interaction-based calculation to map the
relevant correlation effects.
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