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Electronic structure of FeO, y-Fe,0;, and Fe;0, epitaxial films using high-energy spectroscopies
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We study the electronic structure of well-characterized epitaxial films of FeO (wustite), y-Fe,O; (maghemite),
and Fe;0,4 (magnetite) using hard x-ray photoelectron spectroscopy (HAXPES), x-ray absorption near-edge
spectroscopy (XANES), and electron energy loss spectroscopy (EELS). We carry out HAXPES with incident
photon energies of 12 and 15 keV in order to probe the bulk-sensitive Fe 1s and Fe 2p core level spectra. Fe
K-edge XANES is used to characterize and confirm the Fe valence states of FeO, y-Fe, 03, and Fe; O, films. EELS
is used to identify the bulk plasmon loss features. A comparison of HAXPES results with model calculations
for an MOg cluster provides us with microscopic electronic structure parameters such as the onsite Coulomb
energy U,,, the charge-transfer energy A, and the metal-ligand hybridization strength V. The results also provide
estimates for the ground-state and final-state contributions in terms of the 4", d"+' L', and d"+? L? configurations.
Both FeO and y-Fe,0; can be described as charge-transfer insulators in the Zaanen-Sawatzky-Allen picture with
Usa > A, consistent with earlier work. However, the M Og cluster calculations do not reproduce an extra satellite
observed in Fe 1s spectra of y-Fe,0; and Fe;O,4. Based on simplified calculations using an M,0; cluster with
renormalized parameters, it is suggested that nonlocal screening plays an important role in explaining the two

satellites observed in the Fe 1s core level HAXPES spectra of y-Fe, 05 and Fe;0,.
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I. INTRODUCTION

Iron metal has the ability to form a wide variety of oxides
with completely different physical and chemical properties
[1,2]. Among them, FeO (wustite, or iron monoxide), with
formally divalent Fe?* ions, is paramagnetic at room tempera-
ture and becomes antiferromagnetic at low temperatures below
Ty = 198 K [3]. It crystallizes in the rocksalt structure and
lies in the middle of the MO series (M = Cr-Cu), famously
discussed in terms of Mott-Hubbard insulators [4]. In con-
trast, y-Fe, O3 (maghemite, or y-iron-sesquioxide) is formally
trivalent with only Fe>* ions and forms in the inverse spinel
structure [5]. Itis a ferrimagnetic insulator at room temperature
with a high ferrimagnetic ordering temperature of 7¢ = 950 K
[5]. In contrast, «-Fe,O3 (hematite) is an antiferromagnetic
insulator below Ty = 260 K, undergoing the Morin transition
from a rhombohedral to trigonal structure at Ty [6]. Fe;O4
exhibits the well-known Verwey metal-insulator transition and
is actually the first magnet known to mankind [7]. The reader is
referred to an excellent recent review on the structure, as well
as physical and chemical properties of the iron oxides and their
surfaces [2].

It is well known that thin films of the iron oxides FeO,
Fe3;Qy4, and y-Fe,03 can be grown by pulsed laser deposition
using the same starting target material, magnetite (Fe;QOy),
using different substrate temperatures and O, partial pressure
conditions or by simple thermal annealing in vacuum or oxygen
atmosphere, respectively [2,5,8]. This property enables an easy
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switching between the oxides and highlights their applications
in industrial devices. Among many applications of these
oxides, it is now known that y-Fe, O3 nanoparticles can be
used in biomedicine as it is biocompatible and nontoxic [1,9].
Thin films of y-Fe, O3 are chemically stable and considerably
cheap to make, and was hence used for conventional magnetic
recording media [2,5]. More recently, it is actively pursued
as an electrode material for lithium batteries [1,10]. It was
shown that three-dimensional mesostructured electrodes made
of y-Fe,O3 exhibit improved cycling and rate performance
as well as a lower hysteresis voltage compared to previously
reported values, thus making it a viable battery material [10].
For FeO, recent studies have shown that water-mediated proton
hopping can occur on a FeO monolayer film via a novel mech-
anism without the dissociation of water molecules [11], and
is thus important for several applications such as catalytic hy-
drogen evolution, photocatalytic dehydrogenation, hydrogen
storage, etc. The properties of FeO also play a very important
role in the stratification of the Earth’s outer core and is a
favorite material for studying phase transitions under pressure.
While early studies [12] had shown a transition from rocksalt to
NiAs structure with a concomitant insulator-to-metal transition
under pressure of 96 GPa and T = 800 K, more recently, it
has been shown [13] that at still higher pressure (240 GPa) and
T = 4000 K, FeO transforms to a CsCl structure.

In order to understand these interesting properties, several
theoretical and experimental studies have been carried out
on the electronic structure of FeO but there are very few
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studies on y-Fe,O3. On the theoretical front, dynamical mean-
field theory (DMFT) studies of FeO, using the local density
approximation (LDA) [14] as well as the generalized gradient
approximation (GGA) [15], have concluded that FeO is a Mott
insulator. Also, the pressure-dependent insulator-to-metal tran-
sition is best described as an orbital selective transition with
the #,, bands becoming metallic while the e, bands remain
insulating. For y-Fe,03, there are no DMFT calculations
yet, but GGA + U calculations concluded that y-Fe,0j3 is a
charge-transfer insulator [16]. It is also important to consider
the role of doping in driving the insulator-to-metal transition
in these materials.

There have been several electron spectroscopy studies in the
past addressing the electronic structure of FeO and «-Fe,03
[17-21]. But, there are only two studies on y-Fe,O3: one
addresses the basic electronic structure [22] and the other study
investigates the surface structure [23]. However, all earlier
photoelectron spectroscopy studies on FeO and y-Fe, O3 have
been done using soft x rays. The resulting low kinetic energy
(~500-700 eV) of photoelectrons for core level spectra makes
it very surface sensitive, with an estimated [24] inelastic mean-
free path (IMFP), A ~ 10 A. While electronic structure param-
eters for FeO and y-Fe, O3 have been estimated by comparing
the soft x-ray Fe 2p spectra with model cluster calculations,
there has been no bulk-sensitive hard x-ray photoelectron spec-
troscopy (HAXPES; hv = 6-15 keV) studies to date on FeO
and y-Fe,03;. HAXPES has developed as an indispensable to
study the bulk-sensitive electronic structure of solids [25-29].
Very recently, Miedema et al. studied «-Fe, O3 using HAXPES
with hv = 10 keV [30] and model cluster calculations. It was
shown that the Fe 1s core level HAXPES spectrum exhibits a
main peak and two satellites, while the Fe 2 p spectrum showed
only one satellite. In fact, from a comparison of the Fe 1s and
Fe 2p spectra, it was concluded that the second satellite in
the Fe 2p3/» spectrum was probably masked by the Fe 2p;,»
main peak, and hence Fe 1s photoemission is the best reference
spectrum to obtain relevant electronic parameters. We discuss
our results in comparison with the results of Miedema et al.
in the following. Since ultrathin epitaxial films are important
for device applications, we felt it would be useful to study
well-characterized films of FeO, y-Fe,03, and Fe;O4 using
high-energy spectroscopies and model cluster calculations and
compare with earlier results discussed above. In addition,
the cluster model calculations provide an estimate of the
onsite Coulomb energy U,,. Although Uy, is not the same
as the Coulomb energy U used in LDA + U (local density
approximation) band structure calculations, it can serve as a
starting point for the calculations.

Hence, we have carried out HAXPES studies with incident
photon energies of 12 and 15 keV in order to probe the
bulk-sensitive (estimated A ~ 100-150 A) Fe 2 p and Fe 1s
core level spectra of FeO, y-Fe, 03, and Fe;04. We also report
electron energy loss spectroscopy (EELS) spectra which help
us to conclusively identify the bulk plasmon loss feature. A
comparison of the HAXPES spectra with model M Og cluster
calculations provides us with electronic structure parameters
such as the onsite Coulomb energy U,,, the charge-transfer
energy A, and the metal-ligand hybridization strength V.
Uy, is estimated to be ~6-7¢eV. This is similar to earlier
estimates from cluster calculations [17,19,20,22], but larger

than what has been often used (U,;; ~ 4-5 eV) in several band
structure calculations [14,16,31,32]. Both FeO and y-Fe,0O3
can still be described as charge-transfer insulators in the
Zaanen-Sawatzky-Allen picture with U;y; > A. The ground-
state configurations indicate that both FeO and y-Fe, O3 have
dominantly d” contribution in the ground state, implying an
ionic description due to the relatively low values of V, while
the final states are dominated by the charge-transferred "' L!
configuration. Further, the insulating phase of Fe;O4 can be
simulated by a simple addition of FeO and y-Fe,O3 spectra
in a 1:1 ratio. However, an extra satellite seen in y-Fe,O3
and Fe;04 cannot be explained by MOg or MOy cluster
calculations. Based on a simplified M,07 cluster calculation
and considering a renormalization of the energy levels, it is
suggested that nonlocal screening plays an important role in
explaining the two satellites observed in the Fe 1s core level
HAXPES spectra of y-Fe,O3 and Fe;0y4.

II. EXPERIMENT

Thin films of FeO, Fe;04, and y-Fe,O3 were epitaxially
grown on SrTiO3(001) substrates by pulsed laser deposition
using a Nd: YAG laser (wavelength: 355 nm) operating at 10 Hz
and 1 J/cm? irradiance power. A stoichiometric polycrystalline
Fe3;O4 pellet was used as the target for growing the films. The
FeO and y-Fe,0j3 thin film was deposited in an oxygen atmo-
sphere of 2 x 1077 and 1 x 10~* mbar keeping the substrate
temperature at 723 and 650 K, respectively. Fe;O4 films were
obtained by depositing in an oxygen pressure of 9 x 10~7 mbar
at 650-K substrate temperature. The formation of the desired
oxide phases were monitored in situ by reflection high-energy
electron diffraction (RHEED) using a primary electron energy
of 29 keV. Ex situ grazing incidence x-ray diffraction (GIXRD)
and x-ray absorption near-edge spectroscopy (XANES) mea-
surements were carried out to confirm the desired single-phase
character of the grown films.

A full GIXRD data analysis was carried out to demon-
strate the single-phase character of the growth films. The
substrate SrTiO3 (STO) has a lattice parameter a = 3.905 A
(cubic). FeO grows fully relaxed with a bulk lattice pa-
rameter of 4.304 A. In units of STO the (202) reflexion
appears at H = (3.905/4.304) * 2 = 1.814 in an H scan. In
the same way y-Fe,O3 grows fully relaxed with a bulk lattice
parameter 8.342 A. In units of STO, the (404) reflexion
appears at H = (3.905/8.342) x4 = 1.872 for y-Fe,03 and
H = (3.905/8.398) x 4 = 1.86 for Fe;O4 in the H scan. The
presence of only the (202) reflection or the (404) reflections
indicates the desired single phase of the films. Figure 1 shows
representative GIXRD H scans taken at K = Oand L = 1.814,
1.86, and 1.874 in STO reciprocal space units for FeO, Fe; Oy,
and y-Fe, O3, respectively.

The thicknesses of the layers were obtained by low-angle
reflectivity measurements which show clear fringes, as shown
in Fig. 2. From the reflectivity data, we could estimate the
thickness by fitting the reflectivity fringe positions, and the
results indicate a thickness of ~8 nm for the FeO film,
~19 nm for the y-Fe, 03 film, and ~10 nm for the Fe;O4 film,
respectively.

The XANES and HAXPES measurements were performed
at the branches A and B of the BM25-SpLine beamline at
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FIG. 1. X-ray diffraction of epitaxial thin films of FeO, y-Fe,0s,
and Fe;0, films grown on SrTiO;(001) substrates, obtained from
crystal truncation rod (CTR) measurements. Note the presence of
only the (202) reflection of FeO, or the (404) reflections of y-Fe, 03
and Fe; 0, films, indicative of the desired single phase of the films.

the ESREF, respectively. The XANES experiments were also
carried out on powder reference samples of FeO, y-Fe,0s3,
and Fe3;O4 (Sigma Aldrich). The phase purity of the powder
samples was cross-checked by x-ray diffraction and they
matched the known crystal structure of the compounds. The
HAXPES measurements were done in the same experimental
setup as the GIXRD measurements [33]. Photon energies of
12 and 15 keV were used to ensure accessibility to a wider
reciprocal space region and for creating photoelectrons with
high enough kinetic energies to probe the whole thickness
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FIG. 2. X-ray reflectivity of epitaxial thin films of FeO, y-Fe, 03,
and Fe;0y films grown on SrTiO3(001) substrates. Inset shows the
fit to the observed fringe positions for estimating the thickness of the
films.
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FIG. 3. XANES Fe K-edge spectra of Fe;0,4 (a), FeO (b), and
y-Fe,0; (c) epitaxial thin films and for comparison the corresponding
reference spectra and the K-edge energy position of the films and
references (d).

of the films. The HAXPES measurements were done using
a Si(111) double-crystal monochromator (DCM) for hv =
12 keV and a second Si(004)DCM postmonochromator for
hv = 15 keV, respectively. The energy resolution was 1.6 and
0.4 eV for HAXPES with hv = 12 and 15 keV. The EELS
measurements were carried out with a primary electron beam
energy of 7.9 keV corresponding to the Fe 1s photoelectron
kinetic energy. All the measurements reported in this work
were carried out in UHV (below 4 x 107! mbar). The spectra
were calibrated using the Fermi level (Er) measured from a
copper sample holder.

III. RESULTS AND DISCUSSIONS

Figures 3(a)-3(c) show the XANES Fe K-edge spectra of
Fe;Qy4, FeO, and y-Fe, O3 thin films, respectively. In all the
cases, we have measured powder samples as a reference, shown
along with the spectra for the thin-film samples. The close
similarity in all the spectroscopic features of the reference
powder samples with thin-film data confirms the quality and
the single-phase character of the films. Further, in Fig. 3(d), we
plot the K -edge energy positions as a function of the valency or
oxidation states and the results confirm the known linearity of
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FIG. 4. Experimental and calculated HAXPES of Fe 2p core
level of FeO thin film. Vertical lines are final-state contributions. The
calculated spectrum is obtained by convolution of Voigt function.

the peak energy positions [34,35] with the nominal oxidation
states of FeO, y-Fe,03, and Fe;0y.

Figure 4 shows the HAXPES Fe 2p core level spectrum
of FeO and Fig. 5 shows the HAXPES Fe 2p core level
spectrum of y-Fe, O3, respectively, obtained using an incident
photon energy of hv = 12 keV. The main Fe 2p3/, peak of
FeO is positioned at 710 eV while that for y-Fe,O3 occurs at
710.5 eV binding energy. This is consistent with the soft x-ray
Fe 2 p spectra reported earlier [17-19,22,23,36,37]. In order to
understand the origin of the features, we have carried out model
cluster calculations for core level spectra based on the original
work of Larsson [38] and of Van der Laan et al. [39]. The
spectrum is calculated for a Fe>* valence state using an FeOg
cluster and the details of the method are described in Ref. [40].
For the initial and final states, we use a linear combination
of the d°, d7L ' and dgy states. The calculated results
are shown in comparison with the experimental spectrum
in Fig. 4. We plot the final-state contributions in the form
of line diagrams, along with the total spectrum obtained by
convolution with a Voigt function. The background shown in
Fig. 4 (as well as in Figs. 5-8) was obtained as an integral of the
corresponding experimental spectrum. We get a good match
with the data for the following parameters: the onsite Coulomb
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FIG. 5. Experimental and calculated HAXPES of Fe 2 p core level
of y-Fe,0; thin film. Vertical lines are final-state contributions. The
calculated spectrum is obtained by convolution of Voigt function.

HAXPES FeO
hv =15 KeV

Intensity (arb. units)

dL
.
- S _|
7140 7130 7120 7110 7100

Binding energy (eV)

FIG. 6. Experimental and calculated HAXPES of Fe 1s core level
of FeO thin film. Vertical lines correspond to the total and partial final
state contributions.

energy Uy = 7.0 eV, the charge-transfer energy A = 6.0 eV,
and the metal-ligand hybridization strength V = 2.0 eV. The
crystal-field splitting between the f,, and e, states was set to
0.5 eV and the onsite Coulomb energy in the presence of a core
hole U;. = 8.0 eV. The crystal-field splitting value is taken
from a very recent study which calculated the L-edge x-ray
absorption spectrum (XAS) for FeO [41], while the U, is
typically fixed to a value between 1.1 to 1.25%U,, as reported
earlier [17-22]. The estimated parameters thus indicate that
FeO is a charge-transfer insulator with U, being slightly larger
than A.

As shown in Fig. 5, we carry out a similar analysis of the
Fe 2p spectrum of y-Fe,O3 using a Fe>* valence state with
d’, d°L', and d7L? states. While FeO has a cubic rocksalt
crystal structure, y-Fe,Oj3 is a cubic inverse spinel with partial
Fe vacancy ordering. This structural difference leads to an
important difference for the local structure of Fe sites between
the two systems: FeO has all Fe sites octahedrally coordinated
to oxygen atoms while in y-Fe,03, the crystal has Fe sites
in octahedral and tetrahedal coordination in a 5:3 ratio. Thus,
for y-Fe,03, the calculations were done for both octahedral
FeOg and tetrahedral FeOy clusters with the same parameters
and the final spectrum was obtained by summing the two
spectra in a 5:3 ratio, following the work of Fujii ef al. [22].
We obtained a suitable match with the data for the following
parameters: Uy = 6.0 eV, A =4.7eV,and V = 2.3eV. The
crystal-field splitting between the #,, and e, states was set to
0.9 eV and is based on an early study [20] which compared the
XAS and resonant inelastic x-ray spectrum for o-Fe, O3, with
calculations done by one of us. The onsite Coulomb energy in
the presence of a core hole, U, = 7.3 eV, based on earlier
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FIG. 7. Experimental and calculated HAXPES of Fe 1s core level
of y-Fe,0; thin film. Vertical lines correspond to the total and partial
final state contributions.

work [17-22]. The estimated parameters thus indicate that
y-Fe,03 is also a charge-transfer insulator with U, being
larger than A.

In Figs. 6 and 7, we discuss the HAXPES Fe 1s core level
spectrum of FeO and y-Fe, 03 thin films, respectively. Since
the binding energies of the Fe 1s core levels are very high
(~7 keV), we decided to use an incident photon energy of
hv = 15 keV so as to ensure a high kinetic energy and a bulk-
sensitive measurement. The Fe 1s spectrum of FeO (Fig. 6)
consists of a main peak lying at a binding energy of 7115 eV
and a shoulder at about 7121.5 eV binding energy. The Fe
s spectrum of y-Fe,O3 (Fig. 7) consists of a main peak at
a binding energy of about 7116 eV, but it shows two satellite
features at about 7123.5 and 7132 eV binding energies. In
Table I, we list the Fe 1s, Fe 2p3,,, and Fe 2p, , peak positions
as well as the corresponding energy separation of the observed
satellites from the main peaks of FeO, Fe;Oy4, and y-Fe,03,
respectively. The calculated Fe 1s spectra of FeO and y-Fe, O3
were obtained using the same set of parameters and procedures
as for the Fe 2p spectra. Figures 6 and 7 also show the total
calculated spectrum with the line diagrams for the final states
for FeO and y-Fe;, 03, respectively.

While we could reproduce the Fe 1s spectrum of FeO, for
y-Fe, 03, we could reproduce only the main peak at 7116 eV
and the first satellite (the so-called charge-transfer satellite) at
7123.5 eV binding energy. However, we could not reproduce
the second satellite at a higher binding energy of 7132 eV
(labeled X in Fig. 7) from the M Og cluster calculations. This
result is similar to the case of the Fe 1s HAXPES spectrum of
a-Fe, 03, which was reported recently using a photon energy
of hv = 10 keV by Miedema et al. [30]. It is noted that earlier

o Fes04 o FeO + Fey0O4
o FeO o FeyO3
= Non-local calc.

C3 — C4
=== background

Intensity (arb. units)

7130 7120 7110

Binding energy (eV)

7140

FIG. 8. HAXPES of Fe 1s core level of FeO, y-Fe, 03, and Fe;O4
thin films, indicating the satellite structure originates from Fe**. A
simple model calculation reproduces the satellite structure.

work [17,22] reporting soft x-ray Fe 2p photoemission of
y-Fe,03 and «-Fe,;O3 could not address this feature, which
is seen clearly in the Fe 1s spectrum. In another recent study
of a Mn d° system, Vobornik et al. [42] reported the Mn
s core level HAXPES spectrum of Big¢;Mng 9 Te; using a
photon energy of 11 keV. The Mn 1s core level spectrum
of BiggMngg9Te; showed a main peak and a satellite at
about 6 eV higher binding energy, which could be suitably
reproduced by considering only the d° and d° states, following
earlier work on Mn 2p HAXPES studies [43]. The authors

TABLE 1. HAXPES Fe 1s and Fe 2p,/3, and Fe 2p;,, binding
energy (Ep) and the corresponding energy shift of the observed
satellites (AS; and AS,) of FeO, Fe;0,, and y-Fe, 03, respectively.

FeO

Core level Eg (eV) AS; (eV) AS, (eV)
Fe 1s 7115 6.5
Fe 2p3/2 710 5.8
Fe2pi; 723.6 7.2

FC304
Core level Eg (eV) AS; (eV) AS, (eV)
Fe 1s 7115.1 8.0 16.5
Fe 2[73/2 710.6
Fe 2pi)» 724.2 8.6 17.5

F3203
Core level Eg (eV) AS; (eV) AS, (eV)
Fe 1s 7116.1 7.6 15.9
Fe 2p3/2 710.5 7.6
Fe 2pi) 724.1 8.5 17.0
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FIG. 9. EELS spectra of FeO, y-Fe,03, and y-Fe;04 epitaxial
thin films.

also discussed the important difference between ls and 2p
core hole in terms of the degree of localization and screening,
which affects the 3d electronic states.

In order to understand the discrepancy between our HAX-
PES experiments and the cluster calculation results, we first
compared the Fe 1s spectra of FeO and y-Fe, O3 with Fe;04
thin films. Here, we note that, while bulk single-crystal Fe;O4
exhibits a Verwey transition at 7 ~ 122 K, it is known that
films <25 nm in thickness do not exhibit the Verwey transition
[44]. It was shown that thin films of <25 nm thickness
are always insulating, from room temperature down to low
temperatures [44]. In a recent study, it was reported that the
Fe 2p spectra of Fe;04 show a small but finite-temperature
dependence in the Fe 2p spectra [45], but for the present
insulating Fe; Oy films, the temperature dependence in Fe 2p
and Fe ls spectra are not expected as the film thickness is
10 nm. Figure 8 shows that the Fe;O4 Fe 1s HAXPES core
level spectrum also exhibits an extra satellite at 7132.5 eV
binding energy. Further, the Fe;O4 Fe 1s HAXPES core level
spectrum can be well simulated by a simple addition of FeO
and y-Fe, 03 spectrain a 1:1 ratio, and the 7132.5 eV binding
energy satellite matches fairly with the satellite observed in
the y-Fe, 03 spectrum at 7132 eV. This indicates that the extra
satellite observed at about 7132 eV binding energy in y-Fe,; O3
and Fe; Oy orginates in the Fet configuration.

Since plasmons can give rise to satellites at high binding
energies in photoemission spectra, and it is well known that
EELS is a suitable method to identify plasmon loss features
[46], we carried out EELS of FeO, y-Fe, 03, and Fe;04 using
aprimary electron beam of 7.9 keV, to check for this possibility.
As shown in Fig. 9, we plot the EELS spectra of FeO, y-Fe, 03,
and Fe;Qy, respectively, with the zero of the energy scale
corresponding to the primary energy of 7.9 keV. As can be seen
from Fig. 9, FeO, y-Fe,03, and Fe;0,4 spectra show a broad
main loss feature (labeled B) centered at about 23-24 eV loss
energy. In addition, the spectra also show a weak and broad
feature centered at about 7.5 eV (labeled A). While there is no
EELS calculation for y-Fe, O3 and Fe;O4 to date, calculations
[47] for the EELS spectrum of FeO based on the GGA +U
+ A’ method (where U = 3 eV is the onsite Coulomb energy,
and A’ = 1.5 eV is the scissors shift used to account for the
band gap) show a broad bulk plasmon loss feature between

TABLE II. Ground-state and final-state contributions obtained
from analysis of the core level spectrum of FeO (Fe®™) for the
octahedral site.

Octahedral site

configuration Ground state Final state
ds 88.0% 35.8%
d’L! 11.7% 54.8%
dadL? 0.3% 9.4%

19-24 eV, and weak features around 5—-10 eV. The calculations
are quite consistent with the experimental results, specifically
for the main peak B which corresponds to the bulk plasmon. By
analogy, we assign the peak centered at 23—24 eV for y-Fe, 03
and Fe;0,4 also to a bulk plasmon loss feature. In addition,
since charge-transfer excitations can also be observed in EELS
[48], the broad feature centered at about 7.5 eV is assigned
to charge-transfer excitations. Thus, the weak high binding
energy feature X at about 7132 eV in the Fe ls photoelectron
spectrum of y-Fe,0s; and Fe;O4 (Figs. 7 and 8) cannot be
assigned to a plasmon loss excitation.

It is useful to discuss the ground-state and final-state con-
tributions of FeO and y-Fe,O;. In Table I, we list the ground-
state and final-state contributions for FeO. As discussed earlier,
the final-state contributions are plotted in Figs. 4 and 6 as line
diagrams along with the spectra. It is found that the ground state
is dominated by the d® configuration indicating a nearly ionic
Fe?t-like ground state, while the final states are dominated by
the charge-transferred d’ L' configuration. In Table III, we plot
the ground-state and final-state contributions for the octahedral
and tetrahedral sites of y-Fe,O3. The final-state contributions
are plotted in Figs. 5 and 7 as line diagrams along with the
spectra. For y-Fe, 03, the ground state is dominated by the d°
configuration indicating a nearly ionic Fe>*-like ground state,
while the final states are dominated by the charge-transferred
d(‘g ! configuration. This behavior, of an ionic ground state for
acharge-transfer system, is actually known from early work on
Cu and Ni compounds [39,49], which showed that for relatively
small hybridization strength V compared to U, and A, the
ground state will be close to the pure d” configuration even for
charge-transfer insulators.

TABLE III. Ground-state and final-state contributions obtained
from analysis of the core level spectrum of y-Fe,03 (Fe*") for the
octahedral and tetrahedral sites.

Octahedral site

configuration Ground state Final state
& 82.8% 38.8%
d’L! 16.5% 48.0%
d’L? 0.7% 13.2%
Tetrahedral site

configuration Ground state Final state
&> 77.7% 38.4%
dasL! 21.1% 45.4%
d’L? 1.2% 16.2%
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The parameter set used by us is very similar to that used
by Lee and Oh for analyzing soft x-ray Fe 2p spectrum
of FeO, leading to a very similar d-electron count for the
ground state [18]. Further, for y-Fe, 03, the parameter values
we have used for calculating the HAXPES spectra are very
similar to the earlier study [20] of high-energy Fe K-edge
XANES and the 1s-2p resonant inelastic x-ray scattering
(RIXS) of a-Fe,03. In that study, it was shown that the large
A and a crystal-field splitting 10 Dq = 0.9 eV was important
for obtaining the best match to the overall RIXS spectral
shapes as a function of incident photon energy as well as
the fine features of the pre-edge in Fe K-edge XANES. In
comparison, Miedema et al. use a smaller A =2 or 3 eV,
and a comparable V,, =2.6 eV for a-Fe,O; and obtain a
strong contribution from charge-transferred states even for
the ground state [30]. While they obtain a highly reduced
intensity for the high-energy satellite in their calculations when
compared to the experimental data, they characterize it also
as a charge-transfer satellite. Thus, it is clear that octahedral
FeOg and tetrahedral FeOy4 cluster calculations with full atomic
multiplets cannot reproduce the second satellite at high binding
energy (~16 eV) from the main peak. We have instead tried
an extremely simplified, or a toy model calculation, based on
an M,0 cluster which includes nonlocal screening [50-52]
for explaining the extra satellite in the Fe ls spectra. The
importance of nonlocal screening stems from the fact that
the core hole has an additional screening channel from the
neighboring plaquette/cluster and was shown to be useful for
understanding the metal 2p photoelectron spectra of NiO,
cuprates, ruthenates, and manganites [50-52]. We would like to
emphasize that we carried out the simplest nonlocal calculation
because the full problem of two metal sites with a d° electron
configuration is beyond our scope. The aim was just to check
if the high-energy satellite, about 16 eV from the main peak,
can be simulated in a model including nonlocal screening.
The calculation is based on an effective renormalization of
the electronic parameters for an M,0O; cluster calculation
carried out for d° electron (d! hole) configuration on both the
metal sites and the details are discussed in the Appendix. In
a charge-transfer insulator, since the charge-transfer energy
and Coulomb energy are the main pertinent energy scales, it
is possible to map calculations from a d° configuration to a
d" charge-transfer system by using renormalized parameters,
as was illustrated by Zaanen and Sawatzky [53]. A similar
calculation was recently reported by us for the case of a
hole-doped cuprate [54]. The calculation results are shown
in Fig. 8 (black line) together with the experimental data.
We obtain a fair match between the calculations with the
experimental Fe 1s spectra.

In particular, the calculations reproduce the main peak
as well as the two satellites for the following renormalized
parameter set: the onsite Coulomb energy Uz = 8.0 eV,
the charge-transfer energy A, = 1.0 eV, the metal-ligand hy-
bridization strength V, = 1.15 eV, and the onsite Coulomb
energy in the presence of a core hole, Uy, = 11.0 eV. We
have analyzed the nature of the spectral features and we find
that it consists of mainly four components C1-C4 (Fig. 8).
The main peak consists of two components C1 and C2.
Cl1 is dominated by the local and nonlocal screened state
|d IOL L. d 10£ ! ), while C2 has nearly equal contribution from

|d'°L'; d'°L"y and |d°; d°) with admixture from the locally
screened |d'OL!; d%) state. The first satellite at 7123.5 eV is
dominated by |d°; d°) with admixture from |d°; d'°L') and
the second satellite (X) at 7132 eV is dominated |d°; d°) state
with admixture from the |d'°L'; d'°L!) state. The results
suggest that nonlocal screening is important for explaining
the observed spectral features, and the full problem of two
metal sites with d° electron configurations in an M,0O7 cluster
will be successful in reproducing the Fe 1s spectra with two
satellites. While nonlocal screening models have been used for
explaining metal 2p core level photoemission spectra earlier
(Refs. [50-52]), it has never been used for explaining metal 1s
core level photoemission spectra earlier. We hope our results
will motivate future theoretical work for calculating metal 1s
core level spectra with nonlocal screening for a d° system in
particular, and d" systems in general.

Finally, we note that the estimated ground-state contri-
butions suggest that electron doping in FeO and y-Fe,03
will produce carriers of mainly “d” character while hole
doping will result in mainly “p”-type carriers, i.e., an effective
electron-hole asymmetry upon doping. In contrast, the ground
state of most binary and ternary oxides of Mn and Co,
except for MnO, are dominated by the charge-transferred states
[19,21,55-58]. Thus, if the ground state and final states are
dominated by the charge-transferred states, the materials are
not expected to show a strong electron-hole asymmetry upon
doping. For MnO, which has the same formal d° configuration
as trivalent y-Fe,O3, a very similar conclusion regarding the
doped carriers has been made by Saitoh et al. [57] from an
analysis of the core level spectra. While we also infer this
from an analysis of the core level spectra, very remarkably,
a similar conclusion was also made very early by Morin [59]
for electron- and hole-doped «-Fe,O3;. Morin, based on an
analysis of the electrical resistivity, Seebeck coefficient, and
optical spectra, concluded that it was necessary to consider two
types of bands for explaining the observed transport behavior,
namely, the sp bands of oxygen and the d bands of iron.

IV. CONCLUSIONS

In conclusion, we have investigated the electronic struc-
ture of well-characterized thin films of FeO (wustite),
y-Fe,03; (maghemite), and Fe;O4 (magnetite) using HAX-
PES, XANES, and EELS. The M Og cluster model calculations
allow us to estimate electronic parameters and indicate both
FeO and y-Fe,03 are well described as charge-transfer insu-
lators in the Zaanen-Sawatzky-Allen picture with Uy > A.
However, due to a relatively lower hybridization V compared
to U,y and A, the ground state is dominated by the d” config-
uration with a nearly ionic ground state, while the final states
are dominated by the charge-transferred @"+! L' configuration.
The estimated ground-state contributions suggest that electron
doping in FeO and y-Fe,O3 will produce carriers of mainly
d character while hole doping will result in mainly p-type
carriers. Based on a simplified M;O7 model cluster calculation,
it is suggested that nonlocal screening plays an important role
in explaining the two satellites observed in the Fe 1s core level
HAXPES spectra of y-Fe, O3 and Fe;0y4.
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APPENDIX

In order to understand the possible origin of the second
satellite seen in y-Fe,Os3 and Fe3;O4 at a binding energy of
7132 eV (Figs. 7 and 8), we carried out simplified model
calculations using an M, Oy cluster. At the outset, we would like
to emphasize that calculations including nonlocal screening
for the d° electron configuration corresponding to the Fe*
case are beyond our scope. We carried out a calculation by
considering the M, 07 cluster with the two metal atoms having
a d' hole (or d° electron) configuration instead of the real
system with a d° electron configuration. This was done to check
if nonlocal screening effects has the possibility to give us two
satellites, one at about 8 eV and the second one approximately
16 eV separated in energy from the main peak. The initial
and final states for the M,0O; cluster are a combination of
the d" configurations with charge transfer on both sites and
across the plaquettes, e.g., |d°;d°), |d°;d'°L"), |d'°L';d°),
etc. The nonlocal screening becomes important when the
ligand screening from the neighboring plaquette screens the
core hole created on the metal site in the first plaquette. In the
following, we discuss the relevance of these calculations in

¢ = d?
r' 9 Y
2g4+9U,, 2e,+ U
5 = 1
7y d = d A
gy +4U,, Eq
v v d4 = d% v v

FIG. 10. Schematic to show the mapping of d*, d°, and d° states
tod”,d", and d? states upon renormalization.

terms of a renormalization of energy levels for the Fe** case.
The calculated spectra shown in Fig. 8 show that it is possible
to obtain the second satellite in fair agreement with the data.
The results suggest that nonlocal screening can give rise to
additional satellites at higher-energy scales of up to 16 eV
from the main peak.

The renormalization of the energies for the d° case starting
with the d' hole case is based on the following. For a given
transition metal atom or ion, the average energies of the d”
configuration are given by E7 = ne; + n(n — 1)Uy, /2 where
€4 1s the one-electron energy and U,, is the Coulomb/exchange
energy between pairs averaged over the multiplet states. For
Fe’*, the relevant d” configuration is d°> and we need to
consider the energies of states withn = 4, 5, and 6.

Then, for n = 4, E;‘U =4¢;+6U,, n =25, ESU = 5¢; +
10Uy, n =6, E2 = 6€4 4 15U,,. It is possible to define
renormalized parameters and to map the problem onto a simple
d",d",and d* problem. Consider for the renormalized system
i=0and EY = Ey,i=1,and E!, = Ey +€4,1=2,
and E2 = Ey +2¢4 + U’

The mapping E* = E°, E3, = E!, and ES =
Egv then — ¢, = ESU - E3U =¢;+4U,yand U’ = EZU —
Egv — 2€4 = Uygy. Thus, the renormalization effectively cor-
responds to an energy shift of the 4, d'', and d* energy levels
and the levels are shown schematically in Fig. 10.
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