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The electronic structure of a-Fe,O; with the high-spin d° ground-state configuration has been
studied by ultraviolet photoemission spectroscopy with use of synchrotron radiation as well as by
x-ray photoemission and Auger-electron spectroscopy. The results are interpreted in terms of the
configuration-interaction theory based on a FeOg-cluster model. The main lines of the valence-band
photoemission spectra are identified with Fe 3d°—ligand-hole final states produced by ligand-to-3d
charge-transfer screening of 3d holes (3d* states), whereas the satellite at higher binding energies is
assigned to unscreened (or poorly screened) 3d* final states. The Fe 3d versus O 2p partial density
of states and symmetry characteristics of 3d-derived peaks are found to be quite different from as-
signments based on ligand-field theory or band theory. These results indicate that Fe,O; cannot be
considered as a Mott-Hubbard insulator in its original sense but is classified as a charge-transfer-
type insulator according to a theory of Zaanen, Sawatzky, and Allen. A possibility is suggested that
the lowest unoccupied state is not Fe3d—like but is the bottom of the Fe 45 band. The large ex-
change energy of the high-spin 3d° configuration is shown to greatly stabiliz¢ the localized 3d states
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relative to the itinerant state.

I. INTRODUCTION
Recent theoretical! and experimental®* studies on the
photoemission spectra of NiO have given basically new
insight into the electronic structure of this compound. It
has been found that hybridization between the localized,
strongly correlated Ni 3d levels and the bandlike O 2p
levels is essential and that charge transfer betwen these
levels screens d electrons and holes created in photoemis-
sion, Auger-electron emission, and inverse photoemission
[i.e., bremsstrahlung isochromat spectroscopy (BIS)] pro-
cesses.! =3 By considering configuration interactions (CI)
including charge transfer between the 3d and ligand orbi-
tals, the main lines of the valence-band photoemission
spectrum, which are located near the valence-band max-
imum and had long been interpreted as d’ final-state mul-
tiplet lines within the framework of the ligand-field (LF)
theory,* are found to be d®L final states (L is the ligand
hole) resulting from L —d charge transfer screening of d
holes (d7 states), whereas the high binding energy satellite
is found to be unscreened (or poorly screened) d’ final
states.! Namely, the spectrum consisting of the main and
satellite features result from an L -—d shake-down pro-
cess. This finding combined with the fact that the lowest
unoccupied states are Ni 3d° (Ref. 3) has led to a con-
clusion that the band gap is not a Mott-Hubbard (d-d)
type in its original sense,” where the magnitude is deter-
mined by the on-site d-d Coulomb correlation energy U.
Instead, the gap is interpreted as an L —d charge-transfer
type determined by the L -—d charge-transfer energy or
the electronegativity difference between the 3d and ligand
orbitals rather than only by U.> In fact, this picture was
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supported by a subsequent photoemission-BIS experi-
ment®’ and a theoretical calculation’ on NiS, in which the
band gap between occupied d®L and empty d° states
disappears owing to the low electronegativity of S com-
pared with O.

Based on this idea, Zaanen, Sawatzky, and Allen? have
developed a general theory for metal-insulator transitions
in 3d transition-metal compounds, and have classified the
compounds into several groups including the charge-
transfer and Mott-Hubbard regimes. According to the
theory, the system enters the Mott-Hubbard regime with
decreasing electronegativity of the transition-metal atom
or with increasing electronegativity of the ligand atom. In
this regime the lower (smaller) binding energy band (re-
ferred to as the main band) is d” ~'-like rather than d”"L,
that is, the satellite at a higher (larger) binding energy re-
sults from shake-up transitions, and the band gap is of the
d-d type with a magnitude of ~U. In this context,
Zaanen et al. have postulated that Ti and V compounds
are in the Mott-Hubbard regime, while Cu, Ni, and Co
compounds are in the charge-transfer regime. In order to
test the validity of this metal-insulator transition mecha-
nism and settle a boundary between the two regimes in
real materials, systematic spectroscopic studies on
transition-metal compounds are required. Such quantita-
tive studies have so far been limited to Ni compounds in-
cluding NiO,"” NiCl,,' and NiS.’

In this paper, we report experimental and theoretical re-
sults on a-Fe,0; (hematite), which is a so-called Mott in-
sulator. It is also expected that the results will provide
basic data to interpret photoemission spectra of more
complicated Fe-O systems such as valence-fluctuating
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Fe;0,,” whose electronic structure has long been a matter
of controversy,'® and oxidized Fe surfaces.!! Fe,0; is an
antiferromagnetic (weakly ferromagnetic above 260 K) in-
sulator like NiO and crystallizes in the a-corundum (a-
Al,0O3) structure where an Fe atom is octahedrally coordi-
nated by six O atoms. The ground-state configuration of
Fe is high-spin d°, i.e., °S or ®4, in the cubic representa-
tion. According to the LF theory'? the Fe 3d—derived
photoemission spectrum is quite simple: Two multiplet
lines, °T,; and °E,, with an intensity ratio of 3:2 are
separated by the crystal-field splitting Acg. In Fig. 1 an
assignment based on the LF theory for another represen-
tative high-spin d° system MnO is shown.* The valence-
band spectrum of Fe,O; shows the same characteristic
features as MnO, namely the three-peak structure in the
main band (within ~7 eV of the valence-band maximum)
and a satellite at higher binding energies, which have been
interpreted in the same manner.!*> The band theory also
predicts only two d peaks, f,, and e, bands, separated by
Acr with the same intensity ratio.'* In the following sec-
tions, however, we will show that the main band is due to
d°L final states which are screened via L—d charge
transfer while the satellite is due to unscreened d* final
states. Consequently, it is concluded that Fe,0; is not a
Mott-Hubbard insulator but a charge-transfer insulator
like NiO. It is interesting to compare the present results
with the band theory, as the band theory appears to ex-
plain the photoemission spectra apart from the satel-
lite,"*!> and predicts their changes with crystal structure
and magnetic ordering.'®

In Sec. II experimental details are given. Results of x-
ray and ultraviolet photoemission spectroscopy (XPS and
UPS), Auger electron spectroscopy, and resonant photo-
emission in the Fe 3p—3d core excitation region are
presented and interpreted on the basis of the CI picture in
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FIG. 1. Valence-band UPS spectrum of MnO which has the
same 3d-electron configuration as Fe,O; with its interpretation
based on the ligand-field theory, after Ref. 4. (The intensity ra-
tio of the T, and °E, in Ref. 4, was erroneous and has been
corrected.) The satellite was explained as a result of ligand-to-d
shake-up transitions.
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Sec. III. The photoemission experiments in a wide photon
energy range and, in particular, the resonant behavior of
the spectra allowed us to obtain information on the Fe3d
and O 2p partial density of states (DOS), namely, the dis-
tribution of d* and d°L final-state characters. Section IV
describes the CI calculation of the valence-band photo-
emission spectrum using the FeOg cluster model. Several
physical implications are discussed in Sec. V.

II. EXPERIMENTAL

XPS, UPS, and x-ray excited Auger electron spectra
were recorded with a spectrometer equipped with an un-
monochromatized Mg Ka radiation source (hv=1253.6
eV) and a He resonance lamp (hv=21.2 and 40.8 eV),
where photoelectrons were collected with a PHI 15-255
double-pass cylindrical mirror analyzer. The base pres-
sure of the spectrometer was ~ 1 10~!° Torr.

UPS spectra using synchrotron radiation (35 <hv <120
eV) were taken at the Synchrotron Radiation Laboratory
of The University of Tokyo. A Rowland-mount mono-
chromator and a cylindrical mirror analyzer of the same
type as that for XPS were used. The total resolution was
~0.5 eV for photon energies hv~50 eV. Measurements
were performed under a vacuum of ~1Xx107!° Torr.
Spectra were taken in the constant pass energy mode and
were subsequently corrected for the analyzer transmission.
All spectra were normalized to the photon flux in order to
obtain constant initial state (CIS) spectra. Photoabsorp-
tion in the Fe3p—3d excitation region was recorded by
measuring the total photoelectron yield with an ammeter
connected to the sample.

The samples were a sintered pellet and a single crystal
grown by the chemical vapor transport method using HCI
as a transport agent. The sintered sample had been re-
duced in air at ~1390°C for 17 h and made electrically
conductive in order to avoid charging effects during
photoemission measurements. That treatment had result-
ed in ~10% of Fe atoms in the Fe;O,4 phase, but this
amount of the second phase is expectedly too small to give
noticeable features characteristic of Fe;O,4. In fact, spec-
tra taken on both samples were found virtually identical.
UPS spectra presented in this paper are of the sintered
sample. As charging effects for XPS and x-ray excited
Auger electron spectra were only to shift the whole spec-
tra uniformly to higher binding energies (by ~7 eV)
without any noticeable broadening, we present XPS and
Auger electron spectra taken on the single-crystal sample
with a corrected energy scale. All binding and kinetic en-
ergies have been referenced to the Fermi level (Er) of the
spectrometer.

The samples were scraped in situ with a diamond file,
and the cleanliness was checked with XPS by the absence
of both the C1s peak and the high binding energy com-
ponent of the O 1s peak which may arise from adsorbed
water or carbon oxides. The present XPS spectra are in
good agreement with those reported previously,'>!” where
clean sample surfaces were prepared by grinding in an
inert-gas atmosphere or heating in an ultrahigh vacuum.
A UPS spectrum for hv=21.2 eV is somewhat different
from the previous one'* probably because of much less
surface contamination in the present experiment.
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III. RESULTS

A. Valence-band photoemission

Figure 2 shows photoemission spectra in the valence-
band region for a wide range of photon energies. The
spectra may be divided into the main band (1—10 eV) and
satellite (10—17 eV) regions. The main band consists of
three features at ~2.5, ~5, and ~7 eV. According to
the LF theory, the former two peaks are assigned to d*
multiplet and the third one to the anion p band as in the
case of Mn?* compounds such as MnO* (Fig. 1) and Mn
halides.'®!® However, it turns out that this assignment is
not consistent with the photon energy dependence of the
atomic-orbital cross sections as described below.

It is well known that the O 2p cross section steeply in-
creases toward lower photon energies while the Fe 3d
emission becomes more dominant for higher photon ener-
gies. In particular, below Av~40 eV, the Fe 3d cross sec-
tion decreases with decreasing photon energies and be-
comes much smaller than that of O 2p at hv~20 eV.2°
One notices that in contrast to such different photon ener-
gy dependences of the Fe 3d and O 2p cross sections the
three-peak structure of the main band remains relatively
intense with rather unchanged line shape for the whole
photon energy range. Thus we consider that all these
features have mixed Fe3d—O2p character. Further,
from the spectra for hv <100 eV (particularly from the
21.2-eV spectrum corrected for the secondary electron
background shown by a solid curve in Fig. 2), O 2p emis-
sion can be located at ~4 eV rather than at ~7 eV as in
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FIG. 2. Valence-band photoemission spectra of Fe,O; for
various photon energies. The solid curve for hAv=21.2 eV is a
result after subtracting an integral background (dashed curve).
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the previous assignment.!> The XPS spectrum of iso-

structural Al,0; shows two O 2p peaks separated by ~4
eV, where the shallower one is assigned to nonbonding O
2p states and the deeper to Al3sp—O 2p bonding states.?!
We assign the structure at ~4 eV to nonbonding O 2p
states which are enhanced relative to the bonding states
for low photon energies, hv~20 eV. Fe4sp—O2p bond-
ing states may then be located around ~8 eV. As for the
satellite (10—17 eV), its intensity relative to the main band
increases monotonously with increasing photon energies.
This result indicates that the satellite is more Fe 3d —like
than the main band.

The above results can be consistently interpreted within
the CI picture with consideration of the hybridization of
d* and d°L configurations in the photoemission final
states'. The satellite is assigned to d* final states, whereas
the main band is to d°L final states which result from
L —d charge-transfer screening of d holes (d* states).
Thus the Fe 3d—derived emission is not a simple d* mul-
tiplet, namely one stg and one 5Eg line, but of more
complicated multiplet of mixed d* and d°L configura-
tions as will be calculated in Sec. IV.
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FIG. 3. Valence-band UPS spectra of Fe,0; for photon ener-
gies in the 3p — 3d excitation region. A constant kinetic energy
of 45 eV is marked by vertical bars for photon energies above
the Fe 3p threshold, where M, ;M4 sM, s Auger emission would
be expected. The bottom panel shows a difference curve (verti-
cal scale multiplied by 1.3) between on- (hv=58 eV) and off-
resonance (hv=55 eV) spectra highlighting the Fe 3d —derived
emission.
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B. Fe 3p core absorption and resonant photoemission

For photon energies in the Fe 3p-core excitation region,
the Fe3d—derived photoemission intensity is enhanced
through a resonant photoemission process, i.e., interfer-
ence between direct photoemission (3d"—3d" ~!+¢;) and
Auger electron emission (3p°3d"*!'>3p%3d"~'4¢,) fol-
lowing the 3p—3d core excitation.”? As has been demon-
strated for Ni’* and Cu’* compounds,”?? resonant
photoemission can be used to distinguish between d” !
and d"L final states, because d”~! final states usually
show a Fano-type resonance peak near the 3p—3d
threshold while for d”L final states an antiresonance dip
on the lower photon energy side of the Fano peak is ac-
centuated.

Figure 3 shows valence-band photoemission spectra
taken for photon energies near the 3p core-level binding
energy with a small photon energy interval, and Fig. 4
shows CIS spectra and the total photoelectron yield spec-
trum. The CIS curves of the three features in the main
band (particularly those for Eg=2.3 and 4.5 eV) are rath-
er of the anti-resonance-type while the satellite (the CIS
for Eg=12.7 eV) clearly shows a resonance peak. The
Fe 3d—derived nature of the 7-eV feature which has not
been considered in the LF theory is again evident from the
CIS spectrum and the difference spectrum between on-
and off-resonance spectra as shown on the bottom of Fig.
3. Above the Fe 3p core threshold, M, sM, sM, s Auger
emission at a constant kinetic energy is expected as indi-
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FIG. 4. Constant initial state (CIS) spectra and the total pho-
toelectron yield of Fe,O3;. The threshold energy for the Fe 3p;,,
core excitation obtained from the core-level binding energy (56
eV) and the band gap (2.7 eV, after Ref. 31) is shown by a verti-
cal bar. The vertical scale for the CIS spectrum of Ez=2.3 eV
is shown on the right, while that for the other CIS spectra and
the total photoelectron yield spectra is shown on the left.

cated by vertical bars in Fig. 3. However, the Auger emis-
sion is too weak to be identified in contrast to the case of
Fe;0,,’ similarly to other insulating Fe compounds such
as FeCl, and FeBr,."”

In Fig. 4, the absorption profile consists of a dominant
peak at hv=58 eV corresponding to °P atomic term of
the 3p>3d® configuration and a subsidiary peak at
hv=53.5 eV corresponding to °F and ®D terms.?* Be-
sides, a broad hump is seen on the higher-energy side of
the main features at hv~60—70 eV. Similar high-energy
features which cannot be explained by the 3p°3d” *! mul-
tiplet have been observed for the 3p absorption spectra of
various transition-metal halides.”> These features may
arise from transitions into metal 4s states, or could be at-
tributed to a 3p°3d’L satellite as opposed to the main
3p33d°® features as has been identified for NiO and Ni
halides.?® If this assignment is correct, the 3d°L-like
photoemission final states will be more enhanced than the
3d* final states at hv~60—70 eV, since the 3p°3d’L
states mostly decay via an  Auger process
3p33d'L —3p®3d°L +¢;. In fact, the CIS spectra for
Ep=2.3 and 4.5 eV show a weak, broad hump in this
photon energy range, while that for Ez=12.7 eV does
not.

C. Core-level photoemission

In Fig. 5 XPS spectra in the Fe 2p, 3p, and 3s core-
level regions are shown. Every core peak is accompanied
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FIG. 5. Valence-band and core-level XPS spectra of Fe,0;.
For each main peak a satellite appears at a higher binding ener-
gy of about 8 eV.
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by a satellite feature on the high binding energy side as in
the valence-band spectrum. (The Fe 3s peak is split into
’S and °S components separated by 6 eV through ex-
change interaction with the magnetic 3d°> shell. The
j =7 component of the Fe 3p level does not give a well-
defined peak but is spread over a wide energy range of
~30 eV probably due to intraatomic correlation.’) As
no similar satellites are found for O levels, these satellites
are certainly associated with excitations or screening in-
volving Fe 3d orbitals at the core-hole site. The fact that
the position and the intensity of the satellite relative to the
main line are similar for all the core levels and the valence
band would suggest the localized nature of the 3d-electron
emission. Also the similarity between the core and the
valence levels suggests that the core-level main lines are
L —d screened ¢3d°L final states, where ¢ denotes the
core hole, whereas the satellites are poorly screened c3d’
states. This assignment is different from the traditional
one which assumes L -—d shake-up transitions in the
core-hole final states?® but is consistent with a recent as-
signment by Veal et al.,”” who have concluded on the
basis of local-density calculations that for various 3d
transition-metal compounds the main and satellite core-
level peaks are ascribed to local (3d) and nonlocal (mainly
45sp) screening channels, respectively.

D. Auger-electron spectroscopy

The Fe L3M4'5M4,5 (2p-3d'3d) and M2'3M4’5M4,5
(3p-3d-3d) Auger spectra are shown in Figs. 6 and 7,
respectively. Each Auger emission consists of a broad
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FIG. 6. Fe L,3;MM Auger spectrum of Fe,O; excited with
Mg Ka radiation. Each of the three L3;MM peaks is accom-
panied by an L, MM emission at ~ 14 eV higher kinetic energy,
which has been considerably weakened relative to the L;MM
emission due to the L,L;M,s Coster-Kronig process. Also
each Auger peak has a weak, broad feature at ~20 eV lower ki-
netic energy which may be assigned to a poorly screened satel-
lite.
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single peak. The broadness of the spectrum would be due
to the multiplet structure of final-state two-hole configu-
rations (d>, L —d screened d*L or d°L?2).

Since the kinetic energies of Auger electrons are
lowered by the Coulomb correlation energy between the
two final-state holes, one might expect to obtain the on-
site d-d correlation energy U from the Auger results.
However, we note that the initial-state hole and the final-
state holes in the Auger process are not unscreened d
holes but are d holes screened by L -—d charge-transfer
processes if the above assignment for the valence-band
and core-level satellite structures is considered. In fact,
the traditional assignment ignoring the L —d screening
leads to an unreasonably small U. If we assign the core-
level and valence-band main peaks to unscreened c3d>
and 3d* states, respectively, and the Auger peak to 3d°,
the Auger-electron kinetic energy Eii, is given by

E{.=Eg(c3d%)—2E5(3d*)—U . 1)

By using the Auger-electron kinetic energies and the
core-level binding energies listed in Table I, we obtain
from Eq. (1) U~1 eV which is comparable to the 3d
bandwidth®® and is smaller than the band gap of Fe,0;,
2.0—2.7 eV, deduced from the electrical conductivity in
the intrinsic conduction region.31 On the other hand, if
we take into account L —d screening effects, the Auger-
electron kinetic energy is, by neglecting energy shifts due
to hybridization between different configurations, given
by

E{a~FEp(c3d°L)—2Ep(L)— Uy (2a)
if the Auger final state is assigned to d°L?, or
E{,~Ep(c3d°L)—Ep(L)—Ep(3d*)— Uy (2b)

if it is assigned to d*L. Using Eg(L)~4.5 eV and
Ep(3d*)~13 eV (the binding energies of the main and
satellite peaks of the valence band, respectively), the form-
er case [Eq. (2a)] gives U s~1 eV between two ligand
holes (or two holes in the d°L band), while the latter case
[Eq. (2b)] gives U p~—7 eV between a 3d and a ligand
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FIG. 7. Photoemission spectrum of Fe,O; taken for hv=120
eV for a wide binding energy range showing Fe M, ;M sM, s
Auger emission.
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TABLE 1. Binding energies of core-level main peaks and kinetic energies of Auger electron peaks rel-
ative to Ef (in eV; the accuracy is +0.2 eV unless otherwise stated).

Fe 2ps, 2pin 3s® 3p

L3M4_5M4’5 M2’3M4.5M4_5 O 1Is

711.2 724.6 94.2 56.0

700.9+0.5 45+1 530.2

>The binding energy of the ’S component. The "S- splitting is 6.0+0.2 eV.

hole. Since Uy in either case is expected to be a small
positive number of the order of 1 eV or less, we conclude
that the former assignment, d°L?2, is a proper one. This
conclusion appears reasonable in that two holes on a Fe
site are screened by transfer of two electrons from the
ligands to the Fe atom while a single hole is screened by
transfer of one electron. Thus the charge-transfer screen-
ing mechanism is found important not only for photo-
emission but also for Auger electron spectroscopy, and
consequently U cannot be generally obtained directly
from Auger electron spectroscopy. Coulomb correlation
energies so far obtained from Auger-electron spectroscopy
for some 3d transition-metal oxides®3? would thus corre-
spond to U, rather than U.

IV. CONFIGURATION-INTERACTION
CLUSTER CALCULATION

In order to substantiate the above spectral assignment
and to obtain more quantitative information on the elec-
tronic structure of a-Fe,03, we have performed a CI cal-
culation on the FeO¢’~ cluster model following the same
procedure as applied to NiO and NiCl,.! The cluster
simulates the local environment of a single Fe ion in the
corundum lattice, where two trigonally distorted FeO¢ oc-

tahedrons share an O; face. The charge of the cluster is
derived from the formal charges of the Fe’t and O?—
ions. As the trigonal distortion of the cluster would have
only minor effects on the photoemission spectra, it is ig-
nored in the present calculation and we will use the nota-
tion for the cubic symmetry O,.

In Fig. 8, energy levels in the CI cluster theory are
schematically shown for the ground state as well as for
the photoemission and BIS final states. The energies of
these final states relative to the ground state are measured
with the emitted or incident electron at the Fermi level,
Ep. That is, the energies are referenced to Er which is lo-
cated ~1.7 eV above the valence-band maximum. The
covalency of the ground state is represented by a mixture
of d®L configuration into the high-spin d° (¢3¢2) configu-
ration with °S or 64 1g Symmetry of the purely ionic Fe’*.
The ground-state wave function is given by

W, (A))=ao|13¢?°4,) +a, | t3e’L ,°4,)

+a; ltge2l_, 1r6AI) ) (3)

where L , and L , denote molecular orbitals with E; and
T,¢ symmetry, respectively, consisting of O 2p atomic or-
bitals in the cluster. The Hamiltonian for the ground
state is of the form??

Es+A(%4,)) V2u, Vi,
H=| V2, Es+8E,+ACE) 0 , 4)
Vi3, 0 Es+8E,+ACT,)

where A(3*!T") is the energy of the 2 *!T" term relative
to the center of gravity of that configuration®* and is
given in terms of Racah parameters B and C.3° Here,
8E,=E(d’—d°L)~¢;—¢; + U is the energy required to
transfer an electron from the ligand to Fe 3d orbitals in
the ground state. (sdzsg+4U is the energy required to
add an electron to the d* configuration, where €3 is the
3d-orbital energy for U—0.) v, and v, are defined in
terms of Fe3d—O2p  transfer integrals as
vo=—V3(pdo) and v,=—2(pdm). The final state for
d-electron emission has either °E, or *T,, symmetry and
is of the form

W HI)= by [d***'T) + 3 by |d°L T,
i

+ X by |d°L2EHIT); . (5)
J

I

The explicit form of the basis functions and the Hamil-
tonian matrix elements for the final states as well as for
the ground states are given in Table II. Transition-matrix
elements for d-electron emission are listed in Table III.

In calculating the valence-band photoemission spectra,
energy differences between different configurations, i.e.,
8E, in the initial state as well as SEp=FE(d*
—d’L)~eg—¢; and SEc=E(d°L—d®LY)~e;—¢;
+ U in the final states (see Fig. 8) were treated as adjust-
able parameters. These energies and consequently U are
substantially reduced from those estimated based on free-
ion energy levels because of the polarization of the solid-
state environment including charge transfer between O 2p
and Fe 4sp orbitals, which is not explicitly included in the
present formalism. The transfer integrals (pdo) and
(pdm) were also allowed to vary with a constraint
(pdm)/(pdo)= —0.5. B and C parameters have been tak-
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TABLE II. Basis functions and Hamiltonian matrix elements for the FeOs’~ and FeOg~ clusters

representing, respectively, the ground

K =Es+(15+5)B—(7+7)C;

state
L =Es+8E,+(23++)B—(11+3)G;

states of Fe,0;.
A=celeg)—eltyy);

and photoemission final

8=V2[(ppm)—(ppo)] (set to be zero in the present work); P=E,+(9+3)B+4+3)C
Q=E,+8Ez+(15+3)B +(7+4)C; R =E4+8Ep+8Ec+(23+3)B +(11+%)C. For the d°L?
configuration, only states containing two L, holes have been included for simplicity.

(a) Ground state
¢l= lt%eZGAl >: ¢2= |tges(5E)L 06Al)’ ¢3=t;€2(5T2)L 76A1>
H,,=K —35B, Hy;=L —35B+7C, Hy3=L —35B +7C —86—A

H1'2 = \/iv,, H|’3=‘/§U,

(b) °E,-symmetry final states
¢1=|13e"°E), ¢,=|13¢°4\)L ,’E), ¢3=|13¢'(*T\)L ,’E)
bs=|13'(*T,)L ,°E), ¢s=|t3e*CE)L 2°E)

Hy =P —21B, Hy,=Q —35B, Hy;=Q —25B +6C —8—A
Hy4s=Q—17B +6C —8—A, Hss=R —35B +7C, H,,=v,
Hl,3=_‘/§720m H1,4=-\/§§v,, H2,5=—1/\/iv,

(c) *Ty-symmetry final states
b= |13e2°Ty), ¢s=|13e*“T)L ,°T2), ¢3= |3’ *TH)L ,°T>)
$a=|13e’CA1)L ,°T,), ¢s=|13e*CTIL 5 °T>)
H,,=P-21B+A, H,;=0 —25B+6C+A, Hy;3;=0—17B+6C +A
H,4=Q —35B—6, Hss=R —29B+12C+A, H,,=v,
H,3=—vq, Hy4=Vq, Hys=—0,, H3s5=0,

en from the free-atom values®® without any renormaliza-
tion as is usually done in the LF theory. The best fit to
the XPS valence-band spectrum was obtained with
8E, =3+%1 eV, 8Eg=—5%0.5 eV, 8E-=3%2 eV, and
(pdo)=—2(pdm)=1.5£0.1 eV as shown in Fig. 9. In or-
der to reproduce the valence-band spectrum, O 2p states

ENERGY

L Ground State— \ 73 En

FeOl-e FeOg™
s F g Photoemission

Feog- .ep

FIG. 8. Schematic energy-level diagram for the FeOg ™ clus-
ter representing the ground state and excitations within the clus-
ter. FeOg®~ and FeOg'°~ represent photoemission and BIS final
states, respectively. Approximate energy differences between
unhybridized configurations are given in terms of ¢4, €;, and U.
AEX is the difference between the lowest multiple component of
the d” configuration and its center of gravity. E, and E, are
minimum energies required to create an electron and a hole,
respectively, from the ground state. er denotes an electron at
Ep, i.e., photoemission and BIS final-state energies are refer-
enced to the Fermi level, Ef.

not hybridizing with Fe 3d states have been assumed to
have a two-peak structure as discussed in Sec. III A. The
relative photoionization cross section of O 2p to Fe 3d
states has been taken 1.8 times larger than the theoretical
value for free atoms.>” Such an enhancement of the O 2p
cross section has been usually found for transition-metal
oxides probably because of modification of the O 2p wave
functions in a solid-state environment due to, e.g., orbital
overlap and charge transfer.*®

Excellent agreement between theory and experiment has
been obtained as shown in Fig. 9. The characteristic
three-peak structure of the main band as well as the satel-
lite are indeed explained as the Fe 3d —derived emission,
i.e.,, the multiplet structure of the mixed d*, d°L, and
d°L? configurations. One can also see that the 3d-
derived emission alone (excluding the O 2p band contribu-
tion) explains the difference between the on- and off-

TABLE III. Reduced transition-matrix elements for 3d emis-
sion from the FeOg’~ cluster in the high-spin ground state.

(t3e2%4,|le||t3e'E)=V"2

(13’ CEIL 54 ||e||13e%°4,)L ,°E ) =0

(1362 CTy)L %A, le||t3 (*T))L ,°E) = —1
(13¢2(°T,)L ,%4,||e]||t3e ' *T,)L ,°E)=—1
(1324, |t,] 13T, ) =V3

(136°CEIL %4, ||t2||t33*T))L ,°T,) =V'3/2
(136°CE)L o4, ||| |13**TL)L ,°Ty ) = —V'3/2
(t5e*CTy)L ,54,||t2]|t3eX°4 )L ,°T, ) =0
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FIG. 9. Theoretical valence-band XPS spectrum of Fe,0; by
the FeO¢’~ cluster configuration-interaction (CI) calculation
compared with experiment. The dotted and dashed curves
represent O 2p emission and integral background, respectively.
The lifetime broadening has been assumed proportional to the
binding energy (Ej) relative to the valence-band maximum
(2y =0.44Ejp) and a Gaussian full width of 1.5 eV has been em-
ployed to represent the combined effects of the instrumental
resolution and the d-d hopping (Ref. 16). The bottom panel
shows a decomposition into configuration components for each
final-state line.

resonance spectra shown in Fig. 3. From the decomposi-
tion of the final states into configuration components as
shown on the bottom of Fig. 9, the main band, particular-
ly the 2.5-eV feature, is found predominantly d’L-like
and the satellite largely d*-like, in agreement with the
conjecture made in Sec. III on the experimental basis. It
is noted that the 2.5-eV peak consists of two adjacent
peaks with °E and °T, symmetry in striking contrast to
the LF theory'? or the band theory [of MnO (Ref. 14)] ac-
cording to which the peak has been assigned to a single
component, the SEg multiplet term or the e, band, both
originating from e, electron emission.

V. DISCUSSION

The minimum energy required to create a noninteract-
ing electron-hole pair, E, + E,, in Fig. 8, is the energy gap
measurable by electrical conductivity. Ej corresponds to
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the top of the O 2p band or the lowest energy d L multi-
plet, both being of O 2p hole character. If E, is the ener-
gy of the lowest multiplet of the d® configuration analo-
gous to NiO,"? the system is a p-d charge-transfer insula-
tor according to the classification of Zaanen et al.® The
unoccupied d® energy position can be estimated as follows
by using U, g4, etc., obtained in Sec. IV. The position of
the center of gravity of the d* configuration, Es (Fig. 8),
is evaluated 9.4 eV, out of which 7.1 eV is the energy
lowering due to the multiplet splitting AE M (evaluated us-
ing free-atom B and C parameters) and 2.3 eV is the ener-
gy lowering due to the hybridization with d°L; e; has
been estimated as —5.8 eV and U~8E, —O0Ep
~(3+1)—(—5%0.5)~8=%2 eV. Then the position of the
lowest d® multiplet relative to Ep is given as
~E¢—AEY~Es+¢,+U—AEY, where AE¥ =3.7 eV is
the energy lowering due to the multiplet splitting relative
to the center of gravity of the d® configuration Eg, and is
estimated to be 8+2 eV. (A shift due to hybridization
with d’L configuration would be small owing to the large
d®d’L separation, >10 eV.) Actually, this d° energy
may be reduced by 1—2 eV by further relaxation, but is
still estimated to be as large as 613 eV above Er or 8+3
eV above the valence-band maximum. Therefore, an opti-
cal absorption edge of 8+3 eV is expected if we consider
optical transitions from the valence-band maximum to
unoccupied Fe 3d states.® (Using the same parameter
set, an L —d charge-transfer excitation energy within the
cluster [E(d°—d®L)~¢e;—e; +U plus hybridization
shifts, see Fig. 8] was even estimated as large as ~9 eV.)
Experimentally, O 2p—Fe 3d charge-transfer optical ab-
sorption has been observed at >4.7 eV for dilute Fe’*
ions in AL,O; host.*’ This value would be consistent with
the O 2p—>Fe 3d excitation energy estimated above, if we
take into account the different lattice parameters between
AlL,O3:Fe’* and Fe,0; (the latter is larger by ~6%) and a
possible excitonic effect between the Fe 3d electron and
the O 2p hole.

Thus the present evaluation of the energy gap between
the O 2p (or 3d°L) and unoccupied Fe 3d(d®) states is
too large to account for the experimental band gap,
2.0—2.7 eV, which was obtained from the electrical con-
ductivity.’! Presumably the electrical conductivity probes
the intrinsic region, since an optical absorption edge of a
similar energy, 1.9 eV, has been reported for a Fe,0;
film.*! Thus we propose a possibility that the lowest con-
duction band is not Fe 3d but is of a different origin such
as Fe 4s. The fact that strong optical absorption is absent
around ~2 eV in ALO3:Fe** (Ref. 40) would be con-
sistent with this interpretation, because the bottom of the
Fe 4s band is lowered by several eV for the concentrated
Fe ion case in Fe,0; due to a band formation as compared
with the impurity Fe’* case. The difference between the
conductivity gap, 2.0—2.7 eV, and the optical gap, 1.9 eV,
may be attributed to an excitonic effect. Then the electri-
cal conduction takes place via Fe 4s electrons and/or O
2p (or d>L) holes. Such a conduction mechanism is com-
patible with the transport data.*! The crossover of the 4s
band and the unoccupied 3d band in going from NiO to
Fe oxides is qualitatively consistent with a finding of band
calculations** that in the series of 3d transition-metal
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monoxides the metal 4s-derived band is lowered relative
to the 3d band in going from heavier to lighter 3d ele-
ments. Further, overlap of the metal s band with the 3d
band has been suggested to induce insulator-to-metal tran-
sitions in 3d transition-metal compounds by Falicov
et al®* In particular, for the 3d transition-metal
monoxides, they have suggested that the metal 4s band
starts to overlap with the occupied part of the 3d band be-
tween MnO and VO resulting in the metallic behaviors of
VO and TiO.*

The multiplet splitting of the d> configuration is signi-
ficantly larger than that of d° due to the large exchange
interaction in the high-spin d° state: AE M is larger than
AE%” by as much as 3.4 eV. As can be seen from Fig. 8,
the large exchange energy AEY leads to a large d°L-d*®
band gap and thus, apart from the effect of the metal s
band, stabilizes the d> local moment against the itinerant
d-electron state. This explains why Mn?* compounds
such as MnS and MnSe are insulators whereas the neigh-
boring compounds, FeS, FeSe, CrS, and CrSe are metals
or narrow-gap semiconductors. Then, one would expect
that localized d* states in Fe** and Mn** compounds are
very unstable, since d> configuration which is reached by
adding an electron to the ground state is subject to a large
multiplet splitting pushing down the lowest multiplet
component and resulting in a small or vanishing band
gap. In fact, SrFeO; in which Fe is formally tetravalent
and MnSb in which Mn is trivalent exhibit metallic
behaviors.

The ground-state covalency of Fe,O; is relatively large
as can be seen from the large hybridization shift of the
ground state, 2.3 eV, within the cluster model. Due to the
covalency, the 3d occupancy is shown to increase relative
to the purely ionic value of 5 by 0.21+0.05, 80% of
which is transferred into the unoccupied e, orbitals
through Fe-O o bonds. A Mdgssbauer study of hyperfine
fields in Fe, _,Rh, O; (Ref. 45) has suggested a transfer of
approximately 0.4 electron into the unoccupied, down-
spin Fe 3d orbitals in Fe,0j3, which is twice as large as the
value obtained in the present study. The discrepancy
would be partly due to the fact that the analyses of the
hyperfine fields include charge and spin transfer from the
nearest-neighbor Fe atoms (supertransfer hyperfine fields)
whereas the present model considers charge transfer only
from the nearest neighbor ligands. It should also be noted
that the amount of charge transfer estimated in the
Mossbauer study depends on assumed values for the Fe
45-0 2p overlap integral and calculated values for the am-
plitude of the s-symmetry wave functions at the Fe nu-
cleus.* In general, trivalent Fe compounds are supposed
to be more covalent than divalent ones, since Fe 3d levels
are lowered in the trivalent compounds due to the smaller
d-electron occupation. Therefore, the present finding that
Fe,O; is a charge-transfer insulator does not necessarily
imply that it is also the case for FeO, but our preliminary
resonant photoemission results*® suggest that the lowest
binding energy 3d-derived feature in FeO is d"L-like as in
Fe203.

The present study has revealed that Fe,O; and Fe’*
compounds formed with less electronegative elements
than O (and probably FeO and corresponding Fe?* com-
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pounds) are in the charge-transfer regime. That is, the
present results extend the charge-transfer regime from
that initially proposed by Zaanen et al.}ie., Cu, Ni, and
Co compounds, to Fe compounds. From the similarity of
the photoemission spectra between MnO and Fe,0;, MnO
might also be considered as a charge-transfer insulator,
but a CI theoretical analysis has to still be done to deter-
mine the weight of the d"L component in the lowest bind-
ing energy photoemission feature. As for Ti and V com-
pounds, Zaanen et al. have classified them into the Mott-
Hubbard regime. On the other hand, Veal et al. have sug-
gested that, in insulating compounds of all 3d transition
elements?® including Ti and V, core holes giving the main
(lower binding energy) peaks are screened by d electrons.
As 3d electrons and holes in the insulating Ti and V com-
pounds are essentially localized, satellite structures are ex-
pected to be similar between the valence-band and core-
level photoemission spectra. Therefore, Veal’s assignment
would suggest that the main valence d bands in the Ti and
V compounds correspond to d holes screened by charge
transfer into the d orbitals and that these compounds are
in the charge-transfer regime rather than in the Mott-
Hubbard regime. It is, however, difficult to make a defi-
nite conclusion as to which of the two different arguments
on the Ti and V compounds is correct, because the two
theoretical approaches are not equivalent. Veal et al.
have treated in the screening process all valence orbitals
including metal 4sp in first-principles calculations, but
have not considered explicitly charge-transfer processes
and the presence of ligand holes in the d-screened final
states, which may raise the energies of the d-screened
states. Further, it should be noted that screening involv-
ing the metal 4sp states may also give rise to distinct
satellite features in addition to the d-electron screening as
recently pointed out by de Boer et al.*’ They have con-
sidered a mechanism for the core-level satellites in the in-
sulating 3d transition-metal compounds, where ligand p
electrons are excited into unoccupied s orbitals. As the
latter mechanism becomes more important with decreas-
ing atomic number of the 3d elements,’” one has to be
careful in analyzing the satellite structures in the light 3d
transition-metal compounds.

Finally we would like to comment on the recent sugges-
tion on the temperature dependence of the photoemission
spectra of MnO by Ojala and Terakura.'® They have sug-
gested that the unusually broadwidth of the lowest bind-
ing energy d-emission feature of MnO* (Fig. 1) compared
with that in Mn dichlorides!® is due to d-d hopping ef-
fects. They have proposed a temperature-dependent
photoemission experiment in which the d-d hopping, and
consequently, the spectral width may be reduced upon an-
tiferromagnetic ordering. According to the present re-
sults, however, not only the d-d hopping but also the ex-
istence of the two closely spaced stg and 5Eg multiplet
lines can contribute to the width of the lowest binding en-
ergy feature. The separation between the two lines and
consequently the observed width would vary between ma-
terials depending on the d-L transfer integrals, the d and
ligand energy levels, the correlation energy U, and the
crystal-field splitting. Temperature-dependent photoemis-
sion studies would be able to clarify this issue.
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V1. CONCLUSION

We have shown that the three-peak structure of the
main valence band and the satellite can be explained on
the basis of the CI theory: The main and satellite features
are assigned to L —d screened d SL and unscreened (or
poorly screened) d* final states, respectively. It is conse-
quently concluded that Fe,O; is a charge-transfer insula-
tor according to the classification of Zaanen et al.% It is
suggested, however, that the lowest unoccupied state may
possibly be the bottom of the Fe 4s band rather than Fe
3d states. The large exchange interaction of the ground-
state high-spin d° configuration is shown to greatly stabi-
lize the insulating phase with the localized d states. This
may explain the insulating behaviors of most of Mn?*
compounds and the metallic behaviors of some Fe** and
Mn>* compounds, as localized d* configurations tend to
be unstable and to become itinerant. An extension of the
present work to lighter 3d elements would reveal changes
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of the d” ! versus the d"L final states in the photoemis-
sion spectra with decreasing atomic number in relation to
charge-transfer versus Mott-Hubbard behaviors in the
light 3d transition-metal compounds. Effects of the met-
al 45 band on metal-insulator transitions are also impor-
tant questions to be addressed. Fe compounds formed
with more electropositive elements such as Fe sulphides
will also reveal interesting changes in the electronic struc-
ture concerning the same problems.
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