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The electronic structure of SrFeQ; has been investigated by x-ray photoemission and ultraviolet pho-
toemission spectroscopy. We find that the ground state consists of heavily mixed d* and d°L states,
reflecting the large covalency. The Fe 3s core-level splitting, together with a subsequent cluster-model
configuration-interaction calculation, shows that a high-spin ¢ ggeg ground state is stabilized. The Fe 2p
core levels have been interpreted using a p-d charge-transfer cluster-model calculation. The charge-
transfer energy A.q, defined with respect to the lowest multiplet levels of the d* and d°L configurations,
is negative, which means that a large amount of charge is transferred via Fe—O bonds from the O 2p
bands to the metal d orbitals and that the ground state is dominated by the d°L configuration. This
reduces the charge on the ionic sites, leading to only a small chemical shift between the Fe** and Fe**
compounds. The band-gap energy E,,,, calculated using the cluster model for the high-spin d 4
configuration, is small due to the small charge-transfer energy and the large exchange stabilization of the

adjacent d° configuration. This small value for E,,, leads to the presence of itinerant d electrons in the
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periodic lattice, causing metallic conductivity in SrFeO; and charge disproportionation in CaFeO;.

I. INTRODUCTION

Stimulated by the recent discovery of high-temperature
superconductivity in copper oxides' and by a reinterpre-
tation of photoemission spectroscopy data,” interest has
been revived in the condensed-matter physics community
in a fuller understanding of the 3d transition-metal (TM)
oxides. Much work has been done on simple divalent
TM oxides, such as MnO, NiO, and Co0O,?> > which has
shown that the band gaps of the insulating oxides of the
late transmission metals are of a ligand-to-metal charge-
transfer type, defined by a charge-transfer energy A,
where A < U, the on-site d-d Coulomb correlation energy.
Perovskite oxides (AMO;), in which the transition-metal
cation (M) is coordinated octahedrally to six oxygen
ligands, have also been studied®’ as they have a relatively
simple structure and allow the 3d transition metals to be
stabilized in unusually high valence states. For the TM
perovskite oxides, an increase in formal valency will in-
crease the covalency of the M—O bond, thereby increas-
ing the importance of the O 2p bands on the electronic
states. Thus it is expected that their electronic structure
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will be greatly dependent on hybridization effects be-
tween the highly correlated TM 3d levels and the band-
like O 2p levels.

The cubic perovskite SrFeO;, in which iron is present
as Fe*", is interesting due to its unusual magnetic and
electronic properties. SrFeOj; retains its cubic structure
and a metallic conductivity of ~1073 Q cm down to 4
K,? in contrast to trivalent LaFeO;, which is an antiferro-
magnetic insulator. According to ligand field theory,
four 3d electrons in an octahedral crystal field can as-
sume either a high-spin tggeg configuration or a low-spin
tgg configuration, with the latter configuration being sta-
bilized when the crystal field splitting, 10Dg, is large.
The magnitude of the magnetic moment has been mea-
sured by neutron scattering by Takeda, Komura, and
Watanabe® as Mg+ =3.1up in the screw antiferromag-
netic state below T =~ 134 K,!° suggesting that SrFeO, is
high spin with three electrons filling the #,, band, and the
remaining e, electron itinerant. It has been proposed
that these itinerant d electrons are accommodated in a
broad o* band formed between the metal e, orbitals and

g
the O 2p bands, giving rise to metallic conductivity.”!!
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This may explain the absence of any Jahn-Teller distor-
tion that would be expected for a localized d* system.
Mossbauer spectroscopy (MS) studies, based on the be-
havior of doped La,_,Sr,FeO, (0.1 <x <0.6),'? also in-
dicate a high-spin state for SrFeO;. For La,_,Sr, FeO;
and CaFeQ,, which are semiconductors below room tem-
perature, the single set of Fe*" magnetic hyperfine pat-
terns in the Mossbauer emission at room temperature
splits into two distinct patterns at low temperature. Thus
a charge disproportionation due to the localization of the
itinerant electrons at alternating Fe’" and Fe™ sites has
been proposed for these compounds.'?

In this work, the electronic structure of SrFeO; has
been studied by core-level and valence-band x-ray photo-
emission (XPS) and ultraviolet photoemission (UPS) spec-
troscopy. Results for the perovskites LaFe’"O; and
YFe’*0,, as well as for a-Fe;*O, which has an a-
corundum structure also with Fe coordinated octahedral-
ly to six O atoms, have been included for comparative
purposes. The Fe 3s core levels show that SrFeO; is high
spin in the ground state, in agreement with a subsequent
cluster-model configuration-interaction calculation. An
examination of the Fe 2p and O l1s levels confirms that
hybridization and correlation effects indeed play a central
role in the electronic structure, with the ground state
consisting of heavily mixed d* and d°L states with the
latter being predominant, where L indicates an O 2p hole.
Increased covalency in the Fe** compound results in a
negligible chemical shift in the core levels between the
Fe’" and Fe** compounds.

II. EXPERIMENTAL PROCEDURE

Stoichiometric SrFeO; was prepared as follows. By
heating a mixture of appropriate molar quantities of
SrCO; and a-Fe,0; in air at 1473 K, an oxygen deficient
material SrFeO;_5 was first obtained. A gold capsule
charged with the oxygen deficient material and an oxygen
supplier, KClO,, was then pressed and heated at 1323 K
under a pressure of 6 GPa for 30 min using a belt-type
high-pressure apparatus. The final product was charac-
terized by x-ray diffraction (XRD) and MS. A cubic
perovskite structure was found with a =0.3852 nm.
Good sample quality was assured by the ME spectrum at
4 K which consisted of a single Fe** magnetic hyperfine
pattern. The spectrum did not show any Fe’" com-
ponents, such as those previously detected in measure-
ments of nonstoichiometric SrFeO, o;,'* assuring that the
oxygen deficiency of the present sample is much less than
1%. The LaFeO; and YFeO; samples were prepared by
mixing appropriate molar quantities of Fe,O; and either
La,0; or Y,0; and firing in air at 1643 K for one week.
Samples were confirmed to be single phase by XRD. The
preparation of the Fe,O; single crystal has been described
previously.'?

XPS measurements were carried out using a spectrom-
eter equipped with a Mg Ka source (hv=1253.6 eV), a
He discharge lamp and a double-pass cylindrical mirror
analyzer with a resolution of =1 eV for XPS and =0.2
eV for UPS. UPS spectra were obtained using He II radi-
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ation (hv=40.8 eV). Some measurements were also per-
formed separately on an instrument equipped with an Al
Ka source (hv=1486.6 eV). All XPS spectra have been
corrected for satellites arising from the x-ray source. The
base pressure was ~1X107'© and all spectra were
recorded at liquid-nitrogen temperatures (77 K) to
prevent the removal of oxygen from the surface under
ultrahigh-vacuum (UHYV) conditions. Clean surfaces
were obtained by scraping the sample in situ with a dia-
mond file until the C 1s emission at =285 eV was negligi-
bly small. Although no charging effects were observed
for SrFeO;, significant charging shifts were detected for
the insulating compounds. For these compounds, cali-
bration was performed by monitoring the binding energy
of “adventitious” graphitic carbon, which is known to be
284.8 eV.

For the LaFeO; and YFeO; sintered samples, filing
was successful in substantially reducing the O 1s emission
located near 531.0 eV, which is normally associated with
contaminants on the surface. However, some small emis-
sion invariably remained for SrFeO,, even after repeated
scraping. Furthermore, initial calculations of atomic
concentrations within the sample using the core-level in-
tensities and corresponding standard sensitivity factors'®
found an excess of O and Sr with respect to Fe. Figure 1
shows the O 1s and Sr 3d levels for SrFeO;, with the O 1s
peak resolved by a Gaussian and Lorentzian stripping
routine into two components separated by 2.5 eV. One
possible origin for the peak at around 530.2 eV may be
contaminants present on the surface or in grain boun-
daries of the sintered samples, detected due to the great
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FIG. 1. O 1s and Sr 3d core levels for SrFeO;. Peaks were
resolved using a Gaussian and Lorentzian stripping routine.
The higher binding-energy peaks in both spectra arise due to
the presence of minor phases on the surface or in grain boun-
daries.
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surface sensitivity of the photoemission technique. An
analysis of the Sr 3d peak also shows it can be resolved
into two spin-orbit doublets [Fig. 1(b)] separated by 1.7
eV, which do not change upon filing. The higher-energy
component occurs at a binding energy typical of SrO."7
This suggests that the extraneous peaks in the O 1s and
Sr 3d levels may arise from the presence of a minor
phase, most probably SrO in the surface layers or in grain
boundaries. After removing the contributions from these
extra components, we arrive at the correct atomic con-
centrations of 1:1:3 for SrFeO;. The presence of these
minor phases is, however, unlikely to influence the Fe
core-level spectra and the electronic structure of the bulk
material deduced from these spectra, which we are main-
ly concerned with in the present work.

III. RESULTS AND DISCUSSION

Binding-energy data for the core-level peaks of SrFeO;,
LaFeO;, YFeO,, Fe,0;, and Fe O are summarized in
Table I.

A. Fe 3s core levels

An accurate measurement of the magnetic moment can
give much information on the electronic structure. Much
work has been done by Mossbauer effect, magnetization,
and neutron diffraction techniques on SrFeQ;,” !*!% with
unfortunately many inconsistent results being obtained,
leading to confusion regarding the nature of the 3d elec-
trons. These conflicting results may be traced back to the
great sensitivity of the magnetic properties to the oxygen
substoichiometry. One microscopic probe of the local
moment is the splitting observed in the 3s and 2s core-
level photoemission spectra of magnetic TM ions.?’ The
primary, but not exclusive?""?? mechanism responsible for
the splitting of these levels is believed to be the exchange
interaction between the s core hole spin and the 3d spin,
which leads to an energy difference between photoemis-

TABLE I. Binding energies and splittings (in eV) for XPS
core-level main peaks.

Core level SrFeO; LaFeO; YFeO; Fe,O; Fe, 0*
Fe 3s 92.4 93.0 92.8 94.2

(ZS+ZS)

Fe 3s

splitting 5.5 6.7 6.2

Fe 2p;,; 709.3 709.4 709.7 7112 709.2
O Is 528.1° 528.7 529.0 530.2 530.0
O 1s-Fe 2p

splitting 181.2 180.7 180.7 181.0 179.2
Sr 3ds,, 131.4°

La 3ds,, 8333

Y 3ds,, 156.4

#Reference 18.
"Main component data.
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sion final states with the remaining s electron parallel, or
antiparallel, to the 3d spin. Although an extensive collec-
tion of Fe 3s data by van Acker et al.?? has shown that
other interactions, such as the core-valence and valence-
valence Coulomb interactions, must be important espe-
cially for metals and alloys, gross general trends among
oxides seem to be consistent with this mechanism. That
is, the 3s splittings will be roughly proportional to

(2S +1)E(s,d) , (1)

where S is the magnitude of the local 3d spin, and E (s,d)
is the exchange integral between the s core hole and the
3d electron.

In Fig. 2, the Fe 3s core-level region for SrFeO; is com-
pared with those for YFeO; and Fe,0;, which have sim-
ple high-spin (d°)%S configurations in the ground state.
(Data for LaFeO; are not shown as the La 4d peak par-
tially obscures the 3s doublet.) Although, due to the
complex interactions involved, the absolute magnitudes
of the 3s splittings are of little value, the ratio of the split-
ting between the °S and ’S states in the d°> compounds
compared to the splitting for SrFeO; should give some in-
formation on the local magnetic moment. This ratio falls
in the range 1.2-1.1, consistent with a value of
[2X(5/2)+1]/[2X(4/2)+1]=1.2 expected for SrFeO,
in a high-spin configuration. As will be shown below, the
Fe core-level main peaks are due to ligand-to-metal 3d
charge-transfer screened final stated c¢d” *1L and there-
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FIG. 2. Fe 3s core-level XPS spectra for Fe,0;, YFeO;, and
SrFeO;. The peaks of the d° compounds are split into >S and ’S
final states, while that of d* SrFeO; is split into *S and °S final
states. The peak splittings are 6.2, 6.7, and 5.5 eV, respectively.
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fore such a simple analysis is not strictly valid. However,
we expect a more thorough analysis would lead to a simi-
lar conclusion as the screening occurs predominantly via
transfer of an electron with a spin antiparallel to that of
the d electrons in either the d* or d° configurations, lead-
ing to a similar splitting ratio.

We have applied a cluster-model configuration-
interaction calculation, including hybridization effects, to
an (FeOg)®~ octahedron in order to study the stability of
various configurations in the ground state. According to
ligand field theory, the ground state of the d* system in
an octahedral crystal field can be stabilized as either a
low-spin T triplet or a high-spin SE quintuplet, depend-
ing on the magnitude of 10Dg. Increase in covalency re-
sulting from a decrease in A should increase 10Dg, stabil-
izing a low-spin state. We shall investigate this point us-
ing the cluster model in the case of small (or negative) A,
where the basic assumption of ligand field theory that the
strength of the p-d hybridization is constant throughout
the d* multiplet may break down. For both the 3T, and
SE symmetries, we have described the ground state of the
cluster as a hybridized state between the purely ionic
Fe**(0?7)¢ configuration, and states screened by O
2p —Fe 3d charge transfer:

W, (T, or *E)=ald*CT, or °E))
+b|ld°LCT, or E))+ -+, (2)

where L describes a ligand hole. On the right-hand side
of Eq. (2), we have implicitly assumed summation over
L,;, and L_ ;. The Coulomb interaction terms for the
d* ionic basis states have been tabulated in terms of the
A, B, and C Racah parameters by Sugano, Tanabe, and
Kanimura.?? For the triplet state, various nondegenerate
d* configurations are allowed by symmetry. The
screened basis states d°L were approximated by single
Slater determinants. The diagonal matrix elements of H
for these basis sets were expressed in terms of the param-
eters u, u', and j, originally proposed by Kanamori,?*
where u = (E€|H|EE), the Coulomb interaction between
d electrons in the same orbit, u'={&n|H|&n), the
Coulomb interaction between d electrons in different or-
bits and j ={&n|H|n&), the exchange interaction. The
off-diagonal matrix elements between the d* and d L
bases, etc., were expressed by a hybridization term T,
with any off-diagonal matrix elements for the Coulomb
and exchange interactions neglected. Racah parameters,
B and C, for the Fe*" ion were interpolated from values
for Fe’™ and Fe’'™ (Ref. 25). The ligand-to-metal
charge-transfer energy A is simply defined as

A=E(d"*'L)—E(d"), 3)

where E(d") denotes the center of gravity of the d”
multiplet. We have assumed T,=V3(pdo) and
T,=2(pdw) with T,~ —0.5T, as before.* The charge-
transfer energy A and the transfer integral T, were treat-
ed as adjustable parameters, with all other parameters
listed in more detail in Table II.

Results using the above model for particular values of
the hybridization are displayed in Fig. 3. We have found
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that for all reasonable values of A and T, the high-spin
configuration is stable. This is primarily due to the large
exchange stabilization of the d5(6A1g )L configuration,
which lowers the energy of the high-spin d* state through
hybridization. That is, the inherent stability of the half
closed-shell d°L configuration leads to the stabilization of
the d* high-spin state through hybridization effects. We
find that the triplet state will only be stable for very large
values of T. If we include 10Dgq contributions of the or-
der of =0.5 eV arising from the nonorthogonality be-
tween the Fe 3d and O 2p orbitals,?® the energy of the
low-spin configuration will then be lowered by this
amount, but the high-spin configuration would still
remain the ground state. This result is in agreement with
a recent cluster calculation using the discrete-variational
Xa method of Adachi and Takano,?’ in which it was
found that the up-spin antibonding Fe 3d orbitals were
occupied, while the down-spin orbitals were empty, indi-
cating a high-spin state.

B. Fe 2p and O 1s core levels

The Fe 2p core-level regions for Fe,0;, LaFeO;, and
SrFeO; are shown in Fig. 4. Results for YFeO; were al-
most identical to those for LaFeO; which were con-
sistent with previous studies.® Only small differences in
the core-level binding energies are observed between
perovskite-type LaFeO; and SrFeOj;, but a rigid shift of
=~2 eV for all core levels and the top of the valence band

TABLE II. Basis functions, Hamiltonians, and parameters
for the °E and *T, symmetries for the ground state of an
(FeOg)®~ cluster. Only those corresponding to the lowest ener-
gy ionic state (d* configuration) and its one hole screening states
(d°L configuration) are listed. B and C values for Fe** were in-
terpolated from those in Ref. 25. E(d") is the center of gravity
of the d" multiplet. A=E (d°L)—E(d*) is the ligand-to-metal
charge-transfer energy.

SE symmetry

¢,=1t31e1CE))
é,=|131t2e1 L)

H, ,=6u"—6j—E(d*

H,,=u+% ' —6j—E(d*)+A

d3=l131e3L,1) H;3=10u'—10j —E(d°)+A

és=|t3rere L) H,4=0.5u+9.5u"—6j —E(d’)+A
H1.2:‘/3T7n H =T, H1,4=‘/2Ta

3T, symmetry

b= .t%ﬂu(}Tl )), etc.?
bs=1t3:13 L1 )

Hgs=2u+8u'—4j —E(d°)+A

¢q:|t%leleTLU1> H9,9=u+9u'—6j—E(d5)+A

$ro=1131t2,¢,Ly1) Hyp10=2u +8u’—4j—_E(d5)+A
H,,=V2T,, H,,=V2T,, H,,,=V2T,

Parameters

T,=2pdm), T,=V3(pdo)
u=A+4B+3C, u'=A—B+C, j=21B+C
E(d")=4n(n—1)[4—}B+]C]

*Energies for the seven ionic basis functions allowed by symme-
try are taken from tables listed in Ref. 23.
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is observed for Fe,0;. Fe,0; is a n-type semiconductor,
in which the valence-band maximum is located well
below the Fermi level, while LaFeO; is a p-type semicon-
ductor and SrFeO; is a metal.

Strong core-level satellites are observed in the Fe 2p
spectra for Fe,0; and LaFeO;, with an apparently weak-
er satellite present for SrFeO;. These satellites have been
shown to be associated with screening of the Fe 3d orbit-
als at the core hole site.!* Similar but weaker satellites
are also observed for the Fe 3p levels (not shown), appear-
ing at a similar binding energy separation. Fujimori
et al.'® have suggested that the main lines of the Fe,0,
Fe core levels may be due to L —d well screened c3d 8
states whereas the satellites are poorly screened ¢3d>
statezg, in accordance with earlier work by Veal and Pauli-
kas.

It has been shown that much useful information,
such as the on-site d-d Coulomb interaction, U, and the

5,15,29
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FIG. 3. Energy curves as a function of A for various values of
the hybridization, T,, from a configuration-interaction calcula-
tion of the ground state of an (Fe**O4)®~ cluster. Open mark-
ers indicate stabilization energies for the low-spin (LS) *T; trip-
let and closed markers the high-spin (HS) °E quintuplet. We
find that the HS state is stabilized for all reasonable values of A
and T,. The LS is only stable for unreasonably large values of
T,. The zero energy is set to the center of gravity of the d*
configuration.
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ligand-to-metal charge-transfer energy A, can be obtained
from correct modeling of the intensities and positions of
the XPS 2p core-level satellites. Recently, Park et al.?
have presented a charge-transfer model for the late TM
dihalides based on earlier work by van der Laan et al.,>°
where the XPS 2p core-level spectrum was described by a
cluster-type configuration-interaction Hamiltonian, with
the d-d Coulomb repulsion U, the core-hole—d-electron
Coulomb interaction Q, the charge-transfer energy A,
and the ligand 2p-metal 3d hybridization T as parame-
ters. We have extended this model to investigate the
Fe’*(d®) and Fe**(d*) 2p core-levels, where a high-spin
configuration has been assumed for both cases. As the
model will be described in more detail in a subsequent
publication,®! only a brief outline will be presented here.

The ground state is described as in Eq. (2) as a mixture
of the purely ionic state |d") and screened charge-
transfer states |d"t™L™) in which one or more elec-
trons are transferred to the 3d levels from neighboring
ligand O 2p orbitals:

wg=ao|dn)+zam|d("+M)Lm) . (4)

Here n =4 or 5 and the right-hand side is summed over
the number of L ligand holes m =1,2,...,10—n.
Crystal-field effects and the exchange interaction are in-
troduced by extending the basis set to discriminate be-
tween the fy,;, and e, symmetry states. For the
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FIG. 4. Fe 2p core-level XPS spectra for Fe,0;, LaFeO;, and
SrFeO;. Strong satellite features are observed for the d° com-
pounds with an apparently weaker satellite present for SrFeO;.
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6Alg(d %) configuration we have 12 basis states and for
5Eg(d 4) we have 24. The diagonal matrix elements of the
Hamiltonian for each configuration were given by the
aforementioned Kanamori parameters, and additional
charge-transfer and d-d Coulomb interaction energies
were added to the screened states due to the presence of
the screening electrons. The matrix element of the ionic
basis state, E(d"), was set to zero as a reference point.
Hybridization between the ligand 2p and metal 3d levels
was included via the one-electron mixing matrix element,
T, where TU=\/3(pda), T,=2(pdm), and we have as-
sumed T,=—0.5T, as before. The eigenfunctions for
the ground state are found by diagonalization of the
Hamiltonian matrix. The XPS final states will differ from
the ground state by the attraction between the photoion-
ization core hole and the 3d electron, Q, which pulls
down the 3d levels. We have neglected the exchange in-
teraction between the core hole and the d electrons, and
have assumed the relationship U/Q =0.83. After finding
the eigenfunctions of the final state matrix, the XPS spec-
trum can be calculated in the sudden approximation in
the usual way.?’ The inclusion of the d-d exchange in-
teraction (represented by the Kanamori parameters u, u’,
and j) and the anisotropic hybridization (T',#T ) was
essential to reproduce the experimental spectra using
reasonable values for the parameters. The reader is re-
ferred to Ref. 29 for more detail.

Using this model, we have obtained calculated spectra
for d> and d* high-spin configurations. The parameters
U, A, and T, were varied to provide a best fit to experi-
mental data for LaFeO; and SrFeO;. Excellent agree-
ment between theory and experiment was obtained, as is
shown in Fig. 5. The best-fit parameters are listed in
Table III. The subtraction of the secondary electron
background was a nontrivial problem, since the parame-
ter values are dependent on the height of the subtracted
background. Proportional coefficients for the integral
background were determined from those core levels
which show no charge-transfer satellites, such as Sr 3d or
La 3d, and integral backgrounds determined from these
coefficients were then subtracted from the Fe 2p core-
level spectra. (The large intensity at =30 eV in the
SrFeQ; spectrum, which partially obscures the satellite of
the 2p, ,, peak, is due to O KLL Auger emission found at
this binding energy for Mg K a radiation.)

Using parameter values based on those found earlier in

TABLE III. Best-fit parameter values (in eV) for calculated
high-spin d° LaFeO; and d* SrFeO; spectra. Error bars are typ-
ically 0.1 eV for T, (= —2T,) and +0.7 eV for U and A.

Compound Parameters

A T, Y Qo A U’
SrFeO; 0.0 2.2 7.8 9.4 —-3.1 7.0
LaFeO;, 2.5 2.4 7.5 9.0 53 13.6
Fe,0, 3.5 2.4 7.0 8.4 6.3 12.7

2A.qand U,q are defined with respect to the lowest multiplet lev-
el of each configuration, whereas A and U are defined with
respect to the center of gravity of each configuration (see Fig. 6).
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valence-band studies of Fe,0;, 15 we were able to success-
fully model the Fe 2p spectra of LaFeO; and Fe,0; (not
shown). As indicated in the figure, the spectra consist of
a main spin-orbit doublet accompanied by higher-energy
states which comprise the satellite structure. A Lorentzi-
an lifetime broadening I'y=1.3-1.4 eV was used to
match the main peaks with the experimental data. For
higher-energy states, a virtual-bound-state-type broaden-
ing*? was also included to simulate the greater lifetime
broadening of the higher-energy states as well as the core
hole d-electron multiplet splitting. Such broadening has
also been used to describe the 4f spectra of rare-earth
compounds.*? Thus the satellite peaks were broadened by
an additional factor proportional to their energy separa-
tion from the main peak AE, such that the Lorentzian
full width at half maximum (FWHM)

2T, =2T\(1+a AE) , (5)

where I, is the lifetime broadening of the satellite peak,
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FIG. 5. Theoretical 2p core-level XPS spectra for SrFeQ,
and LaFeO; compared with experimental data after background
subtraction. The experimental spectrum for LaFeO; was ob-
tained using Al Ka radiation (1486.6 eV) to avoid the appear-
ance of the O KLL Auger emission. Best-fit parameters are
displayed in Table III. Peak assignments for the calculated
spectra are indicated in the figure, where L indicates a ligand
hole.
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and a is an arbitrary constant. (¢=0.12 and I'j=1.4 eV
for SrFeO;; a=0.15 and T'y)=1.6 eV for LaFeO;) A
Gaussian broadening of 1.4 eV (FWHM) was then used
for the entire spectrum to simulate the instrumental reso-
lution and broadening due to the core hole-3d multiplet
coupling.

For LaFeO;,, the main peak arises from screened cd J
states, whereas the satellite is due to heavily mixed cd’
and cd’L? states. It was found that the most dominant
configuration of the satellite feature alternated between
these states on small changes of A, although the photo-
emission intensity arises from the cd 3 component. This
result is consistent with that proposed previously for
Fe,0;,'5 where a smaller basis was used (only d° and
d®L). Higher-energy states due to cd®L> cd’L* and
¢d '°L > configurations appeared with negligible intensity.

Similarly, the spectrum for SrFeO; was primarily com-
posed of main peaks due to screened cd SL states, and sa-
tellite structure from mixed cd* and cd®L? states. The
calculated spectrum shows that a sizable, though
broadened contribution from these satellite states is still
present for SrFeO;, even though the satellite structure
seems weakened in the experimental data. For this spec-
trum, a parameter value of A=0 eV was used, reflecting
the greater covalency of the Fe3d-O2p states in the
tetravalent compound. A vanishing or small ligand-to-
metal charge-transfer energy means charge will be
transferred via Fe—O bonds to the metal d orbitals from
the O 2p bands. In fact, the cluster calculation by Ada-
chi and Takano?’ has shown that the large covalency re-
sults in a significant loss of charge from the ionic sites.
Thus the ground state of SrFeOj; is unlikely to remain
purely d*, but is more likely to consist of heavily mixed
d* and d°L states. Further, if we take into account the
multiplet splitting of the d* and d°L states, the charge-
transfer energy between the lowest multiplet levels, A, is
negative: A g=A—[(4/9)(u —u')+(20/9)j]=—3.1 eV
(see Fig. 6), meaning that the ground state is indeed dom-
inated by d°L rather than d* configuration. This con-
clusion is supported by the recent Fe 2p x-ray-absorption
study by Abbate er al.,*® in which the spectrum of
SrFeO, does not show the 2p®3d*—2p33d°> multiplet
structure expected for the d* ionic ground state.

The A value for SrFeO; also follows a trend found for
lower valence Fe oxides, where A falls by =~3 eV on a
change to a higher valence state, reflecting the greater co-
valency, ie., for Fe?*0O, A=6-7 eV;*"3* for Fe3*0,,
A=2.5-3.5 eV;1531 for LaFeO;, A=2.5 eV; and for
SrFe** 03, A=0eV. The overlap integral T changes little
from the trivalent case, but it was necessary to increase
the value of U by a small amount in order to obtain the
best fit. The reason for this is that the Fe 3d atomic wave
function shrinks with increasing positive charges on the
Fe ion, leading to a larger on-site Coulomb energy.

The occurrence of metallic behavior in SrFeO; can be
examined by considering the small charge-transfer energy
A and the large exchange stabilization of the ¢4 1g multi-
plet of the d° configuration as shown in Fig. 6. The large
exchange stabilization of the d° configuration leads to a
significantly larger multiplet splitting than for d® and d*,

1567

Aau

ENERGY

+ Hole 7-
Photoemission

FeO) ¢—0 E;cs' % FeO ¢

FIG. 6. Schematic energy-level diagram for the (Fe**Og)?~
cluster representing the hybridized ground-state configurations
and excitations within the cluster. A is the charge-transfer ener-
gy defined with respect to the centers of gravity of the d* and
d’L multiplets, and A is that defined with respect to the lowest
multiplet levels. AE, is the difference between the lowest multi-
plet level of the d” configuration and its center of gravity. The
large exchange stabilization of the d°® configuration pushes
down the lowest multiplet component of this configuration.
Thus the band-gap energy is small and an itinerant state is likely
for the d* configuration.

pushing down the lowest multiplet level relative to the
adjacent configurations. Thus, for the d° system, the en-
ergy required to remove (d°+ hole —d°L) or add
(d°+e~ —d® an electron to this system is large, and the
localized state is stabilized. For the d* system, however,
the energy required to add an electron (d*+e~ —d?®) is
lowered, which tends to destabilize the localized state.
The band gap of SrFeO; will then be of a p-p type rather
than of the well-known charge-transfer type because of
the negative A, value and the consequent d°L-like
ground state. The band-gap energy for the d° and d* sys-
tems in the cluster model is

E83P=E'l+l+En41_2En

(n =4,5), (6)

where E, is the lowest state energy of the hybridized d”
system, and was simply calculated by finding the lowest
eigenenergies of the hybridized d 5 d3 d* and d3 sys-
tems. [Note, this E, should not be confused with the
center of gravity of the d” multiplet, E(d") used earlier.]
Thus we find that E,,, drops from =5.5 eV for LaFeO;
@°+d°*—>d®+d°L) to only =~0.2 eV for SrFeO,
(d*+d*—d’+d*L). Considering the finite width of the
(d*+e”—d? and (d*+ hole —d*L) bands, this small
E,,, may well lead to a vanishing band gap resulting in
metallic conductivity in SrFeO; and the charge dispro-
portionation found to occur in semiconducting CaFeO;."
As it is the e, electrons that are transferred in the charge
fluctuation process for the d* system, the itinerant elec-
trons in SrFeO; have e, symmetry. This may correspond
to the one-electron picture where metallic electrons are
accommodated in an Fe 3d-O 2p o* band, although it
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must be remembered that electron correlation will be of
primary importance in the metallic state, as evidenced by
the local moment magnetic behavior above T,. The
charge fluctuation may also suppress the Jahn-Teller dis-
tortion of the d* ion, stabilizing the cubic structure down
to low temperatures.

Figure 7 shows the O 1s core levels for Fe,0,, LaFeO;,
and SrFeO;. The O Is level of YFeO; was similar to that
of LaFeO;. As in the case of the Fe 2p core level, a rigid
~2 eV shift is observed for Fe,0,, and a smaller shift of
~0.5 eV to lower binding energies is seen between
LaFeO; and SrFeO;. One possibility for this negative
shift might be the effects of screening conduction elec-
trons which are present in metallic StFeO; but not in in-
sulating LaFeO;.

The difference between the binding energies of the Fe
2p and O 1s core levels can be used as a measure of the
chemical shift. Comparison of these difference values
avoids complications due to rigid shifts of the spectra
dependent on the position of the Fermi level and charg-
ing effects. From the binding energies tabulated in Table
I for Fe’™ (Fe,O) and Fe’" (Fe,0; and LaFeO,), we note
there is a =2 eV chemical shift to higher binding energy
on the change in valence state, reflecting the large in-
crease in charge at the Fe site. However, a much smaller
chemical shift of only =~0.5 eV is noted between the Fe3™*
and Fe** (SrFeQ,). This is indicative of the high degree
of covalency in SrFeO; which leads to a ground state of
heavily mixed d* and d°L character or even a ground
state dominated by d°L character. Charge transfer from
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FIG. 7. O 1s core-level XPS spectra for Fe,03;, LaFeO;, and
SrFeO;.
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the ligand sites will greatly reduce the charge on the met-
al, reducing the chemical shift.

C. Valence band

The valence-band regions for Fe,0; and SrFeO;, mea-
sured by XPS (1253.6 eV) and UPS (40.8 eV), are
displayed in Fig. 8. The peak located at 0-7 eV arises
from the hybridized Fe 3d —-O 2p bands. For SrFeOj;, the
increase in the cross section of the O 2p levels for the
UPS spectrum, compared to the XPS spectrum,* indi-
cates that Fe 3d-related features are located nearer the
Fermi edge and the O 2p band is located =5 eV below
the Fermi level. The feature in the UPS spectrum located
at 7-9 eV may arise from residual contamination on the
surface or in grain boundaries. In analogy with other
highly correlated metallic systems, such as the high-T,
superconducting copper oxides, strong correlation effects
also cause the appearance of satellite features. Fujimori
et al.'® have used a configuration-interaction cluster cal-
culation to predict the structure of the Fe 3d-derived
emission in the valence region of d> Fe,0,. It was found
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FIG. 8. Valence-band regions measured by XPS (Mg Ka:
1253.6 eV) for Fe,0; and SrFeO; and by UPS (He 11: 40.8 eV)
for SrFeO,. Following trends found for Fe,O; (Ref. 15) and for
the Fe 2p core levels, it is proposed that the main band of
SrFeO; is due to d°L *-like screened states while the broad satel-
lite intensity at 12-13 eV is mixed d*L and d* states. The
feature in the UPS spectrum located at 7-9 eV (shaded) may
arise from contamination on the surface or in grain boundaries.
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that the main band arises from screened d°L final states,
while the satellite located at ~14 eV arises from poorly
screened d* final states. Ind* SrFeO;, on the other hand,
it is proposed that the main band, and particularly the
peak at =~2 eV, is d°L>-like, while the broad satellite in-
tensity, located around 12-15 eV, is assigned to heavily
mixed d> and d*L states following the assignment of the
Fe 2p core levels (Fig. 5). As in the Fe 2p core levels, the
satellites in the SrFeO; valence region appear flatter and
broader than those for Fe,O;. (We note here that the
main peak of the Fe 2p core-level XPS in SrFeO; is as-
signed to cd 5L rather than cd®L? because of the ex-
change stabilization of the d° configuration.)

In the calculation for Fe,Os, structure arising from °T’,
and °E symmetry peaks at =~3 eV due to the half-filling of
the ¢,, and e, bands, respectively, was found at the top of
the valence band. In SrFeO;, the e, band is only one
quarter filled and the emission is considerably weaker.
Although a small step close to the Fermi edge is observed
in the UPS spectrum, it cannot be seen above the back-
ground noise in the XPS measurement.

IV. CONCLUSIONS

We have studied the electronic structure of SrFeO; and
shown that the ground state consists of heavily mixed d*
and d°L states. Analysis of the Fe 3s core levels, and a
subsequent cluster configuration-interaction calculation,
show that strong hybridization with a high-spin d°L
configuration is the key to understanding the stabilization
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of the high-spin tggeg configuration in the ground state
with a small A. The Fe 2p core-level spectrum has been
successfully modeled using a p-d charge-transfer cluster-
type calculation which includes d-d exchange and aniso-
tropic hybridization effects. A small or even negative
charge-transfer energy, A=O0 eV or A4~ —3 eV, means
that a large amount of charge will move from the O 2p
bands to the metal orbitals and that the ground state of
the formally Fe*' state is dominated by d°L
configuration rather than d*. This charge transfer gives
rise to a much reduced chemical shift between Fe’*
LaFeO; and Fe** SrFeO,. The itinerant nature of the d
electrons in SrFeQyj is related to the small band-gap ener-
gy E,,, calculated using the cluster model for the d*
high-spin ground state, resulting from the small A and
the large exchange stabilization of the d> configuration
which pushes down the adjacent d° levels. This small
E,,, also leads to the charge disproportionation found to
occur in CaFeO;.
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