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Threshold electronic structure at the oxygenK edge of 3d-transition-metal oxides:
A configuration interaction approach
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It has been generally accepted that the threshold structure observed in the oxygenK-edge x-ray absorption
spectrum in 3d-transition-metal oxides represents the electronic structure of the 3d transition metal. There is,
however, no consensus about the correct description. We present an interpretation which includes both ground-
state hybridization and electron correlation. It is based on a configuration-interaction cluster calculation using
an MO6 cluster. The oxygenK-edge spectrum is calculated by annihilating a ligand hole in the ground state,
and is compared to calculations representing inverse photoemission experiments in which a 3d transition-metal
electron is added. Clear differences are observed related to the amount of ligand holes created in the ground
state. Two ‘‘rules’’ connected to this are discussed. A comparison with experimental data of some early
transition-metal compounds is made, and shows that this simple cluster approach explains the experimental
features quite well.@S0163-1829~99!03028-3#
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INTRODUCTION

Transition-metal oxides have attracted attention for s
eral decades, with interest being revived in recent years
cause of the discovery of Cu-based high-Tc superconductors
and Mn-based colossal magnetoresistance perovskites. H
energy spectroscopies like x-ray photoemission spect
copy, Bremsstrahlung isochromat spectroscopy~BIS!, and
x-ray-absorption spectroscopy at the transition-metalL edges
and oxygenK edges1–4 or the energy-electron-loss spectro
copy ~EELS! features at these edges5–7 have played a key
role in describing the underlying electronic structure
transition-metal oxides. Experiments at the oxygenK edge
have determined, for instance, the amount of oxygen h
upon doping in the high-Tc superconductors,1,2 and have re-
cently been used to study the electronic structure of the m
ganese perovskites.3

Soft-x-ray absorption at the oxygenK edge is a dipole-
allowed transition in which an oxygen 1s electron is pro-
moted to an empty 2p (np) oxygen orbital. Although the
transition involves oxygen orbitals, the threshold struct
observed at the oxygenK edge is determined by the ele
tronic structure of the 3d-transition-metal ion. The 3d tran-
sition metal is important because the oxygen 2p shell is full
in an ionic picture. Empty oxygen 2p orbitals are created by
ground-state hybridization between 3d-transition-metal and
oxygen 2p orbitals. After the absorption process, the ex
electron is located on the 3d transition-metal ion. This would
suggest that oxygenK-edge absorption can be interpreted
a similar way as 3d electron addition experiments like BIS

This approach, by which energy positions deduced at
oxygenK edge are used as 3d electron addition states, wa
recently used to study the electronic structure of a Mn p
ovskite system.3 It is for a part based on work by de Groo
et al.,8 who described the threshold structure at the oxygeK
PRB 600163-1829/99/60~8!/5331~9!/$15.00
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edge as resulting from a combination of ligand field splitti
and exchange coupling of the 3d transition metal. The inten-
sity or spectral weight at the oxygenK edge is directly re-
lated to the number of unoccupied 3d electrons. For the less
than half-filled 3d shell transition-metal systems, the spl
ting of the two threshold peaks was ascribed to ligand fi
splittings, but the relative intensities of the peaks could
be fully explained.

The peak positions of the empty 3d electron orbitals for
the three most common oxidation states of Mn were obtai
from molecular-orbital theory,9 and compared by Kurata an
Colliex5 to the oxygenK-edge EELS. The intensities wer
again taken as equal to the number of unoccupied elect
in each molecular orbital.

The mechanism by which the intensity is obtained is n
explained in either of these studies. Starting from an io
approach with full 2p orbitals, the intensity is obtained from
the ground-state hybridization between the 3d transition or-
bitals and the oxygen 2p orbitals. As shown in experiment
by Kuiperet al.,10 the strength of the hybridization is impor
tant. They compared the oxygenK-edge spectrum of
La22xSrxNiO4 directly with the high-energy inverse photo
emission spectrum. In the inverse photoemission data, a c
empty La 4f structure is present at 9 eV above the Fer
level. The intensity decreases upon Sr substitution. This
4 f structure is virtually nonexistent in the oxygenK-edge
spectrum, because of the absence of a significant hybrid
tion between the oxygen 2p and the very localized La 4f
core valence orbitals. This clearly establishes that
strength of the hybridization is important and must be
cluded in the models used. Counting only the number
unoccupied 3d orbitals to determine the intensity is not su
ficient.

Hybridization is included if one compares the oxygenK
edge with the oxygen 2p projected density of states obtaine
5331 ©1999 The American Physical Society
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5332 PRB 60J. van ELP AND ARATA TANAKA
from band structure calculations. For thed0 compounds
SrTiO3 and TiO2, the oxygen 2p projected density of state
showed a good agreement with the oxygenK-edge
spectrum.11 No influence of the oxygen core hole potent
on the spectrum in the form of shifts of spectral weight w
observed. Besides thed0 compounds, a few oxygenK edges
of 3dn systems have been described using oxygen 2p pro-
jected density of states.12–14 For CuO, it was found that the
oxygen 2p orbitals are present up to 15 eV above the thre
old and that the oxygenK edge shows a structure connect
to 2p, but not 3p, levels, up to 15 eV above the threshold14

What is absent in all the mentioned interpretations is e
tron correlation. If we accept that the threshold structure
connected to addition of 3d electrons, then starting from th
ionic picture (3dn) an electron from the oxygen band mu
be transferred to the 3d-transition-metal atom to obtain oxy
gen 2p holes ~3dn11L, whereL stands for an unoccupie
2p oxygen orbital!. Electron correlation is important an
should be explicitly included when adding a 3d electron to
the transition metal. For inverse photoemission experime
in which the final states are mainly ofdn11 character, mul-
tiplet structures resulting from the electron correlation
generally accepted.

In the three systems, in which the oxygenK edges have
been compared to the 2p projected density of states
electron-correlation effects are absent. Ford0 systems,11 only
final states with one 3d electron can be reached, and for Cu
~Ref. 14! the final states comprise a full 3d orbital system
(d10). In both systems, the 3d electron-electron interaction
are absent. LiCoO2 is a special case because of the low-s
d6 ground state with mainlyt2g

6 character. The first electro
addition state15 is a single state reached by adding an el
tron of eg character, so no multiplet effects are visible in t
inverse photoemission spectrum as well as at the oxygeK
edge.

Configuration-interaction cluster models describing
~inverse! photoemission and x-ray-absorption spectra h
been quite successful. Besides hybridization, the multi
structure in these models is included through the use of t
electron operators. In the calculations, in which clusters
used, the transition-metal atom is mostly in the middle~MO6
cluster!. However, for an oxygenK-edge calculation one
would like to have the absorbing oxygen atom in the mid
surrounded by its natural environment. For a rigid octahed
transition-metal monoxide, such a large cluster would con
of the middle oxygen and six surrounding transition meta
each with additional oxygen atoms. The total cluster wo
be OM6O18. However, for the early transition metals a lar
number of empty 3d orbitals for every metal site is neede
and the computing problem is at present not~yet! solvable.
The only clusters with an oxygen in the middle used up u
now are of the Cu2O7 type16 or extensions of this.17 The total
number of holes is limited with one or two holes on every
atom.

Connected to this problem is also the fact that for per
skite oxides or other oxide systems, the clusters need t
more complicated and can have oxygen atoms at chemic
different sites, which would require the use of different clu
ters. We have therefore used the relatively simpleMO6 clus-
ter with oxygen molecular orbitals oft2g andeg symmetry.
The total number of orbitals is 20. The computing proble
s
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has been solved for the interesting early transition me
with more than five holes in these clusters. Several stud
describing the electronic spectra of valence-band photoe
sion and inverse photoemission have been published,
abling us to use some of these parameters.

The oxygenK-edge absorption process in our cluster c
culations is a transition from a localized oxygen 1s core
orbital to delocalizedeg andt2g symmetry oxygen 2p orbit-
als. These delocalized 2p orbitals are combinations of all six
oxygen atoms, and the main assumption is that the spe
weight to the delocalized orbitals is the same as in a ca
lation with the absorbing atom in the middle. The seco
assumption, which is necessary, is that the interaction of
oxygen core hole with the oxygen or transition-metal valen
electrons can be neglected. Support for this is obtained f
the bandstructure calculations for thed0 systems,11 which
showed that the core hole has no or very little influence
the position of the final-state energy levels. This absence
core hole valence electron interaction is quite different fro
the situation at the 3d-transition-metal 2p edges, where a
strong interaction between the 2p core hole and 3d
electrons18 is present.

A similar cluster model has been used to calculate
oxygenK-edge absorption spectrum and inverse photoem
sion spectrum of LiNiO2.

19 The trivalent Ni ground state is
low spin, so addition of spin-up and spin-down electrons
possible. The character of the ground state is mainlyd7L.
The configuration interaction cluster calculations descr
the spectral weight difference between the threshold st
ture at the oxygenK edge and the first part of the invers
photoemission spectrum quite well. The present results
an extension of those calculations to 3d1 to 3d7 transition-
metal systems.

CALCULATIONAL DETAILS AND PARAMETERS

The cluster used is an octahedral transition-metal sym
try MO6 cluster, and is similar to clusters used in the analy
of late transition-metal high-energy spectroscopies.15,19,20 It
has ten 3d orbitals and ten oxygen molecular orbitals oft2g
andeg symmetry. The nonbonding oxygen orbitals are om
ted. The d-d Coulomb and exchange interactions are
cluded using atomic multiplet theory specified in terms
RacahA, B, andC parameters. If available, the free-ion va
ues of the RacahB and C parameters, as tabulated b
Griffith,21 are used. For the Mn41 system, scaled down val
ues~80%! of calculated Hartree-Fock values are used.18 The
d1 system Ti31 has no electron correlation. Estimated valu
based on Ti21 were used. All the parameters are listed
Table I.

The Mott-Hubbard energyU is defined as the energ
needed to remove a 3d-transition-metal electron and add it a
anotherdn site and it describes the transition fromdndn

˜dn11dn21. The lowest-energy level of eachdn configura-
tion is calculated with the ionic part of the transition-me
ligand field splitting (10Dqi) zero.

The charge-transfer energyD is defined as the energ
needed for transferring an electron from the lowest level
the dn configuration to the lowest level of thedn11L con-
figuration. Thepps, ppp, and 10Dqi parameters are zer
in this definition. The hybridization between the transitio



PRB 60 5333THRESHOLD ELECTRONIC STRUCTURE AT THE . . .
TABLE I. Parameters used for the calculations, all values in eV. The RacahB and C parameters for
trivalent Ti are estimates as thed1 system has no two electron interactions.

A B C D pds 10Dq pps-ppp

Co21 5.2 0.138 0.541 5.5 1.3 0.7 0.7
Fe21 5.5 0.131 0.483 7.0 1.3 0.7 0.7
Mn21 3.9 0.119 0.412 8.8 1.3 0.7 0.7
Fe31 4 0.126 0.595 5 1.9 1.3 0.8
Mn31 5 0.141 0.456 5 2.1 1.3 0.8
Cr31 5 0.128 0.477 5 2.3 1.3 0.8
Mn41 5 0.132 0.497 4 2.5 1.5 0.8
V31 5 0.106 0.516 5 2.3 1.3 0.8
Ti31 5 0.1* 0.5* 5 2.3 1.3 0.8
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metal 3d states and the ligand 2p orbitals is taken into ac-
count by the Slater-Koster22 pds andpdp transfer integrals.
They describe the overlap between the oxygen
transition-metal orbitals fors andp bonding. According to
Harrison,23 the value ofpdp is fixed atpdp520.45pds.

The Slater-Koster22 nearest-neighbor oxygen interactio
pps andppp split the oxygen states in a double degener
level with eg symmetry atpps-ppp and a triple degenerat
level with t2g symmetry at2(pps-ppp). The width of the
oxygen band determines the value ofpps-ppp.

In the ground state, charge-transfer levels up todn12L2

are included, while in the final states only one charg
transfer level (dn12L) is included. In the final state, the en
ergy difference betweendn11 and dn12L is U1D, which
means that double charge-transfer states are at very high
ergy and can be neglected.

Probably the most important parameter is the ionic 10Dqi

splitting. It splits the 3d orbitals in eg and t2g orbitals at
16Dq and 24Dq, respectively. This splitting has not a
ways been included in the analysis of valence-band ph
emission spectra because the splittings it induces in the e
tron removal final states are rather small as compared to
valence-band width. For NiO and CuO, the valance-ba
widths are about 12 eV, and for both a good result24,25can be
obtained without the use of an ionic 10Dqi . The main reason
is that the overall width is obtained from hybridization b
tween almost degeneratedn21 anddnL final states.

If the same parameters are to describe the forbid
3d-3d optical transitions, an ionic 10Dqi splitting must be
added.19 This is most apparent for thed3 system. The experi-
mentally determined 10Dq splitting between the 4A2g
ground state and4T2g excited state is about 2 eV for Cr31,26

and is independent of RacahB andC parameters. Neglecting
the ionic 10Dqi contribution, one finds a calculated splittin
of less than 1 eV using theMO6 cluster. The splitting is
caused by a difference in transfer integrals (pds,pdp) for
eg and t2g electrons in the hybridization betweendn and
dn11L configurations. For the Cr31 system, an ionic 10Dqi

of about 1.3 eV needs to be added to obtain the cor
experimental 10Dq splitting of 2 eV between the4A2g and
4T2g states.

The ionic 10Dqi value was determined for the Fe31 sys-
tem using published optical transitions27 of Fe31 impurities
in Al2O3. In the Cr31 system, the optical 10Dq value is
independent of RacahB and C parameters, while for the
d
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Fe31 system these parameters also determine the op
splittings. For both systems an ionic 10Dqi of 1.3 eV ~Ref.
28! is obtained, and this value was also used for thed1, d2,
andd4 systems. A detailed analysis of the optical transitio
in configuration-interaction cluster calculations will b
presented28 in the near future.

The value of the full 10Dq splitting is different for dif-
ferent final states and is hybridization dependent. For MnO29

the optical 10Dq is 1.2 eV with hybridization betweend5

and d6L, with an energy difference determined by th
charge-transfer energyD. For the 5T2g-5Eg splitting in pho-
toemission and inverse photoemission spectra,20 values of
1.9 eV ~d4 andd5L, D2U apart! and 1.0 eV~d6 andd7L,
D1U apart! are obtained. The stronger the hybridization d
to the proximity of the levels involved, the larger is the spl
ting.

The values for the trivalent Mn and Fe systems of t
transfer integralpds are obtained by increasing the integra
from the values of the divalent Mn and Fe systems. Valu
for pds, based on fitted tight-binding parameters to a line
ized muffin-tin orbital band-structure calculation for LaMO3
perovskites systems~M ranges from Ti to Ni!,30 are, for the
early transition metals, around 2.3 eV. This value was c
sen for trivalent Ti to Cr systems, while for the trivalent M
~Ref. 30! system 2.1 eV was used. For the trivalent Fe s
tem, a slightly larger value as compared to the LaMO3 sys-
tems is deduced.

The optical 10Dq transition in Mn41-doped Al2O3 is
around 2.4 eV.31 Besides the larger 10Dq splitting, a larger
covalency is also expected, so the ionic 10Dqi is increased to
1.5 eV andpds to 2.5 eV, whereas the charge-transfer e
ergy D for Mn41 systems is decreased to 4 eV.

The parameters for the Mn21, Fe21, and Co21 systems
are obtained from an analysis of combined photoemiss
and inverse photoemission experiments using sim
configuration-interaction cluster calculations.15,20,32 The ob-
tained values for the Racah parameterA andD are used. The
parameters obtained from an analysis of the 2p resonant
photoemission spectra are quite similar.33

The inverse photoemission or BIS is calculated using
addition of a 3d electron. Instead of electron addition,
ligand hole of oxygen character is annihilated in the oxyg
K-edge calculations. If the oxygen core hole is omitted b
processes reach the same final states,dn11 and dn12L, but
the branching ratios are different. Annihilating a ligand ho
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5334 PRB 60J. van ELP AND ARATA TANAKA
in our cluster describes the transition at the oxygen edg
mainly a dn11L˜cdn11 ~where c stands for the oxygen
core hole!.

Formally, the intensity of the inverse photoemission e
periment~BIS! I BIS(Ee), which is a function of the inciden
electron energyEe , is given by

I BIS~Ee!5 (
f ,t,s

u^ f udt,s
† ug&u2d@Ef2~Ee2\vp!2Eg#,

while the oxygenK-edge absorption spectrumI O 1s(v),
which is a function of the incident photon energy\v, is
given by

I O 1s~v!5 (
f ,y,s

u^ f u l y,sug&u2d~Ef2\v2Eg!.

Eg and ug& denote the eigenvalue and eigenfunction of
ground state, andEf and uf&, those of the final states. I
inverse photoemission, the incoming electron is at a hi
energyEe , and the spectrum is measured by analyzing
number of photons of energy\vp upon deceleration of the
electron into a final state just above the Fermi level. T
operatordt,s

† creates a 3d electron with spin quantum num
ber s at the orbital labeledt, while the operatorl y,s annihi-
lates a hole with spin quantum numbers at the ligand orbital
labeledn. The core hole and its interactions with the oxyg
or transition-metal atoms are ignored in the calculatio
Note that our results are identical to those obtained from
MO6 cluster calculation with all O 2p orbitals included, if
we neglect the O 2p on site Coulomb interaction.

RESULTS

The calculations are divided into two groups. In Fig.
the BIS and oxygenK-edge spectra of systems with five
more 3d electrons are shown. Here the number of final sta
is limited because the only electron addition possible is
ways a minority spin electron. Ford8 in Oh symmetry~NiO!
andd9 systems~CuO and the parent systems of the high-Tc
superconductors!, the number of possible final states is lim
ited to one. Fromd4 downwards, the number of final state
changes, and a much larger number can be reached~see Fig.
2!. Besides a minority-spin electron, now the possibility
adding a majority-spin electron also exists.

The scaling between the two calculations is such that
least effected peak in the oxygenK-edge calculation (O 1s)
has the same strength as in the BIS calculation. This is
most always the lowest-energy final state, where aneg elec-
tron is added. For convenience, the lowest-energy final st
in the figures are aligned to each other at 1 eV. It is clear
the intensity of some final states changes significantly
tween the two types of calculations.

The positions of the final states reached forn>5 are simi-
lar to the positions in the optical spectrum of thedn11 sys-
tem, in which only spin-allowed transitions are observed34

The spin-flip transitions are not accessible. For Co21, the
final states obtained are of3A2g , 3T2g , 3T1g , and 3T1g
symmetry, and for thed5 systems only two final states o
5T2g and 5Eg symmetry are obtained. In Fe21, there are
three instead of the expected four final states with4T1g ,
4T2g , and 4T1g symmetry. 4A2g symmetry cannot be
as
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reached with the addition of aneg or t2g electron from a
5T2g ground state.

For then,5 systems, the number of final states is mu
larger. The lowest-energy electron addition state is
ground state for then11 system. The lowest-energy electro
addition state is formed by adding an electron determined
Hund’s rule. It has3T1g symmetry ford1, and 4A2g symme-
try for d2, both with the addition of a majority-spint2g elec-
tron in the lowest-energy final state. The5Eg symmetry for
d3 and 6A1g symmetry for d4 are reached both with the
addition of a majority spineg electron. The oxygen ligand
in transition metal oxides are not strong enough to cre
low-spin ground states. The lowest-energy electron addi
state is of the same character as based on ligand field

FIG. 1. OxygenK-edge and inverse photoemission~BIS! calcu-
lations for thed7 to d5 systems Co21, Fe21, Mn21, and Fe31. A
standard broadening of 0.8 eV is used. The sticks show the stre
of individual final states.
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exchange arguments, but is in all the calculations clea
separated from the remaining multiplet structure.

Figure 3 shows the qualitative difference betweend
electron addition and oxygen hole annihilation. Simplifie
the electron addition process isdn

˜dn11. The individual
strength of the final states is determined by the Wigner
efficients connected to each individual final-state transiti
The annihilation of an oxygen hole can be described i
simplified picture asdn11L˜cdn11, omitting the core hole.
The transition is straightforward and the strength is direc
connected to the amount of ligand hole present for a cer
symmetry in the ground state. By mixing thedn11L states
into the ground state, the Wigner coefficients are of cou
involved, and determine for a part the amount of mixi
possible for eachdn11L state. But besides these coefficien
the amount of overlap or the size of the transfer integral
important. To understand their influence on the oxyg
K-edge spectrum simple perturbation theory arguments
be used.

In first order perturbation theory, the amount ofdn11L
mixed into thedn ground-state wave function is equal

FIG. 2. OxygenK-edge and inverse photoemission~BIS! calcu-
lations for d4 to d1 systems. A standard broadening of 0.8 eV
used. The sticks show the strength of individual final states.
ly
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T/D, with T the transfer integral or overlap integral, andD

the energy difference between the ground state and the
turbing level. The amount of ligand hole created in this w
is equal to (T/D)2. From this, it is directly possible to de
duce two important rules for the interpretation of the oxyg
K edges threshold electronic structure.

First, the ligand hole created upon the transfer of aneg

electron results in an intensity in the spectrum that is fo
times stronger than fort2g electrons, as compared to thedn

electron addition spectra. The transfer integrals foreg elec-
trons are about two times as strong as fort2g electrons
(pdp520.45pds), which means that the actual ligan
hole amount is about four times as large.

Second, charge-transfer states, which are higher in
ergy, have less intensity in the oxygenK-edge spectrum,
because the amount of ligand hole created in the ground s
is smaller. This depends strongly on the charge-transfer
ergy D. If D is small, the differences in energy within th
dn11L charge transfer states are large and the first pea
more pronounced. For largeD, this effect will hardly be no-
ticeable.

The effect of both rules can be seen in almost all
systems. The lowest-energy electron addition state for
d1, d2 anddn, n>5, are all reached by the addition of at2g
electron. In all these systems, the lowest-energy electron
dition state has a significantly lower intensity at the oxyg
K edge as compared to the BIS spectrum. For thed4 system
Mn31, the lowest-energy electron addition state of6A1g
symmetry is the only possible way of adding aneg majority-
spin electron. The first minority-spineg electron addition
state is at 4.5 eV and it has lost intensity as compared to
6A1g state, because its charge-transfer energyD is much
larger. For thed3 andd4 systems, the oxygenK-edge spec-
trum is almost fully made up of final states connected to
addition of eg electrons. The differences between BIS a
the oxygenK edge are large. Ford1 andd2, the main differ-
ence is the first peak because the overall distribution ofeg
and t2g electron addition final states is similar. This can
seen in theV31 BIS spectrum, where the oxygenK-edge
spectrum has also been plotted~see Fig. 2! normalized to the

FIG. 3. Schematic picture of the difference between an oxy
K-edge x-ray absorption experiment and an inverse photoemis
experiment~BIS!. The transitions which describe in a simple pi
ture the two transitions are labeled O 1s and BIS.
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5336 PRB 60J. van ELP AND ARATA TANAKA
same maximum. Overall, the effects of both ‘‘rules’’ a
clearly visible.

The energy positions at the oxygenK edges are not very
sensitive to small changes in parameters except for the i
10Dqi contribution. This parameter together with the Rac
B and C parameters determine the mainly splittings.
change from 10Dqi50.7 eV for Mn21 to 1.3 eV for Fe31

increases the5T2g to 5Eg splitting from 0.9 to 1.7 eV. The
increase from the larger transfer integrals of Fe31 is limited.
The RacahB and C parameters are fixed, values chos
based on the free atom values for each individual i
Changes in the oxygen bandwidth factorized inpps-ppp
do not effect the overall spectrum much. The electron
moval spectrum in cluster calculations is very sensitive to
difference betweenU ~through the RacahA parameter! and
D. This is not the case for electron addition, where the n
possible energy position for hybridization in the final sta
is at U1D. Compared to the amount ofdn character in the
ground states, the final states have a larger amount ofdn11

character.

COMPARISON WITH EXPERIMENTAL SYSTEMS

In Fig. 4, the calculated results for the oxygenK edge are
compared with experimental spectra obtained from the lite
ture for d3 (LiMnO3),

13 d2 (LiVO2),
35 and thed1 systems

Ti2O3 ~Ref. 8! and LaTiO3 ~Ref. 36!. In transition-metal
systems withn,5, the majority-spin band is not full. In
addition to minority-spin electrons, majority-spin electro
can also be added. The possible number of final state
much larger, and the width of the final state multiplet sp
trum is much larger too, and therefore a more meaning
comparison with experimental systems can be made.

The features at threshold of the LiMnO3 oxygenK-edge
spectrum are well reproduced in the calculation. In the or
nal work by de Grootet al.,8 and in the molecular-orbita
calculations,5,9 the interpretation ford3 systems is different.
The first peak, which in our case is the addition of
majority-spineg electron, is explained as a combination
majority-spin eg and minority-spint2g bands with relative
intensities of 40% and 60%, respectively. The intensities
equal to the number of empty 3d orbitals. The second peak
which in our case mainly consists of minority-spineg elec-
tron addition, split by multiplet structure, is now only
minority-spin eg band. Because of hybridization, thet2g
electron addition shows up weakly in the cluster calculatio
and is positioned in between the twoeg related structures.

The electronic structure of LiVO2, including the phase
transition at 460 K, has been discussed extensively by
et al.35 It is clear that the overall shape of the oxygenK-edge
spectrum is reproduced quite well. The first peak can
identified as electron addition of a majority spint2g electron.
The eg bandwidth is large, and thet2g structure is only vis-
ible as a shoulder of theeg-derived structures at 536 eV.

In both LiVO2 ~Ref. 37! and the LiMnO3 ~Ref. 38! sys-
tems, the transition-metal ion is in a close to octahedral s
metry. In both systems, the Li plays no role in the electro
structure. This transition-metal octahedral symmetry is
observed in Ti2O3. The TiO6 octahedra are distorted alon
the trigonal axis,39 and three metal oxygen bond distanc
are 2.08 Å and three are 2.01 Å. Besides this distortion,
ic
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Ti atoms also have one Ti neighbor with a short metal-
metal distance, which points to possible metal-to-metal in
actions as proposed by Goodenough.40 The trigonal distor-
tion splits thet2g orbitals into ana1 and double degeneratee
symmetry orbital. Theeg orbitals do not split but change
symmetry toe as well and hybridize with thee symmetry
orbitals derived from thet2g orbitals. The splitting of thet2g
orbitals is only important for thet2g-derived first final state,
which obtains extra width.

More important, however, is that the distortion, whic
also changes the bond angles of the octahedron, mixes
eg (pds) and t2g (pdp) transfer integrals. The amount o
ligand hole created foreg or t2g charge transfer changes
This means that for the Ti calculation, thet2g-derived first
peak obtains more intensity. This effect is already visible
the oxygenK edge of Ti2O3, combined with the fact that the
eg electron addition final states have a much larger ba
width. Overall, the width observed at the threshold is co
parable to the width of the multiplet structure calculate
although the exact intensities are not fully reproduced.

FIG. 4. Comparison between the experimental oxygenK edges
and the calculations for thed1, d2, andd3 systems LaTiO3, Ti2O3,
LiVO2, and LiMnO3. In thed1 calculation the final states beyond
eV are broadened with 1.7 eV, because of the much larger b
width of eg electrons.



ith
d
a

di
th

re
3
e

be
n

a-
th
d
in

io
fe
o
fie
d
cu
ec
ta
th

te
n
an
r

O

t
te
rv
t

id

th
o

h
t

ch
ng
m
on

al
ence
c-
h
rge

ing
that
ec-
to
r

in

h
he

ng
hy-

ed

hn-

ion.
g

ads

e
lcu-
.
s
n-
in-

o
%,

n-
be

in
ld
e
also

nd
for
.
a-
ar

he
nt
ut-

ne
ride

PRB 60 5337THRESHOLD ELECTRONIC STRUCTURE AT THE . . .
The last experimental system to discuss is LaTiO3. In
addition to Ti, the La empty orbitals can also hybridize w
oxygen orbitals, as is evident from the structure observe
535 eV, which is not only connected to Ti but also to L
empty orbitals. The first peak at the oxygenK edge can be
identified clearly as a Ti empty orbital with majority-spint2g
character only. In this system, we also have chemically
ferent oxygen atoms, one in the LaO layer and one in
TiO2 layer.

DISCUSSION

In the previous section, we compared our calculated
sults to experimental systems with a less than half-filledd
shell. Thed2 and d3 systems show quite clearly that at th
oxygenK edge we observe an electronic structure descri
by a combination of electron correlation, ionic contributio
to ligand field splitting, and, most importantly, by hybridiz
tion between the oxygen and transition-metal atoms in
ground state. The actual amount of ligand holes create
the ground state is instrumental for a correct understand
of the experimental features at the oxygenK edges.

In systems more than half-filled, such a clear cut situat
is not observed. The different interpretations cause dif
ences in the strength of the final states and in energy p
tions between our approach and results based on ligand
splittings8 or oxygen 2p partial density of states obtaine
from band-structure calculations. The widths of the cal
lated oxygenK-edge spectra and of the calculated BIS sp
tra are more or less similar for all the different interpre
tions, and a limited number of features is observed in
experimental spectra.15 Overall, it is difficult to judge and
give full credit to a certain interpretation fordn, n>5, sys-
tems.

The expected strength connected to theeg electrons final
states is not always experimentally observed. In LaFeO3,

41

the second peak connected to the addition of aneg electron
has only slightly more intensity than the first peak connec
to a t2g orbital. Botheg electrons point toward their oxyge
neighbors, and because of this they have a much larger b
width. This means that if theeg bandwidth is much large
than the correspondingt2g bandwidth, the relative intensity
of the eg peaks will go down, and also thateg peaks can
overlap thet2g peaks. This overlap is likely present in Mn
~Ref. 8! and CoO,15 as no cleart2g structure is visible in
these two systems. In both oxygenK-edge spectra, the rise a
threshold is much slower than that which should be expec
based on the resolution used. The same situation is obse
for the LiVO2 system. Here the first structure connected
t2g orbitals is only present as a shoulder on the w
eg-related structure.

The first-order perturbation theory approach shows
extent of the influence of the hybridization on the strength
the oxygenK-edge spectrum as compared to the inverse p
toemission spectrum. It is important to realize that bo
‘‘rules’’ are independent of the chosen cluster approa
They are quite similar for a single oxygen ion interacti
with a transition-metal ion, because they are obtained fro
simple perturbation approach. The fact that the calculati
work so well for the LiVO2 and LiMnO3 systems is due to
the two simple ‘‘rules.’’
at
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The oxygen K edge is sensitive to changes in loc
transition-metal geometry because of the strong depend
on hybridization. A small distortion, which in the BIS spe
trum will split a peak with a few hundred meV, and whic
has little influence on the overall spectrum due to a la
bandwidth, has a large effect on the oxygenK edge. The size
of the transfer integrals changes because thes andp overlap
changes. An angle distortion mixes them, and this mix
changes the intensity to a much greater extent than
which would be observed in the corresponding BIS sp
trum. The oxygenK-edge intensity is also not normalized
the amount of empty 3d orbitals as a BIS experiment is fo
most systems.

As compared to our calculation, the local Ti geometry
Ti2O3 will increase the intensity of the first features oft2g
character in the oxygenK-edge spectrum. The overall widt
is obtained but the intensities are not fully reproduced. T
LaTiO3 spectrum also shows the difficulty in understandi
the oxygen threshold structure, because both metals are
bridizing with oxygen atoms. The first peak can be identifi
as a majority-spint2g orbital or band.

The local geometry also plays a major role in the Ja
Teller d4 systems. The two atoms on thez axis have an
elongated or shortened distance to the transition-metal
The degeneracy of theeg electrons is lifted, and, dependin
on the distortion, the occupied orbital is thedx22y2 ~short-
ened! or thedz2 ~elongated!. Two chemically different oxy-
gen atoms are created. The lowering of the symmetry le
to extra ligand field parameters,34 Ds andDt, which describe
the splitting between the twoeg electrons and between th
t2g electrons. We have not attempted to compare our ca
lations with ad4 system, mainly for the following reasons

The hybridization with thez axis oxygen atoms change
with the distortion. Depending on the out-of-plane to i
plane bond distance, this can be described with transfer
tegrals connected to thez axis and to the in-planexy direc-
tion. The overlap integral23 changes with the distance ratio t
the power 3.5. For a 15% elongation, this change is 63
which meansT2 is about a factor of 2.6 larger. For an elo
gated system, the strongest hybridized orbital would then
the dx22y2. This would be the firsteg-derived final state in
our calculations, reached upon filling the majority sp
dx22y2. The strongest intensity minority-spin orbital wou
also be thedx22y2. The position of the energy level of thes
orbitals would be the main problem, because one can
expect an ionic contribution to the splitting of theeg orbital
and the splitting of thet2g orbital. The splitting between the
two eg orbitals and between thet2g orbitals can be quite
large. In CrF2, a splitting of 3.1 eV between the two spliteg
electrons is observed,42 but this system also has a large bo
distance ratio of 1.22. For trivalent Mn systems, values
the two spliteg orbitals of about 1 eV have been observed43

This splitting is not only caused by differences in hybridiz
tion, an ionic contribution is also needed. But it is not cle
how large this ionic contribution to the splitting between t
eg (t2g) orbitals is. Such large distortion needs a differe
cluster setup, where the hybridization with in-plane and o
of-plane oxygen atoms is properly taken into account.

The last point to mention is possible 3d-transition-metal
threshold structures for other ligands than oxygen. O
would expect to see the same spectral features at the fluo
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K edge~;790 eV!, although with a significantly smaller in
tensity because of a much smaller ground-state hybridiza
between the fluoride 2p orbital and transition-metal 3d or-
bital.

CONCLUSIONS

The threshold structure observed in the oxygenK-edge
x-ray-absorption spectrum is determined by the electro
structure of the 3d transition-metal orbitals in 3d transition-
metal oxides. The interpretation presented by us inclu
both ground-state hybridization with differences betweens
and p bonds, and electron correlation. It is based on
configuration-interaction cluster calculation using aMO6
cluster. The OK-edge spectrum is calculated by annihilati
a ligand hole in the ground state, and is compared to elec
addition calculations representing inverse photoemission
periments. Clear differences are observed related to
amount of ligand hole created in the ground state.

Based on the difference and using simple perturba
theory arguments, two ‘‘rules’’ can be formulated. First, t
ligand holes created with the charge transfer of aneg elec-
tron have four times more intensity than ligand holes crea
with charge transfer of at2g electron. The difference is di
rectly connected to the difference in overlap integrals~pds
and pdp!, which reflects the difference betweens and p
bonding. Second, the higher the energy of a particu
charge-transfer levelD in the ground state, the weaker th
intensity of this level in the oxygenK-edge spectrum. Both
rules can explain the differences between the presented
gen K-edge calculations and the electron addition calcu
tions representing inverse photoemission spectra.

The comparison ofd2 and d3 calculations with the oxy-
genK-edge data of LiVO2 and LiMnO3 shows that the oxy-
genK-edge spectral weight is described quite well by tak
e,
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into account the amount of ligand holes in the ground st
and the electron correlation of the 3d electrons. For system
with a less than half-filled shell, electron addition produc
the largest energy spread in the final states because o
possibility of majority and minority spin electron addition
For d3 andd4 systems, the oxygenK-edge spectral weight is
almost completely made up ofeg electron addition final
states.

The comparison with the twod1 systems Ti2O3 and
LaTiO3 also shows the limitations of our approach. Disto
tions of octahedral symmetry are expected to have a la
influence on the oxygenK-edge spectrum. Mixing of the
transfer integrals occurs because of mixing ofs andp bond-
ing between the transition-metal atom and the oxygen at
In LaTiO3, the hybridization of oxygen orbitals with empt
La orbitals is possible, and leads to structure at the oxy
K-edge overlapping the 3d-transition-metal threshold struc
tures.

The change of transfer integrals with distortions can ha
a strong effect onz-axis elongatedd4 Jahn-Teller systems
With a large distortion, the oxygenK-edge spectrum is
mainly determined by final states connected to thedx22y2

orbital. The other orbitals have much smaller spect
weights. Also, such a system has two nonequivalent oxy
positions, which means that in calculations larger clusters
needed.
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