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It has been generally accepted that the threshold structure observed in the Bxgdge x-ray absorption
spectrum in 8l-transition-metal oxides represents the electronic structure ofdheaBisition 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 M Qg cluster. The oxygefK-edge spectrum is calculated by annihilating a ligand hole in the ground state,
and is compared to calculations representing inverse photoemission experiments in wthichresBion-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 welllS0163-1829)03028-3

INTRODUCTION edge as resulting from a combination of ligand field splitting
and exchange coupling of thel3ransition metal. The inten-
Transition-metal oxides have attracted attention for sevsity or spectral weight at the oxygdf edge is directly re-
eral decades, with interest being revived in recent years bdated to the number of unoccupied &lectrons. For the less
cause of the discovery of Cu-based hiphsuperconductors than half-filled 31 shell transition-metal systems, the split-
and Mn-based colossal magnetoresistance perovskites. Higting of the two threshold peaks was ascribed to ligand field
energy spectroscopies like x-ray photoemission spectrosplittings, but the relative intensities of the peaks could not
copy, Bremsstrahlung isochromat spectroscdBiS), and  be fully explained.
X-ray-absorption spectroscopy at the transition-mietadiges The peak positions of the emptyd3electron orbitals for
and oxygerK edges™ or the energy-electron-loss spectros- the three most common oxidation states of Mn were obtained
copy (EELS) features at these edge$have played a key from molecular-orbital theor§and compared by Kurata and
role in describing the underlying electronic structure ofColliex® to the oxygenK-edge EELS. The intensities were
transition-metal oxides. Experiments at the oxydgémrdge again taken as equal to the number of unoccupied electrons
have determined, for instance, the amount of oxygen hole# each molecular orbital.

upon doping in the high, superconductors? and have re- The mechanism by which the intensity is obtained is not
cently been used to study the electronic structure of the marexplained in either of these studies. Starting from an ionic
ganese perovskités. approach with full 2 orbitals, the intensity is obtained from

Soft-x-ray absorption at the oxygdf edge is a dipole- the ground-state hybridization between tha tBansition or-
allowed transition in which an oxygenslelectron is pro- bitals and the oxygen2orbitals. As shown in experiments
moted to an empty 2 (np) oxygen orbital. Although the by Kuiperet al,'° the strength of the hybridization is impor-
transition involves oxygen orbitals, the threshold structureant. They compared the oxygeK-edge spectrum of
observed at the oxygel edge is determined by the elec- La, ,SrNiO, directly with the high-energy inverse photo-
tronic structure of the @-transition-metal ion. The@tran-  emission spectrum. In the inverse photoemission data, a clear
sition metal is important because the oxyggnshell is full  empty La 4 structure is present at 9 eV above the Fermi
in an ionic picture. Empty oxygengorbitals are created by level. The intensity decreases upon Sr substitution. This La
ground-state hybridization betweerl-8ansition-metal and 4f structure is virtually nonexistent in the oxygétedge
oxygen 2 orbitals. After the absorption process, the extraspectrum, because of the absence of a significant hybridiza-
electron is located on thed3ransition-metal ion. This would tion between the oxygen®and the very localized Laf4
suggest that oxygeK-edge absorption can be interpreted incore valence orbitals. This clearly establishes that the
a similar way as 8 electron addition experiments like BIS. strength of the hybridization is important and must be in-

This approach, by which energy positions deduced at theluded in the models used. Counting only the number of
oxygenK edge are used asd3electron addition states, was unoccupied 8 orbitals to determine the intensity is not suf-
recently used to study the electronic structure of a Mn perficient.
ovskite systeni.lt is for a part based on work by de Groot  Hybridization is included if one compares the oxygén
et al,® who described the threshold structure at the oxyl§en edge with the oxygen 2 projected density of states obtained
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from band structure calculations. For tli compounds has been solved for the interesting early transition metals
SrTiO; and TiO,, the oxygen P projected density of states with more than five holes in these clusters. Several studies
showed a good agreement with the oxygéftedge describing the electronic spectra of valence-band photoemis-
spectrum'! No influence of the oxygen core hole potential sion and inverse photoemission have been published, en-
on the spectrum in the form of shifts of spectral weight wasabling us to use some of these parameters.
observed. Besides th#¥ compounds, a few oxygel edges The oxygenK-edge absorption process in our cluster cal-
of 3d" systems have been described using oxygprpg-  culations is a transition from a localized oxyges tore
jected density of state$:* For CuO, it was found that the orbital to delocalized, andt,, symmetry oxygen @ orbit-
oxygen 2 orbitals are present up to 15 eV above the threshals. These delocalizedo2orbitals are combinations of all six
old and that the oxygeK edge shows a structure connectedoxygen atoms, and the main assumption is that the spectral
to 2p, but not 3, levels, up to 15 eV above the threshdfd. weight to the delocalized orbitals is the same as in a calcu-
What is absent in all the mentioned interpretations is electation with the absorbing atom in the middle. The second
tron correlation. If we accept that the threshold structure isassumption, which is necessary, is that the interaction of the
connected to addition of@electrons, then starting from the oxygen core hole with the oxygen or transition-metal valence
ionic picture (31") an electron from the oxygen band must electrons can be neglected. Support for this is obtained from
be transferred to thedstransition-metal atom to obtain oxy- the bandstructure calculations for taé systems;! which
gen 2 holes(3d"*1L, whereL stands for an unoccupied showed that the core hole has no or very little influence on
2p oxygen orbital. Electron correlation is important and the position of the final-state energy levels. This absence of
should be explicitly included when adding @ ®lectron to  core hole valence electron interaction is quite different from
the transition metal. For inverse photoemission experimentthe situation at the @-transition-metal p edges, where a
in which the final states are mainly df** character, mul- strong interaction between thep2core hole and 8
tiplet structures resulting from the electron correlation areelectrons® is present.
generally accepted. A similar cluster model has been used to calculate the
In the three systems, in which the oxygknedges have 0xygenK-edge absorption spectrum and inverse photoemis-
been compared to the p2 projected density of states, Sion spectrum of LiNi@.*° The trivalent Ni ground state is
electron-correlation effects are absent. #dsystemslonly  low spin, so addition of spin-up and spin-down electrons is
final states with one @ electron can be reached, and for CuO possible. The character of the ground state is maiffly.
(Ref. 14 the final states comprise a fulld3orbital system The configuration interaction cluster calculations describe
(d'9). In both systems, thedBelectron-electron interactions the spectral weight difference between the threshold struc-
are absent. LiCo@is a special case because of the low-spinture at the oxygerK edge and the first part of the inverse
d® ground state with mainlyS, character. The first electron Photoemission spectrum quite well. The present results are
addition stat® is a single state reached by adding an elec2n extension of those calculations td3to 3d’ transition-
tron of e, character, so no multiplet effects are visible in the metal systems.
inverse photoemission spectrum as well as at the oxygen
edge. CALCULATIONAL DETAILS AND PARAMETERS
Configuration-interaction cluster models describing the
(inverse photoemission and x-ray-absorption spectra have The cluster used is an octahedral transition-metal symme-
been quite successful. Besides hybridization, the multipletr'y MO cluster, and is similar to clusters used in the analysis
structure in these models is included through the use of twoof late transition-metal high-energy spectroscopres:* It
electron operators. In the calculations, in which clusters ar®as ten 8 orbitals and ten oxygen molecular orbitalstgf
used, the transition-metal atom is mostly in the middeO; ~ andey symmetry. The nonbonding oxygen orbitals are omit-
cluste). However, for an oxygerk-edge calculation one ted. Thed-d Coulomb and exchange interactions are in-
would like to have the absorbing oxygen atom in the middlecluded using atomic multiplet theory specified in terms of
surrounded by its natural environment. For a rigid octahedraRacahA, B, andC parameters. If available, the free-ion val-
transition-metal monoxide, such a large cluster would consisties of the RacatB and C parameters, as tabulated by
of the middle oxygen and six surrounding transition metalsGriffith,** are used. For the Mfi system, scaled down val-
each with additional oxygen atoms. The total cluster wouldues(80%) of calculated Hartree-Fock values are us&tihe
be OM 0,5 However, for the early transition metals a large d! system Ti" has no electron correlation. Estimated values
number of empty @ orbitals for every metal site is needed, based on Fi* were used. All the parameters are listed in
and the computing problem is at present (@t solvable. Table I.
The only clusters with an oxygen in the middle used up untii The Mott-Hubbard energy is defined as the energy
now are of the C40; type'® or extensions of thi§! The total needed to remove ad3transition-metal electron and add it at
number of holes is limited with one or two holes on every Cuanotherd” site and it describes the transition frodid"
atom. —d""1d"" 1, The lowest-energy level of eact? configura-
Connected to this problem is also the fact that for perov-ion is calculated with the ionic part of the transition-metal
skite oxides or other oxide systems, the clusters need to Hegand field splitting (1Dq') zero.
more complicated and can have oxygen atoms at chemically The charge-transfer energy is defined as the energy
different sites, which would require the use of different clus-needed for transferring an electron from the lowest level of
ters. We have therefore used the relatively sinii@, clus-  the d" configuration to the lowest level of thé"**L con-
ter with oxygen molecular orbitals df, andey symmetry.  figuration. Theppo, ppm, and 1Dq' parameters are zero
The total number of orbitals is 20. The computing problemin this definition. The hybridization between the transition-
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TABLE I. Parameters used for the calculations

STRUCTURE AT TH. .. 5333

, all values in eV. The RBcahd C parameters for

trivalent Ti are estimates as tli¢ system has no two electron interactions.

A B C A pdo 10Dq ppo-ppm
Cco?t 5.2 0.138 0.541 5.5 1.3 0.7 0.7
Fe&t 5.5 0.131 0.483 7.0 1.3 0.7 0.7
Mn?* 3.9 0.119 0.412 8.8 1.3 0.7 0.7
Fett 4 0.126 0.595 5 1.9 1.3 0.8
Mn3* 5 0.141 0.456 5 2.1 1.3 0.8
crt 5 0.128 0.477 5 2.3 1.3 0.8
Mn** 5 0.132 0.497 4 2.5 1.5 0.8
V3t 5 0.106 0.516 5 2.3 1.3 0.8
Tist 5 0.1* 0.5 5 2.3 1.3 0.8

metal 3 states and the ligandp2orbitals is taken into ac-
count by the Slater-Kost&rpdo andpd transfer integrals.

Fe** system these parameters also determine the optical
splittings. For both systems an ionic§q' of 1.3 eV (Ref.

They describe the overlap between the oxygen an@g)is obtained, and this value was also used fordhed?,

transition-metal orbitals for and = bonding. According to
Harrison? the value ofpd is fixed atpdm= —0.45do-.

andd* systems. A detailed analysis of the optical transitions
in configuration-interaction cluster calculations will be

The Slater-Kostéf nearest-neighbor oxygen interactions presente%? in the near future.
ppo andpp split the oxygen states in a double degenerate The value of the full 1Dq splitting is different for dif-

level with e; symmetry appo-ppm and a triple degenerate
level with t,; symmetry at—(ppo-ppm). The width of the
oxygen band determines the valuepgo-pprr.

In the ground state, charge-transfer levels umlt62L2

ferent final states and is hybridization dependent. For MfhO,
the optical 1@q is 1.2 eV with hybridization betweed®
and d°L, with an energy difference determined by the
charge-transfer energy. For the °T,4-°E, splitting in pho-

are included, while in the final states only one chargetoemission and inverse photoemission spe&raalues of

transfer level d””E) is included. In the final state, the en-
ergy difference betweed"™! andd""2L is U+ A, which

1.9 eV (d* andd®L, A—U apar} and 1.0 eV(d® andd’L,
A+U apar} are obtained. The stronger the hybridization due

means that double charge-transfer states are at very high efrthe proximity of the levels involved, the larger is the split-

ergy and can be neglected. _
Probably the most important parameter is the ionid 40

splitting. It splits the 8 orbitals iney andt,4 orbitals at

+6Dq and —4Dgq, respectively. This splitting has not al-

ting.

The values for the trivalent Mn and Fe systems of the
transfer integrapdo are obtained by increasing the integrals
from the values of the divalent Mn and Fe systems. Values

ways been included in the analysis of valence-band photdor pdo, based on fitted tight-binding parameters to a linear-
emission spectra because the splittings it induces in the elegzed muffin-tin orbital band-structure calculation forN®,
tron removal final states are rather small as compared to thgerovskites system@ ranges from Ti to Nji,*C are, for the
valence-band width. For NiO and CuO, the valance-banaarly transition metals, around 2.3 eV. This value was cho-

widths are about 12 eV, and for both a good réédfican be
obtained without the use of an ionic2@'. The main reason

is that the overall width is obtained from hybridization be-

tween almost degenerati® ! andd"L final states.

sen for trivalent Ti to Cr systems, while for the trivalent Mn
(Ref. 30 system 2.1 eV was used. For the trivalent Fe sys-
tem, a slightly larger value as compared to théVl@, sys-
tems is deduced.

If the same parameters are to describe the forbidden The optical 1@q transition in Mif"-doped ALO; is

3d-3d optical transitions, an ionic Iq' splitting must be
added'® This is most apparent for the system. The experi-
mentally determined 1IDq splitting between the®*A,
ground state andT,, excited state is about 2 eV for €1
and is independent of Rac&handC parameters. Neglecting
the ionic 1@q' contribution, one finds a calculated splitting
of less than 1 eV using th&#1 Og cluster. The splitting is
caused by a difference in transfer integrated{,pd) for
ey and t,q electrons in the hybridization betweeat? and
d"* 1L configurations. For the & system, an ionic 1Dq

around 2.4 e\*! Besides the larger T0q splitting, a larger
covalency is also expected, so the ioni®1 is increased to
1.5 eV andpdo to 2.5 eV, whereas the charge-transfer en-
ergy A for Mn** systems is decreased to 4 eV.

The parameters for the Mh, F€", and C3" systems
are obtained from an analysis of combined photoemission
and inverse photoemission experiments using similar
configuration-interaction cluster calculatioi$’*2The ob-
tained values for the Racah parametaandA are used. The
parameters obtained from an analysis of the r2sonant

of about 1.3 eV needs to be added to obtain the corregshotoemission spectra are quite simiar.

experimental 1Dq splitting of 2 eV between théA2g and
T, states. _

The ionic 1@q' value was determined for the Fesys-
tem using published optical transitidhof F€*" impurities
in AlL,Os. In the CP* system, the optical IDq value is
independent of RacaB and C parameters, while for the

The inverse photoemission or BIS is calculated using the
addition of a 3l electron. Instead of electron addition, a
ligand hole of oxygen character is annihilated in the oxygen
K-edge calculations. If the oxygen core hole is omitted both
processes reach the same final stat8s! andd"*2L, but
the branching ratios are different. Annihilating a ligand hole
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in our cluster describes the transition at the oxygen edge a: T 1
mainly ad""L—cd"*! (where c stands for the oxygen i
core hole. B B

Formally, the intensity of the inverse photoemission ex-
periment(BIS) 15s(Ee), Which is a function of the incident
electron energ¥,., is given by

Intensity
1T T 17T 1T T T 1T 171
T 1T 1 11T 17T T TU°71

IB.S(E9>=20 [(FldT 1g)| 26l Es— (Ee—hwp) — Egl,

while the oxygenK-edge absorption spectrury 1¢(w), ———
which is a function of the incident photon enerdw, is
given by

-

IOlS(w):f;G |<f||u,(r|g>|25(Ef_ﬁw_Eg)-

Intensity

Eq and |o) denote the eigenvalue and eigenfunction of the
ground state, and; and [f), those of the final states. In
inverse photoemission, the incoming electron is at a high- g
energyE., and the spectrum is measured by analyzing the S — ————
number of photons of energyw, upon deceleration of the 1
electron into a final state just above the Fermi level. The
operatord‘;’g creates a @ electron with spin quantum num- >
ber o at the orbital labeled, while the operatot,, , annihi- @
lates a hole with spin quantum numheat the ligand orbital .2
labeledv. The core hole and its interactions with the oxygen =
or transition-metal atoms are ignored in the calculations.
Note that our results are identical to those obtained from a
M Og cluster calculation with all O g orbitals included, if 0
we neglect the O g on site Coulomb interaction. e

—_

RESULTS

ty

The calculations are divided into two groups. In Fig. 1, -
the BIS and oxygerK-edge spectra of systems with five or
more 3 electrons are shown. Here the number of final states=
is limited because the only electron addition possible is al-
ways a minority spin electron. Fa in O, symmetry(NiO)
andd® systemsgCuO and the parent systems of the hifh- 0
superconductojsthe number of possible final states is lim-

. 4 X 0 0 5

ited to one. Fromd® downwards, the number of final states Energy (eV) Energy (eV)
changes, and a much larger number can be reasedFig.

2). Besides a minority-spin electron, now the possibility of ~ FIG. 1. OxygerK-edge and inverse photoemissid@iS) calcu-
add|ng a majority_spin electron also exists. lations for thed7 to d5 systems C%)+, Fe2+, Mn2+, and Fé+. A

The scaling between the two calculations is such that théta_ndgr_d broqdening of 0.8 eV is used. The sticks show the strength
least effected peak in the oxyg&nedge calculation (Og)  ©f individual final states.
has the same strength as in the BIS calculation. This is al-
most always the lowest-energy final state, wheregaelec-  reached with the addition of agy or t,y electron from a
tron is added. For convenience, the lowest-energy final state%ng ground state.
in the figures are aligned to each other at 1 eV. Itis clear that For then<5 systems, the number of final states is much
the intensity of some final states changes significantly belarger. The lowest-energy electron addition state is the
tween the two types of calculations. ground state for tha+ 1 system. The lowest-energy electron

The positions of the final states reachedrier5 are simi-  addition state is formed by adding an electron determined by
lar to the positions in the optical spectrum of ti&"* sys-  Hund's rule. It has’T; 4 symmetry ford?, and *A,; symme-
tem, in which only spin-allowed transitions are obser¥ed. try for d2, both with the addition of a majority-spiay elec-

The spin-flip transitions are not accessible. FoPGathe  tron in the lowest-energy final state. TIEIEg symmetry for
final states obtained are ofA,5, *T,y, °Tig, and °T;y  d® and ®A;; symmetry ford* are reached both with the
symmetry, and for thel® systems only two final states of addition of a majority spirey electron. The oxygen ligands
5T2g and 5Eg symmetry are obtained. In Fg there are in transition metal oxides are not strong enough to create
three instead of the expected four final states V\fﬂlhg, low-spin ground states. The lowest-energy electron addition
4T29, and 4Tlg symmetry. 4A29 symmetry cannot be state is of the same character as based on ligand field and

ntensi
T 1 1T 17T 1T 1T 1T T 1T 1
1 T 1T 17T 11
| I T I T I |

o
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\dm-lL(lw3 )>
‘ ‘ N

idn*lh(l—-z) e —
| () —3

Intensity
TrrrrrrrrrT
| N T N N N N Y T
T T 1T 1r1rr1 1 1T
§ I N TS TN T N T T |

1

Mn** O1s Mn** BIS
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FIG. 3. Schematic picture of the difference between an oxygen
K-edge x-ray absorption experiment and an inverse photoemission
experiment(BIS). The transitions which describe in a simple pic-
ture the two transitions are labeled G &nd BIS.

Intensity
L A A B |
T T 1 1 17 1r1rrrrrtr
| N N I N O S S )

[=]

. , , . —————— T/A, with T the transfer integral or overlap integral, aind
Vi ots the energy difference between the ground state and the per-

turbing level. The amount of ligand hole created in this way
oﬁ\‘/‘}/l.k

is equal to T/A)2. From this, it is directly possible to de-

Intensity

duce two important rules for the interpretation of the oxygen

K edges threshold electronic structure.

- First, the ligand hole created upon the transfer ofegn

' electron results in an intensity in the spectrum that is four

times stronger than far,, electrons, as compared to thé

electron addition spectra. The transfer integralsefpelec-

trons are about two times as strong as ftgy electrons

(pd7=—0.45do), which means that the actual ligand

” ‘m hole amount is about four times as large.

L L ok 3 s Second, charge-transfer states, which are higher in en-
Energy (sV) Energy (eV) ergy, have less intensity in the oxygétedge spectrum,

because the amount of ligand hole created in the ground state

is smaller. This depends strongly on the charge-transfer en-

ergy A. If A is small, the differences in energy within the

d"*IL charge transfer states are large and the first peak is

exchange arguments, but is in all the calculations clearlynore pronounced. For largs, this effect will hardly be no-

separated from the remaining multiplet structure. ticeable.

Figure 3 shows the qualitative difference betweeth 3 ~ The effect of both rules can be seen in almost all the
electron addition and oxygen hole annihilation. Simplified,Systems. The lowest-energy electron addition state for the
the electron addition process #—d"*1. The individual d*, d* andd", n=5, are all reached by the addition otz
strength of the final states is determined by the Wigner coelectron. In all these systems, the lowest-energy electron ad-
efficients connected to each individual final-state transitiondition state has a significantly lower intensity at the oxygen
The annihilation of an oxygen hole can be described in & edge as compared to the BIS spectrum. Fordheystem
simplified picture agl"* L—cd"*1, omitting the core hole. Mn®", the lowest-energy electron addition state %%,

The transition is straightforward and the strength is directlysymmetry is the only possible way of adding gmajority-
connected to the amount of ligand hole present for a certaigpin electron. The first minority-spie, electron addition
symmetry in the ground state. By mixing tli8 "L states state is at 4.5 eV and it has lost intensity as compared to the
into the ground state, the Wigner coefficients are of cours€A4 state, because its charge-transfer enesgjs much
involved, and determine for a part the amount of mixinglarger. For thed® andd* systems, the oxygeK-edge spec-
possible for eack"* 1L state. But besides these coefficients,trum is almost fully made up of final states connected to the
the amount of overlap or the size of the transfer integrals i@ddition of e; electrons. The differences between BIS and
important. To understand their influence on the oxygerthe oxygerK edge are large. Fat' andd?, the main differ-
K-edge spectrum simple perturbation theory arguments ca@nce is the first peak because the overall distributioegof

be used. andt,4 electron addition final states is similar. This can be

In first order perturbation theory, the amount aff* 1L seen in theV3" BIS spectrum, where the oxygef-edge
mixed into thed" ground-state wave function is equal to spectrum has also been plottegte Fig. 2 normalized to the

TN Y T T T T |
T T T T T T T 1T 71

T T N T |

Ti*+ 0 1s

Intensity
T T 1T 1T 17T 1T 1T T 7T
11 1 1 ¢ ¢ )o)ro
T 1rrrrrrr
| I W T N A O O 3

FIG. 2. OxygerK-edge and inverse photoemissi@lS) calcu-
lations ford* to d' systems. A standard broadening of 0.8 eV is
used. The sticks show the strength of individual final states.
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same maximum. Overall, the effects of both “rules” are
clearly visible.

The energy positions at the oxyg&nhedges are not very
sensitive to small changes in parameters except for the ionic
10Dq' contribution. This parameter together with the Racah
B and C parameters determine the mainly splittings. A
change from 1Dqg'=0.7eV for Mrf" to 1.3 eV for Fé"
increases théT,, to °E, splitting from 0.9 to 1.7 eV. The
increase from the larger transfer integrals of Fis limited. i LiVO
The RacahB and C parameters are fixed, values chosen I 2
based on the free atom values for each individual ion.
Changes in the oxygen bandwidth factorizedpipo-pp
do not effect the overall spectrum much. The electron re-
moval spectrum in cluster calculations is very sensitive to the
difference betweetJ (through the Racalh parameterand
A. This is not the case for electron addition, where the next
possible energy position for hybridization in the final states
is atU-+A. Compared to the amount df' character in the
ground states, the final states have a larger amoudf of
character.

| ‘l‘l Ll

Absorption Intensity

COMPARISON WITH EXPERIMENTAL SYSTEMS

In Fig. 4, the calculated results for the oxygeredge are

compared with experimental spectra obtained from the litera- i LaTio
ture for d® (LiMnO,),*2 d? (LiVO,),*® and thed' systems 3
Ti,O; (Ref. 8 and LaTiQ (Ref. 3. In transition-metal

systems withn<<5, the majority-spin band is not full. In

addition to minority-spin electrons, majority-spin electrons

can also be added. The possible number of final states is | J ‘

much larger, and the width of the final state multiplet spec- 1l

trum is much larger too, and therefore a more meaningful i o o o T

PR P P PR N
comparison with experimental systems can be made. 530 535 540 545 550
The features at threshold of the LiMg@xygenK-edge Absorption Energy (eV)
spectrum are well reproduced in the calculation. In the origi- ] )
nal work by de Grootet al.8 and in the molecular-orbital FIG. 4. Comparison between the experimental oxyl§ezdges

and the calculations for thé', d?, andd® systems LaTi@, Ti, O,
LiVO,, and LiMnGO,. In thed? calculation the final states beyond 1
eV are broadened with 1.7 eV, because of the much larger band-
width of ey electrons.

calculations’® the interpretation fod® systems is different.
The first peak, which in our case is the addition of a
majority-spiney electron, is explained as a combination of
majority-spine, and minority-spint,; bands with relative
intensities of 40% and 60%, respectively. The intensities are

equal to the number of emptyd3orbitals. The second peak, Ti atoms also have one Ti neighbor with a short metal-to-
which in our case mainly consists of minority-spg elec- ~ metal distance, which points to possible metal-to-metal inter-
tron addition, split by multiplet structure, is now only a actions as proposed by Goodenodfthe trigonal distor-
minority-spin e, band. Because of hybridization, thg,  tion splits thet,, orbitals into am, and double degenerage
electron addition shows up weakly in the cluster calculationssymmetry orbital. Theg, orbitals do not split but change
and is positioned in between the tveg related structures.  symmetry toe as well and hybridize with the symmetry

The electronic structure of LiV§ including the phase orbitals derived from the,q orbitals. The splitting of the,,
transition at 460 K, has been discussed extensively by Peorbitals is only important for the,g-derived first final state,
et al® It is clear that the overall shape of the oxygémdge  which obtains extra width.
spectrum is reproduced quite well. The first peak can be More important, however, is that the distortion, which
identified as electron addition of a majority spiy electron.  also changes the bond angles of the octahedron, mixes the
The ey bandwidth is large, and thig structure is only vis- ey (pdo) andt,g (pdw) transfer integrals. The amount of
ible as a shoulder of the,-derived structures at 536 eV. ligand hole created foey or t,y charge transfer changes.

In both LiVO, (Ref. 37 and the LiMnQ (Ref. 3§ sys-  This means that for the Ti calculation, thg,-derived first
tems, the transition-metal ion is in a close to octahedral sympeak obtains more intensity. This effect is already visible at
metry. In both systems, the Li plays no role in the electronicthe oxygerK edge of TjO3;, combined with the fact that the
structure. This transition-metal octahedral symmetry is nogy electron addition final states have a much larger band-
observed in TiO;. The TiQ; octahedra are distorted along width. Overall, the width observed at the threshold is com-
the trigonal axis® and three metal oxygen bond distancesparable to the width of the multiplet structure calculated,
are 2.08 A and three are 2.01 A. Besides this distortion, thalthough the exact intensities are not fully reproduced.
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The last experimental system to discuss is LaliO The oxygenK edge is sensitive to changes in local
addition to Ti, the La empty orbitals can also hybridize with transition-metal geometry because of the strong dependence
oxygen orbitals, as is evident from the structure observed an hybridization. A small distortion, which in the BIS spec-
535 eV, which is not only connected to Ti but also to Latrum will split a peak with a few hundred meV, and which
empty orbitals. The first peak at the oxygknedge can be has little influence on the overall spectrum due to a large
identified clearly as a Ti empty orbital with majority-syig, bandwidth, has a large effect on the oxydéerdge. The size
character only. In this system, we also have chemically dif-of the transfer integrals changes becausesthed 7 overlap
ferent oxygen atoms, one in the LaO layer and one in thehanges. An angle distortion mixes them, and this mixing
TiO, layer. changes the intensity to a much greater extent than that
which would be observed in the corresponding BIS spec-
trum. The oxygerK-edge intensity is also not normalized to
the amount of empty @ orbitals as a BIS experiment is for

In the previous section, we compared our calculated remost systems.
sults to experimental systems with a less than half-fillld 3 ~ As compared to our calculation, the local Ti geometry in
shell. Thed? andd® systems show quite clearly that at the Ti, O3 will increase the intensity of the first features wf
oxygenK edge we observe an electronic structure describegharacter in the oxygeK-edge spectrum. The overall width
by a combination of electron correlation, ionic contribution is obtained but the intensities are not fully reproduced. The
to ligand field splitting, and, most importantly, by hybridiza- LaTiO; spectrum also shows the difficulty in understanding
tion between the oxygen and transition-metal atoms in théhe oxygen threshold structure, because both metals are hy-
ground state. The actual amount of ligand holes created ihridizing with oxygen atoms. The first peak can be identified
the ground state is instrumental for a correct understandings a majority-spirt,4 orbital or band.
of the experimental features at the oxydgé€redges. The local geometry also plays a major role in the Jahn-

In systems more than half-filled, such a clear cut situatiorTeller d* systems. The two atoms on tlzeaxis have an
is not observed. The different interpretations cause differelongated or shortened distance to the transition-metal ion.
ences in the strength of the final states and in energy posiFhe degeneracy of the, electrons is lifted, and, depending
tions between our approach and results based on ligand fielth the distortion, the occupied orbital is thgz 2 (short-
splitting$ or oxygen 2 partial density of states obtained ened or thed,> (elongatedt Two chemically different oxy-
from band-structure calculations. The widths of the calcu-gen atoms are created. The lowering of the symmetry leads
lated oxygerK-edge spectra and of the calculated BIS specto extra ligand field parametet$Ds and Dt, which describe
tra are more or less similar for all the different interpreta-the splitting between the twe, electrons and between the
tions, and a limited number of features is observed in the,, electrons. We have not attempted to compare our calcu-
experimental spectrd. Overall, it is difficult to judge and lations with ad* system, mainly for the following reasons.
give full credit to a certain interpretation fal", n=5, sys- The hybridization with thez axis oxygen atoms changes
tems. with the distortion. Depending on the out-of-plane to in-

The expected strength connected to éjeelectrons final  plane bond distance, this can be described with transfer in-
states is not always experimentally observed. In Laf8O tegrals connected to theaxis and to the in-plangy direc-
the second peak connected to the addition okgelectron  tion. The overlap integrat changes with the distance ratio to
has only slightly more intensity than the first peak connectedhe power 3.5. For a 15% elongation, this change is 63%,
to at,q orbital. Bothey electrons point toward their oxygen which meansT? is about a factor of 2.6 larger. For an elon-
neighbors, and because of this they have a much larger bandated system, the strongest hybridized orbital would then be
width. This means that if the, bandwidth is much larger thed,2_y2. This would be the firsey-derived final state in
than the corresponding,, bandwidth, the relative intensity our calculations, reached upon filling the majority spin
of the e, peaks will go down, and also that, peaks can dy2_,2. The strongest intensity minority-spin orbital would
overlap thet,y peaks. This overlap is likely present in MnO also be thed,2_,2. The position of the energy level of these
(Ref. 8 and CoO'® as no clearty, structure is visible in  orbitals would be the main problem, because one can also
these two systems. In both oxygKredge spectra, the rise at expect an ionic contribution to the splitting of tleg orbital
threshold is much slower than that which should be expectednd the splitting of the,4 orbital. The splitting between the
based on the resolution used. The same situation is observéwlo e, orbitals and between thg,, orbitals can be quite
for the LiVO, system. Here the first structure connected tolarge. In Crf;, a splitting of 3.1 eV between the two spdij
t,q orbitals is only present as a shoulder on the wideelectrons is observetd but this system also has a large bond
eg-related structure. distance ratio of 1.22. For trivalent Mn systems, values for

The first-order perturbation theory approach shows théhe two splitey orbitals of about 1 eV have been obseriad.
extent of the influence of the hybridization on the strength ofThis splitting is not only caused by differences in hybridiza-
the oxygerK-edge spectrum as compared to the inverse phation, an ionic contribution is also needed. But it is not clear
toemission spectrum. It is important to realize that bothhow large this ionic contribution to the splitting between the
“rules” are independent of the chosen cluster approache, (t,) orbitals is. Such large distortion needs a different
They are quite similar for a single oxygen ion interacting cluster setup, where the hybridization with in-plane and out-
with a transition-metal ion, because they are obtained from af-plane oxygen atoms is properly taken into account.
simple perturbation approach. The fact that the calculations The last point to mention is possiblel3ransition-metal
work so well for the LiVG and LiMnO; systems is due to threshold structures for other ligands than oxygen. One
the two simple “rules.” would expect to see the same spectral features at the fluoride

DISCUSSION
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K edge(~790 eV), although with a significantly smaller in- into account the amount of ligand holes in the ground state
tensity because of a much smaller ground-state hybridizatioand the electron correlation of thel Zlectrons. For systems
between the fluoride |2 orbital and transition-metaldBor-  with a less than half-filled shell, electron addition produces
bital. the largest energy spread in the final states because of the
possibility of majority and minority spin electron addition.
CONCLUSIONS Ford® andd* systems, the oxygei-edge spectral weight is

. almost completely made up afy electron addition final
The threshold structure observed in the oxydéedge giates.

x-ray-absorption spectrum is determined by the electronic Tpe comparison with the twal® systems TjO; and

structure of the @ transition-metal orbitals in @ transition- LaTiO; also shows the limitations of our approach. Distor-
metal oxides. The interpretation presented by us includefons of octahedral symmetry are expected to have a large
both ground-state hybridization with differences between ,fuence on the oxygelK-edge spectrum. Mixing of the
and 7 bonds, and electron correlation. It is based on &ransfer integrals occurs because of mixingraind 7 bond-
configuration-interaction cluster calculation usingMOs g between the transition-metal atom and the oxygen atom.
cluster. The O<-edge spectrum is calculated by annihilating 1| 4Tio,, the hybridization of oxygen orbitals with empty
a ligand hole in the ground state, and is compared to electrop, grpitals is possible, and leads to structure at the oxygen
addmon calculatlon§ representing inverse photoemission ®k-edge overlapping thedstransition-metal threshold struc-
periments. Clear differences are observed related to thgeg
amount of ligand hole created in the ground state. . The change of transfer integrals with distortions can have
Based on the difference and using simple perturbationy girong effect ore-axis elongatedi* Jahn-Teller systems.
theory arguments, two'rules can be formulated. First, theWith a large distortion, the oxygelk-edge spectrum is
ligand holes created with the charge transfer ofegrelec-  mainly determined by final states connected to the .2
tron have four times more intensity than ligand holes created pital The other orbitals have much smaller spyectral
with charge transfer of & electron. The difference is di- \yeights. Also, such a system has two nonequivalent oxygen

rectly connected to the difference in overlap integ@do ositions, which means that in calculations larger clusters are
and pdm), which reflects the difference betweenand 7 ceded.

bonding. Second, the higher the energy of a particular

charge-transfer leveh in the ground state, the weaker the

intensity of this_level in_ the oxygeK-edge spectrum. Both ACKNOWLEDGMENTS
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