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Simultaneous calculations of bokKredge x-ray-absorption near-edge struct&NES) and ground-state
electronic structure of @ transition-metal oxides are presented. The calculations are based on a self-consistent
one-electron real-space Green’'s-function approach, with many-body effects incorporated in terms of final-state
potentials and a complex energy-dependent self-energy. The results are found to be in semiquantitative agree-
ment with experiment at the metidledges, except at the edge itself where a leading edge peak is found to be
systematically low in intensity. A scattering theoretic interpretation is presented, which correlates the structure
in the XANES with projected electronic density of states. This interpretation illustrates the crossover from a
molecular orbital to a continuum resonance description of excited states. The importance of the core-hole
potential in these calculations is also discussed.
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[. INTRODUCTION same time, the theory provides a quantitative relation be-
tween the projected electronic density of statd3dS) and
There has been a considerable interest in the use of x-rayhe absorption spectra, as well as a physical description of
absorption near-edge structuf§ANES) spectra to under- the observed XANES. The treatment thus encompasses both
stand aspects of the electronic structure in materials’ studiethe excited state and the multiple-scatterihS) path de-
This includes, for example, oxidation states, charge transfescriptions of x-ray-absorption spectf4AS).
and the nature of the low-energy excited stat@sansition- Calculations of XANES differ significantly from those of
metal monoxide(TMO) systems are prototypical of such conventional ground-state electronic structure, since XANES
studies and have been the object of many investigafichs. probes low-energy excited states which have a finite lifetime
Due to short, strong chemical bonds with valente, in the presence of a core hole. Thus, the theoretical ingredi-
TMO'’s often crystallize in the NaCl salt structure. However, ents are also different. For the ground state, for example,
the interpretation of the observed XANES in these systemself-consistent band-structu8S) or the molecular-orbital
has been controversial. For example, the classic study diMO) techniques of quantum chemistry deal well with occu-
Gruneé argued that certain features in theedge spectra pied stationary states, even at moderate temperature. These
could not be interpreted in terms of a one-electron formalimethods can also treat excited states approximately, but are
ism. Also, recent studies of tHeedge spectra of these ma- generally restricted to low energies, typically less than about
terials suggest that many-electron effects in atomic-multipleb0 eV from threshold due to basis size limitations. Also such
theory are important for an accurate descripfiot?. How- methods often include final-state lifetimes posteriori in
ever, other§ have argued that one-electron calculations ofterms of Lorentzian broadening, but ignore self-energy ef-
the K-shell spectra appear qualitatively to replicate the mairfects which systematically shift the spectra to higher
peaks. Our treatment below is based on an effective oneenergies>* On the other hand, excited states in the con-
electron theory, based on a self-consistent, real-spad#uum tend to be extended and damped, with finite lifetimes
Green's-functiofRSGH formalism and final-state potentials (due to core-hole and final-state broadenittgat limit their
including a screened core hole. In particular, the approachange to about 20 A or less. Some low-lying band states
uses spherical muffin-tin potentials and many-body effect®ncountered in the ground state can be well localized and
and inelastic losses are included in terms of an energysharply defined in energy, and hence correspond closely to a
dependent self-energy. This theory is implemented inalhe MO interpretation, whereas highly excited states tend to
initio XANES and electronic structure coderrg The pur-  form broad resonances. The XANES lies in the transition
pose of this paper is to investigate the validity of this ap-region between these behaviors. The approach used in the
proach, both for calculations and interpretation ofkhedge  FEFFgcode encompasses both regimes by using a continuum
XANES spectra of the TMO’s. Indeed, we find that our ap-MS theory, which can be extended to arbitrarily high ener-
proach verifies the final-state ruléthat the spectra can be gies and naturally includes broadening and lifetime effects in
calculated with a one-electron theory with final-state potenterms of a self-energy. Although, full multiple-scattering
tials. Our treatment of electronic structure is formally (FMS) calculations become computationally prohibitive for
equivalent to the Korringa-Kohn-Rostocker band-structureextended x-ray-absorption fine structUieXAFS) (i.e., the
theory, but carried out in real space and in the presence of fine structure in XAS'’s above about 50 g\the MS expan-
core hole which breaks crystal translational symmetry. At thesion crosses over to a more rapidly convergent path expan-
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TABLE I. Electron transfeiA e andl-projected charge counts for tion V contains a summary and conclusions.
spectator atoms in differefit-11) transition-metal oxides. TM sym-

bolizes transition-metal atom, O oxygen, and SG the space group. Il EXPERIMENTAL DETAILS

SG Ae TMs TMp TMd Os Op Od All x-ray-absorption measurements described here were
CaO fm3m —0.397 0.303 0.443 0.855 1.855 4.518 0.024"Z\erf°|rmed OEL%‘Tm"”E BN?’UOf. the.E'GCtm”hS”etCher and
TIO fm3m —0.323 0.341 0538 2.800 1.777 4.420 0.126 Cceteratt‘ir%( d) at fO”I” “"t’ers'.ttéfg;tEeLg":aS“re'
VO fm3m —0.286 0.352 0.567 3.796 1.757 4.406 0.124:)“’6”r aste% at aneelgitsroon gneer?e” jf ‘g" 3 GoV and an""as
MnO fm3m —0.209 0.439 0.602 5751 1.819 4.328 0.062°P gy of . average
electron current of 35 mA. Measurements at elements with
CoO fm3m —0.169 0.466 0.628 7.739 1.841 4.241 0.087
NIO fm3m —0.162 D476 0.641 8723 1845 4295 O 092Z> 27 were performed at 2.7 GeV and an average electron
C' 5 m /m ' : : : : : 292 current of 25 mA. Monochromatic light was obtained by
uo  c2/c —0359 0534 0.624 9.484 1.862 4.404 0.097 5ing 3 double-crystal monochromator of Lemonnier tifpe,
ZnO pé3me —0.285 0.709 0.886 10.129 1.896 4.312 0.071yphich was equipped with GB20) crystals (2i=4.0 A) 17

The minimum step width of these crystals increases from

sion typically around 20—30 eV above threshbidror the ~aPout 0.12 eV at the Ge edge(4038.5 eV to about 1 eV at
near-edge structure, tireFFscode also provides a scattering the ZnK edge(9659 eV. All spectra were taken in transmis-
theoretic interpretation in terms of electronic structure, e.g.Si0N mode. Depending on the energy of the edge under in-
the angular momentum projected local density of stategvestigation and the air sensitivity of the samples, the' ioniza-
which is complementary to the discrete state or MO interpre:['on chambers were filled with either air or argon at different
tation. A path by path interpretation combined with a FourierP"€SSUres. _
transformation of the spectra is traditionally used in EXAFS,_ Balzers QM311 electrometers were used to read the ion-

analysis to interpret the spectra in real space. This Work'gation currents and yield a voltage proportional to the ion-

well since electron scattering is relatively weak at high en.2ation current. These voltages were read using an AD/DA
ergies, where the MS expansion converges with of ordefard of type DT2836 by data translation. The photon energy

10P— 10° scattering paths. On the other hand, a discrete stat§@S scanned from at least 40 eV before to 100 eV after the
picture is commonly used in XANES, since it has an intui-"'SIng edge. For each data point, an integration time between

tive chemical interpretation in terms of local electronic state?00 and 400 ms was used. To prepare the samp_les for mea-
and their splittings. In principle, MS results are equivalent toSUrement, the oxide powders were evenly applied to self-
BS or MO results, provided the calculations are carried tdhesive kapton tape. For air sensitive samples, this process
sufficiently high or infinite ordet® However, poor conver- 00k place in a glove box filled with argon. These samples

gence of the path expansion is often observed near thresholf€r€ transferred to the measurement chamber under argon
thereby often necessitating a FMS approach. atmosphere as well. To compare the measurements qualita-

The present results contain a number of approximationst.ively’ a linear background—fitteq in the pre-edge regi_on—
For example, the theory used fgFrsis essentially a broad- W8S subtracted and the absorption edge was normalized to

ened final-state one-electron theory consistent with the finaldNity @bout 50 eV above the edge. Photon energy calibration

state rulé? i.e., a theory based on self-consistent, final-stat@t all K edges is made in relation to the pure metal: the first

potentials, which are essential for a correct reproduction offl€Ction point is set to the binding energy of the dlectron
near-edge features and an accurate value of the threshold @V€n in Ref. 17.
Fermi energy. The scattering potential is approximated by
overlapped spherical muffin-tin potentigiscluding a core lll. XANES CALCULATIONS WITH  FEFF8
hole); overlapping the muffin tins by about 15% compen-
sates partly for the errors in the spherical approximation.
Many-body effects are incorporated approximately in terms Multiple-scattering XANES calculations are more chal-
of a complex, energy-dependent self-energy, which replacdenging than EXAFS calculations, since electron scattering is
the exchange-correlation potential of ground-state densitymuch stronger at low energies, and hence XANES is much
functional theory. We have used the Hedin-Lundgvistmore sensitive to details of the scattering potential and to
electron-gas self-energy, within the plasmon-pole approxihigh-order MS path& Thus a self-consistent fielSCH
mation, which has been well tested for XAS studi@ghis  potential and nonspherical corrections are essential for the
self-energy naturally adds important final-state broadeningccupied states in ground-state theory and may be important
and self-energy shifts, but does not contribute any new feafor the low-lying excited states in XANES, but are generally
tures to the spectra. not needed for EXAFS calculations. A review of high-order
The content of the remainder of this paper is as follows: AMS theory and its applications to EXAFS and XANES cal-
short description of the experimental parameters is given iculations is given in Ref. 13. Other details concerning the
Sec. Il, while Sec. lll describes our calculation strategyRSGF method and its application to XANES are given in the
based on the RSGF formalism FeEFrg'! In Sec. IV, we  primary FEFFsreference
focus on calculations of th&-shell XANES for several The MS expansion may converge poorly or even diverge
transition-metal monoxides listed in Table |, and we alsoin XANES, due to the increase of the mean free path and
give a scattering theoretic interpretation of the spectra. Sedackscattering amplitude near threshold. However, these

A. Multiple-scattering formalism
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considerations are system dependent. For close-packed metlf-energy2 (E) is added. Once the SCF scattering potential
als and oxides, self-consistency appears to have only a mingg determined, the remaining ingrediej$ase shifts, matrix
effect on the spectra beyond a few eV of the edge, but iglements, etg.are then calculated. Thus the approach incor-
essential to obtain the threshold energy and edge shape, apdrates a self-consistent, screened core-hole potential, in ac-
hence charge counts. Even more important are the seltordance with the final-state rule.

energy and inelastic losses, which lead to systematic shifts |n this method, the photoelectron self-eneB){E) enters

and damping of the peaks. Based on the agreement betwegg an energy- and density-dependent contribution to the
theory and experiment achieved here, nonspherical corregnyfin-tin potential. The self-energy together with the core-
tions do not appear to be significant for TMO's, except Verypgje jifetime builds in both lossei.e., the mean free path
close(i.e., within a few eV to the edge, where the calculated A~Kk/|Im3(E,)|] as well as energy-dependent shifts in the

leading peak intensity is generally smaller than that Ob'peak positions due to R4E). Debye-Waller factors are

served. small in XANES’s, but are incorporated approximately by a

Although FEFF8is not a total-energy code, its potentla_l multiplicative factor expékza;R,) in each propagator ma-

construction does build in overall charge neutrality. This is. 0 5
done by fixing muffin-tin radii based on the Norman pre- {Fix elemeniG, g, .., wheres” is a temperature-dependent

scription, i.e., they are set to a fixed fraction of the Normanmean-square vibrational amplitude for the boRJR"). The
radii (analogous to Wigner-Seitz radii in crystaishich are  lifetime broadened Fermi factor is included by a complex
defined by enforcing charge neutrality in a sphere surrounden€rgy plane integral, which is more accurate than a Lorent-
ing a given atom. For the metal monoxides, this prescriptior£ian convolution.
gives the metal a volume fraction of 0.65. This value is in
good agreement with the self-consistent, total-energy atomic _
sphere approximation calculations of Anderséar TMO's, B. Need for self-consistency and full MS
which finds that the metal has a volume of about 2/3 a fcc It is instructive to compare the results of calculations us-
unit cell. Remarkably, this indicates that tReFFgprescrip-  ing different levels of theory in order to assess the impor-
tion is close to that for the lowest total-energy configuration.tance of the various refinements. Figure 1 demonstrates
Within the MS formalism of RSGF theory, the XANES clearly the importance of the FMS approach and self-
calculations depend on three main ingrediefilsthe spheri-  consistency, using CaO as an example. The calculations in
cal muffin-tin potential, which is contained implicitly in the the top row(a,b) are based on FMS with fewer than 100
(dimensionless diagonal scatteringt-matrix elementst;  atoms in the cluster. The calculations in the bottom (o)
=exp(d)sin(d), where g, is thel-wave phase shiftii) the  are obtained using the high-order path expansion within a
two center matrix elements of the free propagatorcluster of radius 8 A and include roughly 200 atoms. In both
GE’R;L,R,(E), and(iii ) the relativistic dipole matrix elements cases, only the calculations on the left pafseb are based
between core and continuum embedded-atomic states. TIg# self-consistent potentials. The breakdown of the path ex-
muffin-tin potential has a much stronger influence on thepansion close to the absorption edge is easily recognized
XANES spectra than on EXAFS, since it can strongly influ-from the presence of large amplitude structures, which can
ence the dipole matrix elements. Some other commonly use@ven yield unphysical negative valugsd). However, note
electronic structure calculations use rather similar ingredithat the path expansioft), even without self-consistency
ents. For example, the linear muffin-tin orbital approach alsdd), is a reasonable approximation beyond about 30 eV of
uses spherical potentials but a somewhat different selfthreshold. On the other hand, it is clear that self-consistency
consistent potential construction and linearized phasés essential for an accurate description of the absorption edge
shifts!® The key differences are the inclusion of a core holeand the relative energy position of the two dominating reso-
and an energy-dependent self-energy in our approach. nances, i.e., the structure within about 10 eV of threshold, as
Since details of theeFrs approach have been published illustrated in(a).
elsewheré! we only briefly summarize the method here. In
the algorithm for the scattering potential, the total electron
density is first approximated by overlapped free-atom densi- IV. RESULTS AND DISCUSSION
ties, using a relativistic Dirac-Fock code, with a core hole in
the 1s level (K shel) of the absorbing atom. Then the scat-
tering potential is calculated by solving Poisson’s equation, In order to illustrate both the strengths and shortcomings
adding local exchange, and imposing spherical symmetry if the theoretical approach usedAerFs it is instructive first
muffin-tin form. With the new potential, new densities areto consider one example in detail. To this end, we consider
calculated, and the potential and density are iterated untthe case of Rutile, a modification of TjQvhich has been
self-consistency is reached. This typically requires about tediscussed extensively in literatui®.?> As shown in Fig. 2,
iterations, using the Broyden algorithm to accelerateour approach appears to reproduce all significant XANES
convergencé! Tests have verified that the ground-state DOSpeaks. However, a notable drawback is that the intensity of
obtained in this procedure with clusters of about 150 atomshe low-energy side of the “white line'i.e., a dominant
are in good agreement with those of full-potential linear aug-edge peakis too low. The underestimation of this leading
mented plane-wavéLAPW) band-structure calculations in edge peak is typical throughout the transition-mefEW)
thewiengs code?® Finally, an energy- and density-dependentoxides (cf., Fig. 3, whereas otherwise semiquantitative

A. Qualitative comparison with experiment
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FIG. 1. Calculationgdashedl of the CaK-edge XANES of CaO usinga) SCF and FMS(b) non-SCF and FMS(c) SCF and path
expansion{d) non-SCF and path expansion, and compared to experimenta{stditd.

agreement with experimental data is always achieved. AnetalsDOS andpDOS, as shown in Fig. 2. Thus;p hy-
comparable discrepancy is not observed forkhedge struc-  bridization brought about by nonspherical corrections can
ture of pure transition metals. alter the relative peak heights. This is corroborated by the
Further analysis suggests that the discrepancy is likelymproved agreement in peak heights in a method that does
due to nonspherical contributions from directional chemicalinclude nonspherical correctioA$Although it is possible
bonds, e.g., to &-p hybridization effect, analogous to that that some of the discrepancy is due to our approximation of
discussed in Ref. 24. To see this, note that a comparison are-hole effects, we believe this is a secondary effect, since
the residual between calculated and experimental specti@ur calculations already include a fully screened core hole.
with the oxygenp density of states shows clearly that the  Our results for the XANES of all the TM monoxides
discrepancy occurs at the energy positions of maxima in thare shown in Fig. 3(a) for TM(I) oxides andb) for TM(II)
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FIG. 2. Experimental data, calculatgd wq, and locals, p, and

d-projected density of states at the Ti and O atoms of rutile, respec-
tively. The vertical line indicates the position of the Fermi energy.
Also shown is the difference between calculations carried out with
and without quadrupolar couplings, which are significantly smaller
than the dipole-only contributions in the pre-edge region.

oxides. Our results for the effects of quadrupole coupling in
the pre-edge peaks are in reasonable agreement both in am-
plitude and relative splitting with those of Refs. 21 and 23.
Although our calculated quadrupole contributions are both
shifted slightly in energy, this shift is likely due to the sen-
sitivity of the quadrupolar contribution to the potenti&l$>
Our results are illustrated in Fig(&), where we also give the
polarization averaged difference between calculations in-
cluding quadrupole couplings and dipole only. Thus, we find
that quadrupole effects are small in comparison with the di-
pole contributions fronp-d hybridization effects.

B. Scattering interpretation of XANES

We now turn to a physical interpretation of the spectra. To
do this, we compar&-shell XAS to the corresponding final
statelDOS, which are calculated simultaneously ksFFg
First we note that each peak in the XAS corresponds closely
to a peak in thggDOS, both in amplitude and position. This
is to be expected, given the close connection between the
IDOS p. r and the XASu, g from a given core state of
initial angular momentum statd_§). The XAS is given by
the Fermi Golden rule

PHYSICAL REVIEW B 67, 035123 (2003
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where M| | =(L,0x|f) is the dipole matrix element be-
tween an initial state of angular momenturg and a final

state |f)=|L,0) of angular momentumL, and p=

(—1/7)ImG is the density matrixG is the total photoelec-
tron propagatofsee Eq(4) below]. Since they are both ma-
trix elements of the density matriy g(E) and u(E) are S,
directly related to each other, and hence due to dipole selec-
tion rules, u o(E) directly measures theDOS of the final : Co1DOS
state|L,0). This relation can be made more quantitative as x
follows: From MS theory, one can naturally separate the total n

propagatofG, and hencé), into a central atom and scattering I
parts, G=G®+G>% Thus, thelDOS and XAS both have
similar XAFS:

pLRE)=pl R(E)[1+x_r(E)],

_________
————
-

pR(E) =l f(E)1+ XL R(E)], vl ERC D0s_ 5.

and hence, O IDOS
pLRE)=Y(E)u r(E), (©))

where y(E) =[p{ r(E)/ 1 r(E)1.% This relation implicitly
assumes that the core-hole effect on the spectra is small, pDOS
which is often a good approximation. More generally, s o5 s
pL.r(E) in Eq. (3) refers to the density of states in the pres- ] < : : & o
ence of a screened core hole. It is important to stress that this 10 -5 0 5 10 15 2 25
relation is also true in cases where previous studies assigned Energy (eV

structures in the spectrum tes4: 3d transitions, i.e., quad-

rupole transitions. However, true quadrupole transitions are FIG. 4. Relations between experimental data, calculateg,

very small; they are suppressed by a factor approximatelgndl-projected density of valence states at the Co and O atoms of
(r1s/N\)2, where\ is the wavelength of the photon amel CoO, respectively. The vertical line indicates the position of the
~1/Z is the mean radius of theslorbital, i.e., by a factor of ~Fermi energy.

order<10 2. The quadrupolelike effect that is observed is

actually band hybridization, which mixgstype states into connection between the Green's-function function and the
the d bands and, consequently, gives a dipole allowed tranwave-function approach can be made using the formal spec-
sition. This fact shows clearly, e.g., when analyzing the “pre-tral decomposition of the Green’s-function operatrin
edge structure” in the rutiléDOS (see Fig. 2. Note that the terms of eigenstates), viz,

double structure in the transition-metaDOS at the low-

energy part of the absorption edge doescoincide with the 1

maxima of thedDOS as it should, if we were facing a domi- G=(E-H)"= Z |f>m<f|' )

nant contribution of a quadrupole transition. Only a very

weak edge peak in the experimental spectrum just below thg4 similarly for the density matrip=— (1/)ImG. Our
double peak has been associated with a pure quadrupol§ecironic structure interpretation of XANES makes use of

transition?® Moreover, the energy positions of all significant the angular momentum projected density of staieg E) at
experimental XANES peaks coincide with those calculated, given siteR ’

with only dipole selection rules, without regard for excitonic

or shake-up structures. Therefore, it can be concluded that

such effects are essentially negligible for the interpretation of p1r(E)=(L,R|p|L,RY=> [c  rI?8(E-Ef), (5
K-shell absorption spectra of the TMO’s. f

, where|c, g|?=|(L,R|f}|? represents the probability of the
C. MO Interpretation of XANES final state to be in the local state,R), whereL=(I,m)

Next, we investigate to what extent MO theory is appli- denotes the angular momentum quantum numbers. Thus,
cable to the analysis of the various XANES, following the peaks in thd DOS correspond roughly to the energy eigen-
treatment of Grune5For this analysis, we will use CoO as a values of a MO approach.
typical example; results for the other TMO'’s are similar. Figure 4 shows the experimental spectrum of CoO to-

The Ferrgcode is based on a Green’s-function formalismgether with the XAS andDOS calculated byrErrFg The
in the complex energy plane, which avoids explicit calcula-good overall agreement between calculated and measured
tions of wave functions or molecular orbitals. However, aspectra is notable. As in the case of rutile above, we suggest
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FIG. 5. Schematic display of the ligand-field splitting of mo-
lecular orbitals in octahedral symmetry.

that hybridization with oxygerpDOS may explain the ob-

served weakness of the shoulder of the main edge peak at the e RECT. «DOS |

Fermi level. Let us now focus on the structure in tROS. . . . . . . . . . .

Here one can distinguish three regions: 16 -14 -12 -10 8 -6 -4 =2 0 2
(i) Below and near the Fermi energy, strong, sharp reso- energy (eV)

nances which correspond to quasibound band states domi-
nate thelDOS. One can interpret these structures, for ex-  FiG. 6. Analysis of the calculatddOS of CoO in terms of MO
ample, using the arguments of ligand symmetry MO theorytheory.

in octahedral symmetricf. Figs. 5 and & As bonding mo- . . .
lecular orbitals, one expects one @f, symmetry, which is  the spectrum in the region abo¥,,;, MO theory is not

easily identified by contributions of the meta$ 4rbital, a  always directly applicable, although hybridization effects as
threefold degenerat,, orbital, to which metal $ orbitals  discussed in Ref. 24 are still possible. Thus, the attribution of
should contribute, and a twofold degeneragerbital, which  the white line in the TMO’s to a 4—4p transition, which
can be recognized by its strong metal Gontributions. Next ~ often used in the literature, is strictly only a rough approxi-
comes the essentially nonbondityg orbital (the formation ~ mation. Also, the quasiatomic approach of assigning
of 7 bonds from the ligand to these orbitals is possible andRydberg-type states to the resonances fails; neither the inten-
indicated by the presence pDOS at the oxygen atom in Sity of the resonances—after gll, one would. gxpgctadeqreas—
this energy range formed by the remaining metad3orbit- ing overlap integral—nor their energy position is described
als, followed by thee orbital. MO theory, by its nature, correctly.
does not take into account any band-structure effects, which
lead to a “contamination” of the pure MO peaks by band
hybridization. An example of this effect is the presence of The output of thesEFFscode also contains detailed infor-
metal sDOS in the energy range of thig, orbital, which  mation regarding charge transfer and the lo¢adrojected
cannot be present from a pure MO point of view. valence charg® The results, which are summarized in Table
(i) MO theory expects two more orbitals of symmetry | and Fig. 7, can be used directly to analyze the varying
ajy andty,, determined mainly by metal 4s and metal 4 influence of the oxygen environment on the electronic struc-
orbitals, respectively. These structures can also be located tare of different transition-metal atoms. At first, we restrict
thel DOS obtained by our calculations in the region betweerour considerations to the transition-metal monoxides which
Fermi energy and vacuum level, as shown in Fig. 6. Theyhave NaCl structure, i.e., the series involving the transition
are, however, of a completely different shape. Their broadmetals Ca to Ni. Due to their octahedral symmetrgpd,
ening reflects the fact that these final states have a finithybridization is expected. This is reflected by the reduction
lifetime due to their nature as excited states. Furthermorepf s charge and corresponding increasgaindd charge at
they are shifted energywise, both because of the energyhe TM atoms, compared to their atomic configuratiécfs
dependent complex self-energy. Table ). In the following discussion, the increase of charge
(iii) Above the vacuum energy, one expects a smootltounts relative to the atomic configurations will be referred
background with some sharp resonances. For the analysis tf as “surplus charge.” With increasing occupation of thee 3

D. Charge transfer
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fm3m space group. Basically, this is to be expected, because
in the given configuration of the potential the radially sym-
metric effective Coulomb interaction approach on which this
electronegativity scale is based is exactly reproduced. On the
other hand, it should be stressed that charge transfer and thus
chemical shift is strongly influenced by geometrical aspects.
This fact becomes clear when comparing the charge transfer
for CuO and CaO. In CuO, charge transfer increases consid-
erably, almost back to the level observed for CaO in spite of
the fact that the electronegativity value for Ca as compared
to Cu is smaller by 0.71Allred-Rochow and 0.9(Pauling,
respectively. The charge removed from the PMtates is, as
one would expect, mainly transferred to oxygestates, as
indicated by the high similarity of the curves for oxygpn
surplus charge and the total charge transfer.

E. Core-hole effects on XANES

One of the major difficulties in XANES calculations is an
adequate description of the core hole. For deep-&osaell
XANES, the core-hole photoelectron interaction is relatively
weak, and one-electron calculations based on the final-state
rule*? are usually adequate. Thus, we focus here on one-
electron effects of the core-hole.

It is interesting to examine how the core-hole effect
changes across the TMO series. The presence of the core
hole generally leads to a relaxation of all states, lowering

their energy eigenvalues. In extended systems, the overlap
between the valence orbitals of the absorber atom and sur-
rounding atoms often forms chemical bonds. Hence, relax-
ation of the valence orbitals can reduce the overlap, weaken-
ing a chemical bond. Once the valence orbitals are stabilized,
relaxation of the othefvirtual) orbitals is also suppressed
due to orbital-orbital interaction. This effect is visible in the
right panel of Figs. &,d,f), where thedDOS calculated with
and without the core hole are compared for CaO, MnO, and
ZnO, respectively. From CaO to MnO, an increasing number
of binding molecular orbitals are occupied. Therefore, stabi-
shell in the atomic configuration, the transfer of the BM lization against relaxation of the valence orbitals increases,
charge decreases. This decrease does not affsieell and leading to a strongly reduced core-hole effect for MnO. Con-
d-shell occupation equally. Rather, the reduction of metatinuing throughout the row of @ TMQ’s, an increasing num-
s-charge hybridization is almost equal to the decrease in suber of antibinding states is occupied as well, the stabilizing
plus d-charge count$see Fig. 7a)]. This effect can be re- binding energy is reduced, and consequently the core-hole
lated to increasing repulsive electron-electron interaction dueffect gains importance. In the case of ZnO, the core hole
to the increasing occupancy of thestates throughout thed3  influences a closed, noninteracting subshell, which leads to
metals. As the changes s andd-charge counts essentially the biggest shift in the energy position of these states. Simi-
cancel each other, the differences in charge transfer mainlar trends are observed when looking at the variations of the
affect p-charge counts. This observation can be attributed t@ore-hole effect on the T\MDOS displayed in the left panel
the fact that charge transfer occurs mainly from the outerof Fig. 8. This is closely correlated to the fact that a strong
most orbitals, which in the hybridized self-consistent muffin-coupling between metal and ligapevalence states exists, as
tin configuration should be metalpdstates as well as the discussed in the preceding section. Apart from the variation
strong coupling between metahnd ligandp states predicted in importance of the core-hole effect seen in Fig. 8, core-hole
by group theory. The increase of charge in these states coeffects may be partially suppressed by screening. A first ap-
tained throughout the series ofi3ransition metals stems proximation, which might be used to describe the two ex-
from the growing electronegativity of these elemefgse treme cases, would be to approximate the screening for a
Fig. 7(b)]. In fact, the increase in surplus mefalcharge ionic insulator as zero and for a conductor as complete. To
throughout the series ofd3transition metals correlates well test this approximation, it is necessary to select materials
with the Allred-Rochow® values for the electronegativity of which have a significant core-hole effect, i.e., wht3®S is

the corresponding metal within the TMO’s belonging to thestrongly influenced by the core hole. Within the series of the

0.0
Ca Ti A% Mn Co Ni Cu Zn

FIG. 7. (a) Calculated occupation numbers for Thvalence
(solid line) and surplus TMd-valence stategbroken ling. (b) Cal-
culated occupation numbers for TMvalence(solid line) and sur-
plus Oxygenp-(broken ling valence states. To visualize the good
agreement between Allred-Rochow electronegativity sGajaares
and TM p occupation numbers, rescaled TpAcharge counts are
also shown(dot and dash
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FIG. 8. Comparison betwegrDOS (left pane) anddDOS (right pane) of absorber and spectator metal atom for CaO, MnO, and ZnO.

TM(Il) oxides, the ionic insulator CaO and the conductortween the white line and the first shape resonance of experi-
TiO are suitable candidates. Indeed, the CaO spectrum at thmental data on the one hand and $ROS obtained with
CaK edge is clearly dominated by the DOS obtained in theand without a core hole, respectively, on the other. In par-
calculation including the core hole. The fact that theKTi ticular, one observes significant influence of the core hole
spectrum of TiO is dominated by tH®OS for the ground only for insulators or semiconductors in those cases where
state is slightly less evident, but still follows from a careful the position of valence orbitals is not stabilized by chemical
analysis, e.g., by comparison of the difference in energy bebonding.
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V. CONCLUSIONS calculated amplitude of a leading white-line peak is found to
The broadened final-state one-electron calculations pretz.e somewhat lower than in experiment. The missing inten-

S sity is correlated with a peak in thr@)OS, which suggests
sented here are based on the RSGF formalism |mplement<? at this discrepancy is likely due to directional chemical

in the FEFF8 code. These calculations semlq_uantltatlvely .re'bonding between the metal and oxygen atoms, and hence is a
produce almost all features of the transition-metal OXIdeS_ hvbridization effect. Errors in our treatment of the core
XANES spectra at the meti! edges. To achieve this agree- hoF;e E:/an also influencé the amplitude, but we have argued
ment, both FMS and the use of a self-consistent potential arg, amp ’ 9
. ; that they are of secondary importance. Indeed, the general
necessary, especially for energies less than 10 eV above an o
. dequacy of our treatment of the core hole for TMO'’s in
edge. The good agreement between experiment and our cqﬁ- ' .
: erms of fully relaxed final-state potentials has been demon-
culations for nanoscale clusters of about 100 atoms demor)- : . : .
C . strated, and is consistent with the final-state fdle.
strates the adequacy of the approximations usedErrs
Thus, an effective one-electron picture is generally sufficient
for the TMO K—edge XANES, proy|ded an appropriate final- ACKNOWLEDGMENTS
state potential including inelastic losséi® terms of an
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