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Calculation and interpretation of K-shell x-ray absorption near-edge structure of transition metal
oxides

H. Modrow and S. Bucher
Physikalisches Institut, University of Bonn, D-53115 Bonn, Germany
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Simultaneous calculations of bothK-edge x-ray-absorption near-edge structure~XANES! and ground-state
electronic structure of 3d 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 metalK edges, 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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I. INTRODUCTION

There has been a considerable interest in the use of x-
absorption near-edge structure~XANES! spectra to under-
stand aspects of the electronic structure in materials’ stud
This includes, for example, oxidation states, charge trans
and the nature of the low-energy excited states.1 Transition-
metal monoxide~TMO! systems are prototypical of suc
studies and have been the object of many investigations2–4

Due to short, strong chemical bonds with valence62,
TMO’s often crystallize in the NaCl salt structure. Howev
the interpretation of the observed XANES in these syste
has been controversial. For example, the classic stud
Grunes2 argued that certain features in theK-edge spectra
could not be interpreted in terms of a one-electron form
ism. Also, recent studies of theL-edge spectra of these ma
terials suggest that many-electron effects in atomic-multip
theory are important for an accurate description.5–10 How-
ever, others4 have argued that one-electron calculations
the K-shell spectra appear qualitatively to replicate the m
peaks. Our treatment below is based on an effective o
electron theory, based on a self-consistent, real-sp
Green’s-function~RSGF! formalism and final-state potentia
including a screened core hole. In particular, the appro
uses spherical muffin-tin potentials and many-body effe
and inelastic losses are included in terms of an ene
dependent self-energy. This theory is implemented in theab
initio XANES and electronic structure codeFEFF8.11 The pur-
pose of this paper is to investigate the validity of this a
proach, both for calculations and interpretation of theK-edge
XANES spectra of the TMO’s. Indeed, we find that our a
proach verifies the final-state rule,12 that the spectra can b
calculated with a one-electron theory with final-state pot
tials. Our treatment of electronic structure is forma
equivalent to the Korringa-Kohn-Rostocker band-struct
theory, but carried out in real space and in the presence
core hole which breaks crystal translational symmetry. At
0163-1829/2003/67~3!/035123~10!/$20.00 67 0351
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same time, the theory provides a quantitative relation
tween the projected electronic density of states (lDOS) and
the absorption spectra, as well as a physical description
the observed XANES. The treatment thus encompasses
the excited state and the multiple-scattering~MS! path de-
scriptions of x-ray-absorption spectra~XAS!.

Calculations of XANES differ significantly from those o
conventional ground-state electronic structure, since XAN
probes low-energy excited states which have a finite lifeti
in the presence of a core hole. Thus, the theoretical ingr
ents are also different. For the ground state, for exam
self-consistent band-structure~BS! or the molecular-orbital
~MO! techniques of quantum chemistry deal well with occ
pied stationary states, even at moderate temperature. T
methods can also treat excited states approximately, bu
generally restricted to low energies, typically less than ab
50 eV from threshold due to basis size limitations. Also su
methods often include final-state lifetimesa posteriori in
terms of Lorentzian broadening, but ignore self-energy
fects which systematically shift the spectra to high
energies.13,14 On the other hand, excited states in the co
tinuum tend to be extended and damped, with finite lifetim
~due to core-hole and final-state broadening! that limit their
range to about 20 Å or less. Some low-lying band sta
encountered in the ground state can be well localized
sharply defined in energy, and hence correspond closely
MO interpretation, whereas highly excited states tend
form broad resonances. The XANES lies in the transit
region between these behaviors. The approach used in
FEFF8code encompasses both regimes by using a contin
MS theory, which can be extended to arbitrarily high en
gies and naturally includes broadening and lifetime effects
terms of a self-energy. Although, full multiple-scatterin
~FMS! calculations become computationally prohibitive f
extended x-ray-absorption fine structure~EXAFS! ~i.e., the
fine structure in XAS’s above about 50 eV!, the MS expan-
sion crosses over to a more rapidly convergent path exp
©2003 The American Physical Society23-1
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sion typically around 20–30 eV above threshold.13 For the
near-edge structure, theFEFF8code also provides a scatterin
theoretic interpretation in terms of electronic structure, e
the angular momentum projected local density of sta
which is complementary to the discrete state or MO interp
tation. A path by path interpretation combined with a Four
transformation of the spectra is traditionally used in EXA
analysis to interpret the spectra in real space. This wo
well since electron scattering is relatively weak at high e
ergies, where the MS expansion converges with of or
1022103 scattering paths. On the other hand, a discrete s
picture is commonly used in XANES, since it has an int
tive chemical interpretation in terms of local electronic sta
and their splittings. In principle, MS results are equivalent
BS or MO results, provided the calculations are carried
sufficiently high or infinite order.15 However, poor conver-
gence of the path expansion is often observed near thres
thereby often necessitating a FMS approach.

The present results contain a number of approximatio
For example, the theory used inFEFF8is essentially a broad
ened final-state one-electron theory consistent with the fi
state rule,12 i.e., a theory based on self-consistent, final-st
potentials, which are essential for a correct reproduction
near-edge features and an accurate value of the thresho
Fermi energy. The scattering potential is approximated
overlapped spherical muffin-tin potentials~including a core
hole!; overlapping the muffin tins by about 15% compe
sates partly for the errors in the spherical approximati
Many-body effects are incorporated approximately in ter
of a complex, energy-dependent self-energy, which repla
the exchange-correlation potential of ground-state dens
functional theory. We have used the Hedin-Lundqv
electron-gas self-energy, within the plasmon-pole appro
mation, which has been well tested for XAS studies.13 This
self-energy naturally adds important final-state broaden
and self-energy shifts, but does not contribute any new
tures to the spectra.

The content of the remainder of this paper is as follows
short description of the experimental parameters is given
Sec. II, while Sec. III describes our calculation strate
based on the RSGF formalism inFEFF8.11 In Sec. IV, we
focus on calculations of theK-shell XANES for several
transition-metal monoxides listed in Table I, and we a
give a scattering theoretic interpretation of the spectra. S

TABLE I. Electron transferDe andl-projected charge counts fo
spectator atoms in different~1II ! transition-metal oxides. TM sym
bolizes transition-metal atom, O oxygen, and SG the space gro

SG De TM s TM p TM d O s O p O d

CaO fm3m 20.397 0.303 0.443 0.855 1.855 4.518 0.0
TiO fm3m 20.323 0.341 0.538 2.800 1.777 4.420 0.1
VO fm3m 20.286 0.352 0.567 3.796 1.757 4.406 0.1
MnO fm3m 20.209 0.439 0.602 5.751 1.819 4.328 0.0
CoO fm3m 20.169 0.466 0.628 7.739 1.841 4.241 0.0
NiO fm3m 20.162 0.476 0.641 8.723 1.845 4.225 0.0
CuO c2/c 20.359 0.534 0.624 9.484 1.862 4.404 0.0
ZnO p63mc 20.285 0.709 0.886 10.129 1.896 4.312 0.0
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tion V contains a summary and conclusions.

II. EXPERIMENTAL DETAILS

All x-ray-absorption measurements described here w
performed on beamline BN3 of the Electron Stretcher a
Accelerator~ELSA! at Bonn University. For the measure
ments at theK edges of elements withZ<27, ELSA was
operated at an electron energy of 2.3 GeV and an ave
electron current of 35 mA. Measurements at elements w
Z.27 were performed at 2.7 GeV and an average elec
current of 25 mA. Monochromatic light was obtained b
using a double-crystal monochromator of Lemonnier type16

which was equipped with Ge~220! crystals (2d54.0 Å).17

The minimum step width of these crystals increases fr
about 0.12 eV at the CaK edge~4038.5 eV! to about 1 eV at
the ZnK edge~9659 eV!. All spectra were taken in transmis
sion mode. Depending on the energy of the edge under
vestigation and the air sensitivity of the samples, the ioni
tion chambers were filled with either air or argon at differe
pressures.

Balzers QM311 electrometers were used to read the
ization currents and yield a voltage proportional to the io
ization current. These voltages were read using an AD/
card of type DT2836 by data translation. The photon ene
was scanned from at least 40 eV before to 100 eV after
rising edge. For each data point, an integration time betw
200 and 400 ms was used. To prepare the samples for m
surement, the oxide powders were evenly applied to s
adhesive kapton tape. For air sensitive samples, this pro
took place in a glove box filled with argon. These samp
were transferred to the measurement chamber under a
atmosphere as well. To compare the measurements qua
tively, a linear background—fitted in the pre-edge region
was subtracted and the absorption edge was normalize
unity about 50 eV above the edge. Photon energy calibra
at all K edges is made in relation to the pure metal: the fi
inflection point is set to the binding energy of the 1s electron
given in Ref. 17.

III. XANES CALCULATIONS WITH FEFF8

A. Multiple-scattering formalism

Multiple-scattering XANES calculations are more cha
lenging than EXAFS calculations, since electron scatterin
much stronger at low energies, and hence XANES is m
more sensitive to details of the scattering potential and
high-order MS paths.11 Thus a self-consistent field~SCF!
potential and nonspherical corrections are essential for
occupied states in ground-state theory and may be impor
for the low-lying excited states in XANES, but are genera
not needed for EXAFS calculations. A review of high-ord
MS theory and its applications to EXAFS and XANES ca
culations is given in Ref. 13. Other details concerning
RSGF method and its application to XANES are given in t
primary FEFF8reference.11

The MS expansion may converge poorly or even dive
in XANES, due to the increase of the mean free path a
backscattering amplitude near threshold. However, th

p.
3-2
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CALCULATION AND INTERPRETATION OF K-SHELL . . . PHYSICAL REVIEW B 67, 035123 ~2003!
considerations are system dependent. For close-packed
als and oxides, self-consistency appears to have only a m
effect on the spectra beyond a few eV of the edge, bu
essential to obtain the threshold energy and edge shape
hence charge counts. Even more important are the s
energy and inelastic losses, which lead to systematic s
and damping of the peaks. Based on the agreement betw
theory and experiment achieved here, nonspherical cor
tions do not appear to be significant for TMO’s, except ve
close~i.e., within a few eV! to the edge, where the calculate
leading peak intensity is generally smaller than that
served.

Although FEFF8 is not a total-energy code, its potenti
construction does build in overall charge neutrality. This
done by fixing muffin-tin radii based on the Norman pr
scription, i.e., they are set to a fixed fraction of the Norm
radii ~analogous to Wigner-Seitz radii in crystals! which are
defined by enforcing charge neutrality in a sphere surrou
ing a given atom. For the metal monoxides, this prescript
gives the metal a volume fraction of 0.65. This value is
good agreement with the self-consistent, total-energy ato
sphere approximation calculations of Andersen3 for TMO’s,
which finds that the metal has a volume of about 2/3 a
unit cell. Remarkably, this indicates that theFEFF8 prescrip-
tion is close to that for the lowest total-energy configuratio

Within the MS formalism of RSGF theory, the XANE
calculations depend on three main ingredients:~i! the spheri-
cal muffin-tin potential, which is contained implicitly in th
~dimensionless! diagonal scatteringt-matrix elements t l
5exp(idl)sin(dl), whered l is the l-wave phase shift;~ii ! the
two center matrix elements of the free propaga
GL,R;L8R8

0 (E), and~iii ! the relativistic dipole matrix element
between core and continuum embedded-atomic states.
muffin-tin potential has a much stronger influence on
XANES spectra than on EXAFS, since it can strongly infl
ence the dipole matrix elements. Some other commonly u
electronic structure calculations use rather similar ingre
ents. For example, the linear muffin-tin orbital approach a
uses spherical potentials but a somewhat different s
consistent potential construction and linearized ph
shifts.18 The key differences are the inclusion of a core h
and an energy-dependent self-energy in our approach.

Since details of theFEFF8 approach have been publishe
elsewhere,11 we only briefly summarize the method here.
the algorithm for the scattering potential, the total electr
density is first approximated by overlapped free-atom de
ties, using a relativistic Dirac-Fock code, with a core hole
the 1s level (K shell! of the absorbing atom. Then the sca
tering potential is calculated by solving Poisson’s equati
adding local exchange, and imposing spherical symmetr
muffin-tin form. With the new potential, new densities a
calculated, and the potential and density are iterated u
self-consistency is reached. This typically requires about
iterations, using the Broyden algorithm to acceler
convergence.11 Tests have verified that the ground-state DO
obtained in this procedure with clusters of about 150 ato
are in good agreement with those of full-potential linear a
mented plane-wave~LAPW! band-structure calculations i
theWIEN98 code.19 Finally, an energy- and density-depende
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self-energyS(E) is added. Once the SCF scattering poten
is determined, the remaining ingredients~phase shifts, matrix
elements, etc.! are then calculated. Thus the approach inc
porates a self-consistent, screened core-hole potential, in
cordance with the final-state rule.

In this method, the photoelectron self-energyS(E) enters
as an energy- and density-dependent contribution to
muffin-tin potential. The self-energy together with the cor
hole lifetime builds in both losses@i.e., the mean free path
l'k/uImS(Ek)u] as well as energy-dependent shifts in t
peak positions due to ReS(E). Debye-Waller factors are
small in XANES’s, but are incorporated approximately by
multiplicative factor exp(2k2sR,R8

2 ) in each propagator ma
trix elementGL,R;L8R8

0 , wheres2 is a temperature-depende
mean-square vibrational amplitude for the bond (R,R8). The
lifetime broadened Fermi factor is included by a compl
energy plane integral, which is more accurate than a Lore
zian convolution.

B. Need for self-consistency and full MS

It is instructive to compare the results of calculations u
ing different levels of theory in order to assess the imp
tance of the various refinements. Figure 1 demonstra
clearly the importance of the FMS approach and se
consistency, using CaO as an example. The calculation
the top row ~a,b! are based on FMS with fewer than 10
atoms in the cluster. The calculations in the bottom row~c,d!
are obtained using the high-order path expansion withi
cluster of radius 8 Å and include roughly 200 atoms. In bo
cases, only the calculations on the left panel~a,c! are based
on self-consistent potentials. The breakdown of the path
pansion close to the absorption edge is easily recogn
from the presence of large amplitude structures, which
even yield unphysical negative values~c,d!. However, note
that the path expansion~c!, even without self-consistenc
~d!, is a reasonable approximation beyond about 30 eV
threshold. On the other hand, it is clear that self-consiste
is essential for an accurate description of the absorption e
and the relative energy position of the two dominating re
nances, i.e., the structure within about 10 eV of threshold
illustrated in~a!.

IV. RESULTS AND DISCUSSION

A. Qualitative comparison with experiment

In order to illustrate both the strengths and shortcomin
of the theoretical approach used inFEFF8, it is instructive first
to consider one example in detail. To this end, we consi
the case of Rutile, a modification of TiO2 which has been
discussed extensively in literature.20–23As shown in Fig. 2,
our approach appears to reproduce all significant XAN
peaks. However, a notable drawback is that the intensity
the low-energy side of the ‘‘white line’’~i.e., a dominant
edge peak! is too low. The underestimation of this leadin
edge peak is typical throughout the transition-metal~TM!
oxides ~cf., Fig. 3!, whereas otherwise semiquantitativ
3-3
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FIG. 1. Calculations~dashed! of the CaK-edge XANES of CaO using~a! SCF and FMS,~b! non-SCF and FMS,~c! SCF and path
expansion,~d! non-SCF and path expansion, and compared to experimental data~solid!.
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agreement with experimental data is always achieved
comparable discrepancy is not observed for theK-edge struc-
ture of pure transition metals.

Further analysis suggests that the discrepancy is lik
due to nonspherical contributions from directional chemi
bonds, e.g., to as-p hybridization effect, analogous to tha
discussed in Ref. 24. To see this, note that a compariso
the residual between calculated and experimental spe
with the oxygenp density of states shows clearly that th
discrepancy occurs at the energy positions of maxima in
03512
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metal sDOS andpDOS, as shown in Fig. 2. Thus,s-p hy-
bridization brought about by nonspherical corrections c
alter the relative peak heights. This is corroborated by
improved agreement in peak heights in a method that d
include nonspherical corrections.23 Although it is possible
that some of the discrepancy is due to our approximation
core-hole effects, we believe this is a secondary effect, s
our calculations already include a fully screened core ho

Our results for the XANES of all the 3d-TM monoxides
are shown in Fig. 3:~a! for TM~I! oxides and~b! for TM~II !
3-4
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CALCULATION AND INTERPRETATION OF K-SHELL . . . PHYSICAL REVIEW B 67, 035123 ~2003!
oxides. Our results for the effects of quadrupole coupling
the pre-edge peaks are in reasonable agreement both in
plitude and relative splitting with those of Refs. 21 and 2
Although our calculated quadrupole contributions are b
shifted slightly in energy, this shift is likely due to the se
sitivity of the quadrupolar contribution to the potentials.21,23

Our results are illustrated in Fig. 2~a!, where we also give the
polarization averaged difference between calculations
cluding quadrupole couplings and dipole only. Thus, we fi
that quadrupole effects are small in comparison with the
pole contributions fromp-d hybridization effects.

B. Scattering interpretation of XANES

We now turn to a physical interpretation of the spectra.
do this, we compareK-shell XAS to the corresponding fina
state lDOS, which are calculated simultaneously byFEFF8.
First we note that each peak in the XAS corresponds clo
to a peak in thepDOS, both in amplitude and position. Th
is to be expected, given the close connection between
lDOS rL,R and the XASmL,R from a given core state o
initial angular momentum state (L0). The XAS is given by
the Fermi Golden rule

mL,05(
f

uML0 ,Lu2d~E2Ef !5^L0,0uxr̂x8uL0,0&, ~1!

FIG. 2. Experimental data, calculatedm, m0, and locals, p, and
d-projected density of states at the Ti and O atoms of rutile, resp
tively. The vertical line indicates the position of the Fermi ener
Also shown is the difference between calculations carried out w
and without quadrupolar couplings, which are significantly sma
than the dipole-only contributions in the pre-edge region.
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FIG. 3. Experimental~solid! and calculated~dashed! metal
K-XANES spectra of~a! the transition-metal~I! monoxides MnO,
VO, TiO, and CaO, and~b! the transition-metal~II ! monoxides
ZnO, CuO, NiO, and CoO; additional broadening has been app
to the calculated spectra to account for experimental resolution
3-5



-

-

le

a
t
g

a
ly
s
th

gn
-
a
te

is

an
re

i-
ry
th
p
nt
te
ic
th
o

li-
e
a

m
la
a

the
ec-

of

e

hus,
n-

to-

ured
gest

s of
the

H. MODROW, S. BUCHER, J. J. REHR, AND A. L. ANKUDINOV PHYSICAL REVIEW B67, 035123 ~2003!
where ML0 ,L5^L0,0uxu f & is the dipole matrix element be

tween an initial state of angular momentumL0 and a final
state u f &5uL,0& of angular momentumL, and r̂5
(21/p)ImG is the density matrix,G is the total photoelec-
tron propagator@see Eq.~4! below#. Since they are both ma
trix elements of the density matrix,r l ,R(E) and m(E) are
directly related to each other, and hence due to dipole se
tion rules,mL0(E) directly measures thelDOS of the final
stateuL,0&. This relation can be made more quantitative
follows: From MS theory, one can naturally separate the to
propagatorG, and hencer̂, into a central atom and scatterin
parts, G5Gc1Gsc. Thus, thelDOS and XAS both have
similar XAFS:

rL,R~E!5rL,R
0 ~E!@11xL,R~E!#,

mL,R~E!5mL,R
0 ~E!@11xL,R~E!#, ~2!

and hence,

rL,R~E!5g~E!mL,R~E!, ~3!

whereg(E)5@rL,R
0 (E)/mL,R

0 (E)#.25 This relation implicitly
assumes that the core-hole effect on the spectra is sm
which is often a good approximation. More general
rL,R(E) in Eq. ~3! refers to the density of states in the pre
ence of a screened core hole. It is important to stress that
relation is also true in cases where previous studies assi
structures in the spectrum to 1s→3d transitions, i.e., quad
rupole transitions. However, true quadrupole transitions
very small; they are suppressed by a factor approxima
(r 1s /l)2, wherel is the wavelength of the photon andr 1s
;1/Z is the mean radius of the 1s orbital, i.e., by a factor of
order <1022. The quadrupolelike effect that is observed
actually band hybridization, which mixesp-type states into
the d bands and, consequently, gives a dipole allowed tr
sition. This fact shows clearly, e.g., when analyzing the ‘‘p
edge structure’’ in the rutilelDOS ~see Fig. 2!. Note that the
double structure in the transition-metalpDOS at the low-
energy part of the absorption edge doesnot coincide with the
maxima of thedDOS as it should, if we were facing a dom
nant contribution of a quadrupole transition. Only a ve
weak edge peak in the experimental spectrum just below
double peak has been associated with a pure quadru
transition.23 Moreover, the energy positions of all significa
experimental XANES peaks coincide with those calcula
with only dipole selection rules, without regard for exciton
or shake-up structures. Therefore, it can be concluded
such effects are essentially negligible for the interpretation
K-shell absorption spectra of the TMO’s.

C. MO Interpretation of XANES

Next, we investigate to what extent MO theory is app
cable to the analysis of the various XANES, following th
treatment of Grunes.2 For this analysis, we will use CoO as
typical example; results for the other TMO’s are similar.

The FEFF8code is based on a Green’s-function formalis
in the complex energy plane, which avoids explicit calcu
tions of wave functions or molecular orbitals. However,
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connection between the Green’s-function function and
wave-function approach can be made using the formal sp
tral decomposition of the Green’s-function operatorG in
terms of eigenstatesu f &, viz,

G5~E2H !215(
f

u f &
1

E2Ef1 iG
^ f u, ~4!

and similarly for the density matrixr̂52(1/p)ImG. Our
electronic structure interpretation of XANES makes use
the angular momentum projected density of statesr l ,R(E) at
a given siteR,

r l ,R~E!5^L,Rur̂uL,R&5(
f

ucL,Ru2d~E2Ef !, ~5!

where ucL,Ru25u^L,Ru f &u2 represents the probability of th
final state to be in the local stateuL,R&, where L5( l ,m)
denotes the angular momentum quantum numbers. T
peaks in thelDOS correspond roughly to the energy eige
values of a MO approach.

Figure 4 shows the experimental spectrum of CoO
gether with the XAS andlDOS calculated byFEFF8. The
good overall agreement between calculated and meas
spectra is notable. As in the case of rutile above, we sug

FIG. 4. Relations between experimental data, calculatedm, m0,
and l-projected density of valence states at the Co and O atom
CoO, respectively. The vertical line indicates the position of
Fermi energy.
3-6
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that hybridization with oxygenpDOS may explain the ob
served weakness of the shoulder of the main edge peak a
Fermi level. Let us now focus on the structure in thelDOS.
Here one can distinguish three regions:

~i! Below and near the Fermi energy, strong, sharp re
nances which correspond to quasibound band states d
nate thelDOS. One can interpret these structures, for
ample, using the arguments of ligand symmetry MO the
in octahedral symmetry~cf. Figs. 5 and 6!. As bonding mo-
lecular orbitals, one expects one ofa1g symmetry, which is
easily identified by contributions of the metal 4s orbital, a
threefold degeneratet1u orbital, to which metal 4p orbitals
should contribute, and a twofold degenerateeg orbital, which
can be recognized by its strong metal 3d contributions. Next
comes the essentially nonbondingt2g orbital ~the formation
of p bonds from the ligand to these orbitals is possible a
indicated by the presence ofpDOS at the oxygen atom in
this energy range!, formed by the remaining metal 3d orbit-
als, followed by theeg* orbital. MO theory, by its nature
does not take into account any band-structure effects, w
lead to a ‘‘contamination’’ of the pure MO peaks by ban
hybridization. An example of this effect is the presence
metal sDOS in the energy range of thet1u orbital, which
cannot be present from a pure MO point of view.

~ii ! MO theory expects two more orbitals of symmet
a1g* and t1u* , determined mainly by metal 4s and metal 4p
orbitals, respectively. These structures can also be locate
the lDOS obtained by our calculations in the region betwe
Fermi energy and vacuum level, as shown in Fig. 6. Th
are, however, of a completely different shape. Their bro
ening reflects the fact that these final states have a fi
lifetime due to their nature as excited states. Furtherm
they are shifted energywise, both because of the ene
dependent complex self-energy.

~iii ! Above the vacuum energy, one expects a smo
background with some sharp resonances. For the analys

FIG. 5. Schematic display of the ligand-field splitting of m
lecular orbitals in octahedral symmetry.
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the spectrum in the region aboveEvac , MO theory is not
always directly applicable, although hybridization effects
discussed in Ref. 24 are still possible. Thus, the attribution
the white line in the TMO’s to a 1s→4p transition, which
often used in the literature, is strictly only a rough appro
mation. Also, the quasiatomic approach of assign
Rydberg-type states to the resonances fails; neither the in
sity of the resonances—after all, one would expect a decr
ing overlap integral—nor their energy position is describ
correctly.

D. Charge transfer

The output of theFEFF8code also contains detailed info
mation regarding charge transfer and the local,l-projected
valence charge.25 The results, which are summarized in Tab
I and Fig. 7, can be used directly to analyze the vary
influence of the oxygen environment on the electronic str
ture of different transition-metal atoms. At first, we restr
our considerations to the transition-metal monoxides wh
have NaCl structure, i.e., the series involving the transit
metals Ca to Ni. Due to their octahedral symmetry, asp3d2
hybridization is expected. This is reflected by the reduct
of s charge and corresponding increase ofp andd charge at
the TM atoms, compared to their atomic configurations~cf.
Table I!. In the following discussion, the increase of char
counts relative to the atomic configurations will be referr
to as ‘‘surplus charge.’’ With increasing occupation of the 3d

FIG. 6. Analysis of the calculatedlDOS of CoO in terms of MO
theory.
3-7
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shell in the atomic configuration, the transfer of the TMs
charge decreases. This decrease does not affectp-shell and
d-shell occupation equally. Rather, the reduction of me
s-charge hybridization is almost equal to the decrease in
plus d-charge counts@see Fig. 7~a!#. This effect can be re-
lated to increasing repulsive electron-electron interaction
to the increasing occupancy of thed states throughout the 3d
metals. As the changes ins- andd-charge counts essentiall
cancel each other, the differences in charge transfer ma
affect p-charge counts. This observation can be attributed
the fact that charge transfer occurs mainly from the ou
most orbitals, which in the hybridized self-consistent muffi
tin configuration should be metal 4p states as well as th
strong coupling between metals and ligandp states predicted
by group theory. The increase of charge in these states
tained throughout the series of 3d transition metals stem
from the growing electronegativity of these elements@see
Fig. 7~b!#. In fact, the increase in surplus metalp charge
throughout the series of 3d transition metals correlates we
with the Allred-Rochow26 values for the electronegativity o
the corresponding metal within the TMO’s belonging to t

FIG. 7. ~a! Calculated occupation numbers for TMs-valence
~solid line! and surplus TMd-valence states~broken line!. ~b! Cal-
culated occupation numbers for TMp-valence~solid line! and sur-
plus Oxygenp-~broken line! valence states. To visualize the goo
agreement between Allred-Rochow electronegativity scale~squares!
and TM p occupation numbers, rescaled TMp-charge counts are
also shown~dot and dash!.
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fm3m space group. Basically, this is to be expected, beca
in the given configuration of the potential the radially sym
metric effective Coulomb interaction approach on which t
electronegativity scale is based is exactly reproduced. On
other hand, it should be stressed that charge transfer and
chemical shift is strongly influenced by geometrical aspe
This fact becomes clear when comparing the charge tran
for CuO and CaO. In CuO, charge transfer increases con
erably, almost back to the level observed for CaO in spite
the fact that the electronegativity value for Ca as compa
to Cu is smaller by 0.71~Allred-Rochow! and 0.9~Pauling!,
respectively. The charge removed from the TMp states is, as
one would expect, mainly transferred to oxygenp states, as
indicated by the high similarity of the curves for oxygenp
surplus charge and the total charge transfer.

E. Core-hole effects on XANES

One of the major difficulties in XANES calculations is a
adequate description of the core hole. For deep-coreK-shell
XANES, the core-hole photoelectron interaction is relative
weak, and one-electron calculations based on the final-s
rule12 are usually adequate. Thus, we focus here on o
electron effects of the core-hole.

It is interesting to examine how the core-hole effe
changes across the TMO series. The presence of the
hole generally leads to a relaxation of all states, lower
their energy eigenvalues. In extended systems, the ove
between the valence orbitals of the absorber atom and
rounding atoms often forms chemical bonds. Hence, re
ation of the valence orbitals can reduce the overlap, weak
ing a chemical bond. Once the valence orbitals are stabiliz
relaxation of the other~virtual! orbitals is also suppresse
due to orbital-orbital interaction. This effect is visible in th
right panel of Figs. 8~b,d,f!, where thedDOS calculated with
and without the core hole are compared for CaO, MnO, a
ZnO, respectively. From CaO to MnO, an increasing num
of binding molecular orbitals are occupied. Therefore, sta
lization against relaxation of the valence orbitals increas
leading to a strongly reduced core-hole effect for MnO. Co
tinuing throughout the row of 3d TMO’s, an increasing num-
ber of antibinding states is occupied as well, the stabiliz
binding energy is reduced, and consequently the core-h
effect gains importance. In the case of ZnO, the core h
influences a closed, noninteracting subshell, which lead
the biggest shift in the energy position of these states. S
lar trends are observed when looking at the variations of
core-hole effect on the TMpDOS displayed in the left pane
of Fig. 8. This is closely correlated to the fact that a stro
coupling between metal and ligandp-valence states exists, a
discussed in the preceding section. Apart from the variat
in importance of the core-hole effect seen in Fig. 8, core-h
effects may be partially suppressed by screening. A first
proximation, which might be used to describe the two e
treme cases, would be to approximate the screening fo
ionic insulator as zero and for a conductor as complete.
test this approximation, it is necessary to select mater
which have a significant core-hole effect, i.e., whoselDOS is
strongly influenced by the core hole. Within the series of
3-8
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FIG. 8. Comparison betweenpDOS ~left panel! anddDOS ~right panel! of absorber and spectator metal atom for CaO, MnO, and Z
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TM~II ! oxides, the ionic insulator CaO and the conduc
TiO are suitable candidates. Indeed, the CaO spectrum a
Ca K edge is clearly dominated by the DOS obtained in
calculation including the core hole. The fact that the TiK
spectrum of TiO is dominated by thelDOS for the ground
state is slightly less evident, but still follows from a caref
analysis, e.g., by comparison of the difference in energy
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tween the white line and the first shape resonance of exp
mental data on the one hand and thepDOS obtained with
and without a core hole, respectively, on the other. In p
ticular, one observes significant influence of the core h
only for insulators or semiconductors in those cases wh
the position of valence orbitals is not stabilized by chemi
bonding.
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V. CONCLUSIONS

The broadened final-state one-electron calculations
sented here are based on the RSGF formalism impleme
in the FEFF8 code. These calculations semiquantitatively
produce almost all features of the transition-metal ox
XANES spectra at the metalK edges. To achieve this agre
ment, both FMS and the use of a self-consistent potential
necessary, especially for energies less than 10 eV abov
edge. The good agreement between experiment and our
culations for nanoscale clusters of about 100 atoms dem
strates the adequacy of the approximations used inFEFF8.
Thus, an effective one-electron picture is generally suffici
for the TMOK-edge XANES, provided an appropriate fina
state potential including inelastic losses~in terms of an
energy-dependent self-energy! and a screened core hole
used. No evidence for multiplet-electron or sharp multiel
tron features in the spectra due to many-body effects
been found in our study ofK-edge spectra. However, th
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calculated amplitude of a leading white-line peak is found
be somewhat lower than in experiment. The missing int
sity is correlated with a peak in thesDOS, which suggests
that this discrepancy is likely due to directional chemic
bonding between the metal and oxygen atoms, and hence
s-p hybridization effect. Errors in our treatment of the co
hole can also influence the amplitude, but we have arg
that they are of secondary importance. Indeed, the gen
adequacy of our treatment of the core hole for TMO’s
terms of fully relaxed final-state potentials has been dem
strated, and is consistent with the final-state rule.12
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