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The oxygen 1s x-ray-absorption edges of a series of 3d-transition-metal oxides have been mea-
sured. The structures at the edge arise from covalent mixing of the metal and oxygen states, which
introduces oxygen p character in unoccupied states of mainly metal character. The spectra can be
divided into two regions: The first is a double-peaked sharp structure near threshold, which can be
related to the metal 3d states; the second is a broader structure 5—10 eV above the edge and is relat-
ed to the metal 4s and 4p bands. We attribute the oxygen p character up to 15 eV above threshold
to mainly oxygen 2p character. The data are analyzed in terms of ligand-field and exchange split-
tings. It is shown that the splitting between the two sharp peaks near threshold is related closely to
the ligand-field splitting, but the relative intensities of the peaks are not fully explained at the
present time.

I. INTRODUCTION

In this study we try to learn something about the elec-
tronic structure of binary 3d-transition-metal oxides,
which still is not well understood despite many past stud-
ies. ' By studying the oxygen ls (or K) absorption edge
of binary oxides, we hope to set up a reference for the in-
terpretation of x-ray-absorption edges and the electronic
structure of more complex compounds, such as the high-
T, superconducting oxides. The oxygen 1s edge, with an
absorption energy of about 530 eV, is situated in the ener-

gy range between 300 and 1000 eV, which until recently
was technically difficult to reach. The relatively under-
developed role of this energy region, containing besides
the oxygen ls edge also the 3d —transition-metal 2p (or
L2 3) edges, compared to, e.g. , the transition-metal ls (or
IC) edges is predominantly caused by poor monochroma-
tor resolution. Studies such as ours, with an instrumental
resolution of -500 meV, are now feasible as a result of
the development of new and better monochromators for
synchrotron radiation in this energy range. '

X-ray absorption (XAS) is a local process in which an
electron is promoted to an excited electronic state, which
can be coupled to the original core level with the dipole
selection rule stating that the change in the angular
momentum quantum number (b,L) is +1, while the spin is
not changed. " For the oxygen ls edge (L=0) this means
that only oxygen p character (L= 1) can be reached. The
resulting spectrum can be envisaged in a first-order ap-
proximation as an image of the oxygen p projected unoc-
cupied density of states. For more detailed studies, we
note below three problems in relating a calculated DOS
to an XAS spectrum.

First, the usual way to calculate the density of states is
via the Hohenberg-Kohn density-functional theory
within the Kohn-Sham local-density approach' (LDA).
Using the LDA, the occupied part of the DOS calcula-
tion is a routine task for the 3d-transition-metal oxides.
For the unoccupied states there are, however, purely
technical problems of the requirements for more extend-
ed basis sets and avoidance of inappropriate linearization
schemes. ' For instance, the 0 3p levels, which begin
10—15 eV above EF, are not included in density-of-states
(DOS) calculations with a basis set limited to one wave
function per I value. Thus, most published calcula-
tions are limited to the first few eV of the unoccupied
states. Unfortunately, we know of only one oxide band-
structure calculation (for CuO) (Ref. 13) whose basis set
is sufhcient for a sensible comparison with XAS far above
threshold. Calculations also exist within the multiple-
scattering formalism which treat the unoccupied density
of states (UDOS) up to some 50 eV above threshold. '

However, these calculations, which are used in the
description of the transition-metal 1s x-ray-absorption
near-edge spectroscopy (XANES) spectra, have not been
published for the oxygen 1s edges of many of the oxides
we consider here. A second technical problem concerns
the single-particle matrix elements for XAS. ' Here we
will assume that the oxygen 1s~np matrix elements are
constant for any given n unless otherwise stated.

Finally, there is an important problem of principle.
Even if the UDOS was calculated correctly within LDA
and corrected for single-particle matrix elements, ' a
comparison to the x-ray-absorption edges is not strictly
valid. The excited electron in the final state interacts
with its surroundings, modifying the density of states due
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to correlation. Moreover, the created core hole affects
the final-state DOS, as has, for instance, been shown for
the early-transition-metal 2p (L2 3) (Ref. 16) and Al and
Si is (Ref. 17) x-ray-absorption spectra. Both effects
come under the heading of self-energy. For the oxygen 1s
edges these effects probably are less severe, compared to
the transition-metal 2p edges, because the core hole now
is situated on oxygen while the states in the unoccupied
bands just above the Fermi level have most weight on the
metal sites. Oxygen 2p character hybridizes with these
unoccupied metal bands, but the 1s hole on oxygen only
indirectly inAuences them.

Because not much high-resolution data are available,
and even more because of the lack of suitable calculations
of the UDOS, we confine ourselves here to a more empiri-
cal approach as a starting point. In this paper we study a
series of 3d-transition-metal oxides, of which all but one
(CuO) contain a transition metal which is octahedrally
surrounded by oxygen. The major variation is the num-
ber of 3d electrons, ranging from zero to nine. Also the
formal valency varies between 2 and 4, resulting in
different crystal structures for each valency: Sc203,
T 2O3 V2O3 Cr203 and Fe203, each with the corundum
structure; Ti02, VO2, and MnOz, each with the rutile
structure and the complex inverse spinel-structures
Fe304. We also consider the spectra of the monoxides
TiO, MnO, FeO, NiO, and CuO of Nakai et al. ' The
first four materials have the rocksalt structure and CuO
has its typical structure in which Cu is surrounded by
four oxygen atoms. The measurements on NiO and CuO
were repeated by us to check the reproducibility of the
results under different experimental conditions. We note
that especially the monoxides discussed are defect struc-
tures defects can have a considerable inhuence on XAS
spectra as they distort the local symmetry. Besides the
known defect structures of the monoxides, the samples
measured as commercial powders (see Sec. II) can be ex-
pected to contain a fair amount of defects. As a start we
will consider all compounds as stoichiometric; the possi-
ble effects of nonstoichiometry are discussed in Sec. IV F.

After a short description of the experimental condi-
tions (Sec. II), we will present the oxygen ls edges. In
their interpretation we will focus on the transition-metal
3d-band region (Sec. III). In the discussion (Sec. IV) a
comparison is made with the ligand-field-splitting data
from the literature and simple models to explain the
specific shapes of the 3d-band region are discussed.

II. EXPERIMENTAL

The x-ray-absorption measurements were carried out
at the Berlin synchrotron-radiation source BESSY, using
the SX700 plane-grating monochromator. ' The contri-
bution to the resolution could be reasonably simulated by
a Lorentzian of about 0.5 eV full width at half max-
imum ' (FWHM). However, it should be noted that our
spectra show as much detail as those of Nakai et al. ,

'

who claims 0.1 eV monochromator resolution. The spec-
tra were recorded in the total-electron-yield mode. They
were normalized to the beam current, to correct for
synchrotron-intensity loss during a measurement. The

samples used were commercial powders (Sc203, Tiz03,
VO~, V203, and Crz03) and natural minerals (Ti02,
Mn02, MnO, Pe&03, Fe304, and NiO). CuO was ob-
tained as a single crystal from Oxford Laboratories.
Solid samples were scraped under vacuum to ensure clean
surfaces and were thus preferred to powders. The pres-
sure during measurements was in the 10 torr range.

The throughput of Cu was measured at the oxygen 1s
edge to check for oxygen contamination in the mono-
chromator. No contamination was found. The energy
calibration of the monochromator was performed by tak-
ing pure transition metals (V, Cr, Mn, Fe, and Ni) 2p
edges and using the energy-loss data of Fink et al. ' as a
reference. The calibration curve was linear in the energy
range probed (400—800 eV). Comparing our numerical
results for NiO and CuO with those of Nakai et al. '

showed in both cases that our threshold was shifted 0.3
eV to higher energy, which at this time is an acceptable
disagreement for these XAS edges.

III. RESULTS AND INTERPRETATION

Figures 1(a) and 1(b) show the oxygen is edge x-ray-
absorption spectra of a series of 3d-transition-metal ox-
ides. The spectra have been approximately normalized to
the peak heights; absolute normalization of the intensity
scale is not feasible. The spectra have strong structure up
to at least 15 eV above threshold and it is this structure
we wish to interpret. First, we note that the data present-
ed here are in good agreement with the high-resolution
data that exist for Ti02 (Ref. 22) and for NiO and CuO. '

There is also no disagreement with the available lower-
resolution spectra. Besides the oxygen 1s edge data
there are results on the metal edges of 3d-transition-metal
oxides. ' These are significant for a complete picture
of the electronic structure. However, in this paper we do
not include the discussion of the metal edges and consid-
er only the oxygen 1s edge.

We divide the spectra into two regions. The first, shad-
ed in the figures, is attributed to oxygen 2p weight in
states of predominantly transition-metal 3d character:
the transition-metal 3d band. This assignment conforms
with that of Fisher and other studies, ' ' 9 based on a
molecular-orbital treatment. Further discussion of this
region is given in Sec. IV.

The second region, typically 5 —10 eV above threshold,
is attributed to oxygen p character hybridized with metal
4s and 4p states. Detailed calculations on CuO with an
extended basis set (with the inclusion of both oxygen 2p
and 3p character) show this to have principally oxygen 2p
(not 3p!) character, with the 2p count reaching -6 at
about 15 eV above EF. We proceed under the assump-
tion that the peaks up to about 15 eV in the other
transition-meta1 oxides are also due to oxygen 2p charac-
ter in the unoccupied states. This high-energy range of
spread for oxygen 2p character is an indication of strong
covalency in these materials and is not in disagreement
with traditional chemical ideas. ' From Fig. 1 and Table
I a common structure of the 4sp band, consisting of a
main peak (E&2) and a low-energy shoulder (E~,) at ap-
proximately 3.2 eV (=bp), appears throughout the series.



0 1s X-RAY-ABSORPTION OF TRANSITION-METAL OXIDES 5717

(a)

D
N

O

S 0
~@~

02

I I

i

I I I I
i

I I I I
i

I

530 540 550
Energy {ev)

820

This structure can be related to the OH symmetry set up
by the nearest (oxygen) neighbors, which octahedrally
surround the 3d-transition-metal atoms. It shows no
strong dependence on the specific crystal structure. This
structure is absent in the nonoctahedral Cuo.

A salient point is the decrease in intensity of the 3d
band, relative to the 4sp band across the transition-metal
series (see Fig. 2). As noted above, the dominant reason
for this is the decrease in the number of unoccupied 3d
states available for mixing with 0 2p states; this means
that the intensity of the XAS spectra should be linear
with the number of holes as is indicated by the line in
Fig. 2. However, there is a substantial lower intensity of
the 3d-band region, especially for the d and d oxides.
This additional loss of intensity can be explained by the
diminished hybridization of the metal 3d orbitals with
the oxygen 2p orbitals due to shrinking of the metal 3d
orbitals in the late-transition-metal oxides. Note that we
have plotted the relative intensity of the 3d region with
respect to the 4sp region. The intensity of this latter re-
gion also will be infIuenced by hybridization. We can say
something more about the changes in hybridization in the
3d and 4s bands with the use of the hybridization
strengths (5 values) from Andersen et al. 3 For all tran-
sition metals they give tables of the 6 values of each indi-
vidual I band (l=0, 1,2,3). This b value, a potential pa-
rameter in the linear muffin-tin orbital (LMTO) calcula-
tion, is proportional to the amplitude of the correspond-
ing radial wave function at the average Wigner-Seitz ra-
dius of the lattice. The hybridization is equal to 6'
which gives a direct relation between 6 and the intensity
of the 3d and 4s bands. The values for the pure metals
give a c1ear and —except for titanium —monotone trend
to smaller 3d versus 4s hybridization with a higher atom-
ic number. Using these (metal) values for the oxides, we
have to multiply the number of holes (the straight line in
Fig. 2) by 53d/A4, and renormalize the plot. We find
that the experimental points are scattered around the re-
sulting curve. This indicates strongly that the additional
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FIG. 1. (a) and (b) Oxygen 1s x-ray-absorption spectra: the
shaded area is assigned to oxygen p character in the transition-
metal, 3d band. The broader structure above is assigned to oxy-
gen p character in the metal 4s and 4p bands. The vanadium
edges are distorted by the tail of the vanadium L2 edge.

FIG. 2. The intensity of the 3d-band region with respect to
the 4sp region is plotted against the number of 3d electrons in
the ground state. The intensity of Ti02 is set to 10. The line
gives the expected intensity ratio, assuming this is proportional
to the number of holes.
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loss of intensity can be explained by taking into account
hybridization of both the 3d and 4s bands. (The curve it-
self is not included in order not to mislead the reader; a
complete treatment would involve calculation of the 5's
for the oxides. )

IV. DISCUSSION

A. Implication of the 0 1s XAS for ideas on covalency

In a purely ionic model, oxygen would have the
configuration 0 1s 2s 2p and the 1s ~2p channel would
be closed in XAS. Covalency reduces the number of
filled states with 0 2p character, so that the strength of

the 0 1s signal at threshold is related to the degree of co-
valency. It is well known that the transition-metal ox-
ides are not ionic, but have a considerable covalent con-
tribution. There is much evidence for this from pure
computations as well as from comparison of computed
and experimental magnetic or ligand-field effects. ' ' It
is of particular interest that the ligand-field splittings cal-
culated for early-transition-metal oxides in an ionic mod-
el (the crystal field) are about a factor of 3 smaller than
those found by optical measurements, but come out
correctly when covalency is taken into account. The
discrepancies are smaller in the late-transition-metal ox-
ides, which is extra evidence that the (oxygen 2p —metal
3d) hybridization is smaller in the late-transition-metal

TABLE I. (a) The crystal structures, formal valencies, and number of d electrons are given. From the spectra in Fig. 1 and from
Ref. 19 the first (Ed&) and second (Ed2) peak positions of the 3d band (shaded area) and the first (E») and second (E») peak positions
of the 4sp band are measured. (b) The peak splittings and widths of the oxygen 1s XAS spectra: the separation of Edi and Ed2 is
identified with the ligand-field splitting (Ad). The characteristic 3.2-eV distance between E» and E» in the sp band is given as Ap.
The left-side HWHM(l) of the first peak (I &), the FWHM of the total 3d band (I d), and the FWHM of the 4sp band (I ~) are given.
The 0 1s edges in VO„are distorted by the tailing effect of the vanadium L edges. We estimate the uncertainty in I D as +0.3 eV.
All energies are in eV.

Compound

Sc203
TiO2
Ti203
TiO'
VO2

Cr203
MnO2
MnO'
Fe,o,
Fe304
FeO'
NiO
NiO'
CUO
CuO'

Compound

Sc203
TiO~
Ti203
TiO'
VO2
V2O3
Cr203
MnO2
MnO'
Fe203
Fe304
FeO'
NiO
NiO'
CuO
CuO'

Crystal
structure

coI Undum
rutile
corundum
rocksalt
rutile
COI UndUn1

corundum
rutile
rocksalt
corundum
inverse spinel
rocksalt
rocksalt
rocksalt
CUO
CuO

IE
HWHM(l)

0.8
1.0
1.2
0.6
0.9
1.0
0.9
0.9
0.6
0.7
0.8

0.7
0.6
0.6
0.45

Valency

3+
4+
3+
2+
4+
3+
3+
4+
2+
3+

2+ and 3+
2+
2+
2+
2+
2+

ID
FWHM

6.0
4.8
5.3
5.3
4.9
4.9
3.6
4.2
3.7
3.3
3.0
3.8
2.3
2.0
1.4
1.1

d count

0
0
1

2
1

2
3
3
5

5

Sand 6
6
8

8

9
9

(b)
I p

FWHM

9.5
9.1

9.1

7.6
6.5
7.3
8.5
7.8
8.4
7.1

6.8
6.7
5.6
3.2
3.3

Edl

532.4
530.7
530.8
530.2
528.8
529.8
531.4
528.9
529.6
529.4
528.9
529.8

3.3
2.6
2.4
2.8
2.2
2.2
2.3
2.5
1.3
1.3
0.9
1.2

Ed2

535.7
533.3
533.2
533.0
531.0
531.9
533.7
531.4
530.9
530.7
530.5
531.0
531.7
531.4
530.1

529.8

3.3
3.2
3.0
2.7
3.6
4.3
2.9
4.1

3.2
3.1

3.3
3.2
3.3
1.3
1.3

E»

539.4
539.0
539.5
540.4
539.2
538.4
540.5
538.4
537.4
537.1

536.3
537.0
536.7
534.6
534.3

543.1

542.7
542.2
S42.5
543. 1

542.8

542.7
543.4
542.5
540.6
540.2
540.2
540.2
540.0
535.9
535.6

'Data taken from Reference 19.
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oxides, as we already suggested in the discussion of the
intensities of the 3d band throughout the series.

Because of the technical problems in computing the
unoccupied DOS over some energy range, it is not always
realized that there is considerable weight of 0 2p charac-
ter in states 10—15 eV above EF. The evidence from the
LASW calculation of CuO is that most 0 p character up
to 15 eV above EF is in fact 0 2p. The 0 1s XAS spec-
tra of the transition-metal oxides show similar broad
peaks, which we have attributed to 0 2p character in
bands with predominantly transition-metal 4sp character.
We note that the integrated intensity of the broad 4sp
band is comparable to that of the 3d band. In the very
reasonable first approximation of constant 0 1s ~2p ma-
trix elements, the XAS intensity is proportional to the
weight of 0 2p character in a band. Thus, in chemical
language, the observed intensity ratios in the two spectral
regions is evidence that, besides the metal 3d states, also
the metal 4sp states are important for the covalency of
transition-metal oxides.

B. Ligand-field splittings

We now examine more closely the first structure, the
3d band, which is shaded in Fig. 1. This structure con-
sists of two (often similar) peaks. In a first approximation
these two peaks can be identified as the t2 - and e-
symmetry bands separated by a ligand-field splitting; we
shall use the term "ligand-field splitting" to denote the
"bare" (ionic) crystal-field splitting plus hybridization.

To check the validity of the assignment of the two
sharp peaks as being related to the t2~ and eg symmetry,
with the peak separation mirroring the ligand-field split-
ting, we first compare our splittings, Ad, with optical
data of octahedrally hydrated transition-metal ions,
which have been related to the ligand-field splitting. '

In this comparison some precautions must be taken. Ob-
viously the materials compared are not identical, though
in both cases the transition metal is octahedrally sur-
rounded by oxygen ions. Bearing this in mind we com-
pare the results for the ligand-field splitting which are
tabulated in Table II. Considering the precision in the
determination of our Ad value, good agreement is found
for all five transition-metal oxides.

In contrast to the "general rule" that the ligand-field
splitting of trivalent ions is around 2.5 eV and the
divalent-ion ligand-field splitting is approximately half
that value, we come to the generalization of the division
of early- and late-transition-metal oxides, the early-
transition-metal oxides with a splitting around 2.5 eV and
the late-transition-metal oxides with a splitting round 1.2
eV, as can be checked in Table I. The dividing line be-
tween early- and late-transition-metal oxides is the pres-
ence of a filled e orbital in the ground state. Up to d
compounds only t2 states are filled. From d com-
pounds the filled e states increase the lattice parameter
with respect to the orbital radii, which decrease
throughout the 3d-transition-metal series. The conse-
quence for the 3d orbitals is a decrease of hybridization
as we discussed in Sec. III. The d compounds fall in be-
tween the early- and late-transition-metal compounds.

TABLE II. Comparison of the splitting between the t2g and

e peak in XAS (Ad), with optical data of the ligand-field split-

ting (LFS) in hydrated transition-metal ions (Ref. 6).

Compound

Ti~03
V2O3
Cr203
MnO
Fe203

2.4
2.2
2.3
1.3
1.3

LFS

2.5
2.2
2.1

1.5
1.6

Despite the "disagreement" in the generalizations made,
the good individual correspondences of hd with the opti-
cal ligand-field-splitting data give us confidence that the
splitting between the two peaks in the 3d band is the
same as that attributed to the ligand-field splitting in op-
tical spectra.

We note that even where the peak intensity ratio is in
reasonable agreement with the electron-count curve, this
creates a problem because of the role of orbital hybridiza-
tion. In octahedral complexes the metal eg orbitals are
directed towards the oxygen atoms and have a stronger
overlap with the oxygen 2p orbitals. In general it is as-
sumed' (following calculations ' ' ) that the hybridiza-

C. The intensities of the so-called t2g and e~ peaks

XAS data on peak splittings are analogous to those
given by optical-absorption spectroscopy, except that
XAS can more easily be used for d materials. However,
oxygen 1s XAS spectra also contain information on the
peak intensity ratios, which have no analogy in optical
data, and in fact our analysis of these intensities will indi-
cate a serious problem, and possibly the need to revise the
assignment somewhat. We wi11 develop the ideas of the
peak intensities step by step.

The simplest and first effect to be taken into account is
the electron counting. The t2g orbitals (xy, xz, and yz)
can take six electrons and the es orbitals (x —y, z ) can
take four. Thus the ratio of empty orbitals t2 .e is 6:4
for d compounds and decreases to zero in low-spin com-
pounds as the electron count is increased to d . This is
shown by the dashed line in Fig. 3. However, note that
for high-spin materials the exchange splitting may lead to
filling of the majority-spin eg states before the minority-
spin t2 states. Thus for high-spin compounds the ratio
of t2~:e~ holes rises from 3:4 at d to 3:2 at d, before
dropping to 0:2 at d, as is shown by the upper dashed
line in Fig. 3. The curves based on electron counting in
Fig. 3 may be compared with the experimental ratio of
the first to second peaks. Although the separation of the
two peak areas is only approximate, we immediately see
some serious discrepancies. There is considerable scatter
of the experimental points, which may be an indication of
the accuracy of the separation, but for the d materials
Cr203 and MnOz the ratio of the low-energy to the high-
energy peak is much too high to be explained by ideas
based on electron counting.

D. Orbital hybridization
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tion of tz orbitals (forming m bonds) is about half that of
e orbitals (forming o bonds). The ground state of the
early-3d-transition-metal compounds can be described by

&+(n, )'"a, r +'L, &+(n, )'"a, ~r,"egL &, with N
ranging from 0 to 3. In the presence of the dominating
octahedral surrounding the two distinct states, tz +'L

&

and ~tz~esL & have to be considered. This implies that
due to covalency the d state mixed with states in which
an electron has jumped from the ligand (in this case a
hole of oxygen 2p character is formed) to a transition-
metal 3d orbital. This means that as the mixing
coeKcients e, and a, account for the amounts of hybridi-
zation with, respectively, tzg and e~ character, a, =

—,'a, .
In oxygen 1s absorption, an electron is excited from the

oxygen 1s core state to states with some oxygen p charac-
ter, i.e., ~ tz e L &. Thus we can now relate the intensities
to the covalency: n, a, gives the amount of ~tz+'L &

character in the ground state and it is this character
which is probed in the oxygen 1s absorption process.
From this it is clear that the intensity ratio I, /I, should
be equivalent to the amount of covalent mixing
n, a, /n, u, =n, /4n, . In Fig. 3 we have compared this ra-
tio (solid line) to the experimental values. It is directly
evident that the theoretical lines strongly underestimate
the experimental ratio, i.e., the relative tz~ intensity. At
this moment we cannot explain the relative intensities
generally observed, despite consideration of several subsi-
diary effects described below.

E. Exchange splitting

The whole concept of high-spin and low-spin
configurations for 3d-transition-metal oxides implies that

0 1 2 3 4 5 6 7 8 9 10
number o7 d electrons

FIG. 3. The relative intensity of the t~g vs the e~ peak is
given. The theoretical assumption that the t&g hybridization is
half that of e~ hybridization is given as the solid line; the dashed
line gives just the electron counting (equal or no hybridization).
For the late-transition-metal oxides two lines are given: high-
spin states are given with the upper lines; low-spin states with
the lower lines. The points are the experimental values (Sc&03 is
omitted), which cannot be determined very precisely. For fur-
ther details, see text.

we must consider exchange effects, which split the two
groups of bands, tz and e, into four: spin-up tz, spin-
up eg, spin-down tz, and spin-down eg. Consider, for ex-
ample, the d compounds Crz03 and MnOz, which show
a sharp peak near threshold followed by a weak shoulder
at 2.4 eV. This result can only be explained if exchange is
included. The exchange splitting is proportional to the
number of unpaired spins, being three in d compounds.
For Cr + the tabulated exchange splitting per spin is
about 0.9 eV. The total splitting becomes 2.7 eV,
which is about the same value as the ligand-field splitting
(=2.3 eV). Including this exchange splitting makes the
approach to the spectrum quite different. Looking at the
spectrum (see also Fig. 4), the first peak can be assigned
to a superposition of the spin-down t~ state and the
spin-up e state with a total number of five electrons.
The second peak (shoulder) relates to the remaining two
spin-down e electrons. This superposition is thus a
consequence of the equivalent values of exchange and
ligand-field splitting.

The result of including exchange effects here is that the
electron-counting method increases the peak ratio to
5(3+2):2. If hybridization is included with a factor of 2,
as in Sec. IV D, this value is still only decreased to
(—,'+2):2= 1.7. It is clear that a value of the tzg. eg hybrid-
ization ratio could be chosen so as to fit the experimental-
ly observed peak ratio. We conclude on the basis of this
analysis for d compounds that exchange effects should
not be ignored. However, there are other compounds
with other numbers of d electrons for which exchange
splittings cannot explain the discrepancies in Fig. 3. An
example are the high-spin d compounds MnO and Fez03

~ ~
I ~ I

FIG. 4. The line spectrum for d Cr~03 is given. First, a sin-
gle energy level is given. This level is split by the crystal-field
splitting (6=2.3 eV) into a t&g (six electrons) and an eg {four
electrons) level. Then the exchange splitting of about 2.7 eV is
considered. The result is that the e~ spin-up and t&g spin-down
levels almost coincide. The t~g spin-up level is filled with three
electrons; this leaves the other three levels empty, and thus they
are candidates for absorption. The fourth series of lines gives
the amount of oxygen 2p character which is hybridized with the
metal 3d states (in fact, the square is given). The assumption
that e~ hybridizes twice as much as t~g (and consequently that
the intensity is 4 times as much) is used. The heights of these
lines should be rejected in the XAS spectra. In Fig. 5 we will
use the same way of presenting the energy levels.
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for which the energy levels are illustrated in Fig. 5. The
exchange splitting is much larger than the crystal-field
splitting, so that spin-up tzz and ez states are filled and
the spin-down ones are empty. As a consequence, the ex-
change splitting does not change the ratio of the two
peaks and the intensity ratio

t2g
..eg should be —,':2=0.38

when the different hybridization is taken into account.
This is far lower than the values measured (1.0 and 1.6).

F. Possible reasons for the discrepancies

In the solid, bond formation leads to broadening of the
t2g and eg levels. It is probable that the t2g and e~
descriptions are only approximately applicable to the two
peaks observed and to some extent t2 and ez character is
spread throughout the whole region of the unoccupied 3d
levels. ' This will modify the spectra distributions direct-
ly. In addition, it opens the possibility for the core-hole
potential to shift weight towards the threshold. %'e have
argued earlier that the inAuence of the core hole on the
oxygen 1s site is small because the unoccupied states have
principally metal 3d character. However, this does not
mean it can be ignored completely in the context of inten-
sity distributions within the rather narrow, empty 3d re-
gion. There may be other reasons for the anomalous in-
tensity ratios we find, but we feel that these two effects of
band formation cannot be dismissed without further
quantitative investigation.

A further reason of discrepancies might be found in the
nonstoichiometry of some samples; defects distort the lo-
cal symmetry and lead to some variation in the intera-
tomic distances. This results in a variation in the amount
of hybridization, which in principle can infIuence the
t2g versus eg intensity distribution and also the ligand-
field splitting. We note that although computed charges
of the vanadium 1s XAS spectra from VOO 8 to VO& 25 are
quite large, published vanadium 1s spectra show a
smaller sensitivity, which, if reproduced at the oxygen 1s
edges, would not be large enough to explain the
discrepancies we observe. Although we have not con-
sidered defects in detail here, we have measured NiO in

+I. +g
.'!.'t2

its black (defect-rich) and green form. Their oxygen ls
XAS spectra were identical, which suggests that defects
are not too critical for the shape of the spectra. A study
of Li-doped NiO (or Ni& „Li„O)which results in oxygen
2p holes, revealed that besides the extra peak at the
edge (2p hole states) the rest of the spectrum did not
change much, except for an increasing width of the
peaks. This may not be true for highly defective oxides,
like VO and TiO, and the question of the inhuence of de-
fects deserves much more detailed study. However, the
results discussed in this paragraph suggest that defects
cannot explain the discrepancies we discuss.

V. CONCLUDING REMARKS

All oxygen 1s absorption edges of the transition-metal
oxides can be divided into two regions. In the first, near
threshold, the oxygen 2p character is hybridized with the
sharp structured transition-metal 3d band. In the second
region, 0 2p character is hybridized with the weakly
structured 4' band. The integrated intensity of the 4sp
region is at least equal to the 3d-band region, which indi-
cates that the metal 4sp states are important for the co-
valency of the transition-metal oxides. The metal 4' hy-
bridization gives a more or less constant bonding effect
above which the metal 3d hybridization accounts for the
specific, material-dependent, effects.

The 3d band consists of two peaks, which we believe
are mainly related to, respectively, t2 and e symmetry,
despite the observation of anomalous intensity ratios.
For all oxides considered, the ligand-field-splitting pa-
rameter, from optical spectroscopy, is well reproduced by
the separation of the first two sharp XAS peaks. for
Cr203 and Mn02 the description of the combined e6'ect
of ligand-field and exchange splitting leads to the con-
clusion that the first peak is an "accidental" superposi-
tion of t2 spin-down and e~ spin-up states, while the
second peak relates to the remaining e spin-down states.

The intensities of t2g and eg do not conform with the
rule that eg hybridization is twice as big at t2g hybridiza-
tion. ' Across the series the intensity of the t2g peak is
underestimated. The reason is not clear to us, but we be-
lieve that band formation in the solid, with all its c'onse-
quences, may explain at least some of the discrepancies.

Our analysis showed that an important factor deter-
mining the shape and magnitude of the 3d region in the
oxygen 1s XAS spectra of the 3d-transition-metal oxides
is the presence of a filled e orbital in the ground state.
This criterion splits the 3d-transition-metal oxides into
two main groups: the early- (or light) 3d-transition-metal
oxides with zero to three d electrons, and the late- (or
heavy) 3d-transition-metal oxides with five or more d
electrons, which are more localized.

FIG. 5. The line spectra for d' MnO and d' Fe&03 are given.
The exchange splitting of five electrons is much larger than the
ligand-field e6'ects. This leaves only the spin-down levels empty.
The symmetry of Fe203 is broken and as a consequence the t2~
level is split. The given splitting is not quantitative. The de-
crease of the Fe203 t2g peak (compared to MnO) can be related
to this broken symmetry.
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