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Electron-energy-loss near-edge structures in the oxygen E-edge spectra of transition-metal oxides
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Oxygen E-edge electron-energy-loss spectra have been recorded for several transition-metal oxides
(NiO, MnO, Mn02, Ti02, Cr2O„Mn203) of different crystal structures. The origin of the distinct
features which can be identified over 40 eV above threshold is discussed in terms of resonance scattering
within shells of neighboring anionic backscatterers. Full multiple-scattering calculations corroborate
and correct the simple approach. The first peak at threshold is due to transitions to oxygen 2p states hy-

bridized with the narrow metal 3d band which is highly localized around the metal-atom sites. The oth-
er near-edge structures are dominated by the arrangement of oxygen anions around the excited central
atom.

I. INTRODUCTION

Fine structures on core-excitation electron-energy-loss
spectra provide a wealth of information about the local
electronic structure as well as the crystal environment of
the excited atom. This information is very diverse and
reAects different kinds of neighborhoods depending on
the energy-loss range under consideration. The fine
structures can be roughly divided into strong oscillations
up to 30—50 eV above threshold, usually called near-edge
structure (ELNES for energy-loss experiments and
XANES for x-ray-absorption measurements), and weaker
oscillations, from 30 to 50 eV up to several hundred eV,
often designated as EXELFS (extended energy-loss fine
structure) or EXAFS (extended x-ray-absorption fine
structure).

In the present work, we have investigated the oxygen
K-edge ELNES of several simple transition-metal oxides
which are typical of different crystal structures, i.e.,
monoxides (NiO and MnO) are of NaC1-type structure,
dioxides (MnOz and TiOz) are of rutile structure, and
Mn203 is of bixbyite structure. Our purpose is to identify
the origin of the different features observed in these spec-
tra by monitoring the modifications associated with
changes in coordination and valence state. In the last few
years, it has actually been demonstrated that the ELNES
structure is governed by the arrangement and type of
atoms in the first coordination shell, a so-called "coordi-
nation fingerprint. "' In fact, this statement must be
refined. Electron-energy-loss excitation, as in x-ray ab-
sorption, is a local process in which an electron is pro-
moted to an excited electronic state, which can be cou-
pled to the original core level through the dipole selection
rule (b, l =+1) if the momentum transfer upon excitation
is small. Consequently, an oxygen E edge must display,
in the first approximation, the distribution of the oxygen
p-projected unoccupied density of states. For these sam-

ples, we shall show that this edge can actually be divided
into two regions. In the first 5 —10 eV from the threshold,
the oxygen 2p character is hybridized with the
transition-metal 3d levels, and de Groot et al. have
analyzed in detail the recorded spectral features in terms
of ligand-field and exchange splittings. In the second re-
gion, i.e., from 5 or 10 eV to about 30 eV, the 0 2p char-
acter is hybridized with the weakly structured metallic
4sp band and constitutes a kind of accessible continuum
state. Band-structure-calculation results on CuO with
extended basis sets, i.e., including also metal 4s and 4p
and oxygen 3s and 3p states, show that the energy region
up to 15 eV above the Fermi level is predominantly of 0
2p character (not 0 3p). Consequently, the oscillations
recorded in this energy range do not correspond to tran-
sitions towards bound states but to interference effects re-
sulting from multiple scattering of the excited electron by
neighboring atoms. They are therefore rather sensitive to
structural parameters.

The interpretation of these structures is still the subject
of some controversy. In several cases, such as in molecu-
lar species, it has been shown that certain ions (i.e., 0 )

are strong backscatterers and can give rise to potential
cages or barriers for electron scattering. Resonance
effects then occur with a clear correlation between the en-

ergy position of the resonance peak above threshold (b,E)
and the distance (R ) between the excited atom and the
backscattering cage:

DER =constant .

A number of studies have been published to support
this correlation, and in particular the metal E absorption
edge in transition-metal oxides has been interpreted using
Eq. (1). ' The present paper will discuss how our ex-
perimental ELNES features can be interpreted in terms
of resonance scattering, as compared to the results of the
full m.ultiple-scattering theory. "'
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II. EXPERIMENTAL RESULTS
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FIG. 1. Experimental 0 K-edge spectra from transition-
metal monoxides and dioxides after deconvolution of multiple-
loss events and subtraction of background.

The electron-energy-loss-spectroscopy (EELS) spectra
have been recorded with a VG-STEM electron micro-
scope equipped with a field-emission source and a
Gatan-parallel EELS spectrometer. ' The energy resolu-
tion is of the order of 0.8 eV in the oxygen K-edge region
at around 530 eV. In order to reduce the effects of
multiple-loss events which can induce artifacts and extra
contributions in the involved energy-loss domain (i.e., be-
tween 20 and 30 eV above threshold), the raw data have
been deconvoluted by low loss spectra measured under
similar conditions on the same specimen area.

Figure 1 shows the oxygen K-edge ELNES after back-
ground subtraction for the monoxides and dioxides.
Four main peaks are identified on each spectrum (a —d ),
the positions of which are listed in Table I.

Peaks labeled a correspond to the first type of excita-
tion described above, i.e., to transitions towards p-d hy-
bridized vacant states. The relative weight of this contri-
bution, as compared to the total intensity of the K edge,
increases monotonically from NiO to MnO, Mn02, and
TiO2. This rejects the increased number of accessible va-
cant d states along this sequence.

The following peaks, labeled b —d, will be analyzed in
detail in the present paper. They constitute the ELNES
contribution and their distribution is governed by scatter-
ing effects from the surrounding shells. Davoli et al. '

have already pointed out the similarity of all multiple-

TABLE I. Energy position (in eV) for the major features
identified over the ELNES energy domain of the 0 K edges
displayed in Fig. 1.

eV

aa&

a2

NiO

531.7

540. 1

546.0
561.2

MnO

533.8

539.1

544.8
557.5

Mn02

529.0
531.0
543.5
553.8
569.6

TiO,

530.7
533.4
543.0
554. 1

567.0

scattering peaks (b —d in the present terminology) in the
O K spectra of NiO and MgO, which refIects the same lo-
cal atomic environment in both oxides. The lack of peak
a in MgO (see Colliex' ) confirms that its presence in
NiO has to be associated with the existence of unoccu-
pied states made of mixed 0-2p orbitals with Ni-3d orbit-
als. These authors also demonstrate that the one-e1ectron
full multiple-scattering theory cannot account for the ori-
gin of two weak structures marked by an asterisk in Fig.
1. They discuss the possibility of mixing of final-state
configurations as giving rise to these extra features. We
can also confirm that these peaks do not come from
multiple-loss events because we have performed the
deconvolution of lower loss components.

III. DISCUSSION OF THE RESULTS

Detailed multiple-scattering (MS) calculations have
been performed for the oxygen K-edge ELNES of MgO
by Lindner et al. ' and of MgO, CaO, and SrO by Weng
and Rez. ' In particular, when considering the origin of
the different fine structures as a function of the size of the
cluster shell, their calculations demonstrate that the
backscattering by the successive oxygen shells dominates
the ELNES features because of the larger backscattering
of oxygen anions compared to that of metal cations over
the energy range of ELNES. As a result, it was suggested
that peaks (d) and (c) in the MgO case should be attri-
buted to a single scattering, respectively, from the
nearest-neighbor oxygen shell (second shell around the
excited atom) and the second oxygen shell (fourth shell
around the excited atom). ' ' It is therefore interesting
to investigate how far this simple interpretation of the ox-
ygen K-edge ELNES can be confirmed and extended to
transition-metal oxides. For that purpose we shall com-
pare the theoretical results of full multiple-scattering cal-
culations with simple arguments in terms of resonance
scattering.

The full multiple-scattering calculations have been per-
formed using the ICxANES computer code of Vvedensky
and Pendry" and Vvedensky, Saldin, and Pendry. '

Scattering phase shifts and atomic matrix elements were
obtained by imposing a muon-tin potential on the struc-
ture of MnO. Muffin-tin radii were chosen to be
r M2. 2371 a.u. (1 a.u. =0.52918 A) and ro=1.9543
a.u. since this minimizes the discontinuity in potential at
the boundaries of the mufFin tins. The effects of charge
transfer, via use of a Madelung-type correction, were not
explicitly included. The core hole was accounted for by
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the use of the (Z+ 1)* approximation for the central oxy-
gen atom in the cluster. Phase shifts up to l =3 were em-
ployed and the damping term was adjusted to provide
reasonable agreement with experiment (this was of the or-
der of 1 eV). The energy scales of the final (i.e., full shell)
calculated spectra were all adjusted to agree with experi-
ment via use of a compression factor equal to 0.87. This
is very similar to the one employed by Davoli et al. ' in
their comparison of the theory of Vvedensky and Pendry
and Vvedensky, Saldin, and Pendry with the 0 L
XANES of NiO and arises due to a neglect of the energy
dependence of the exchange interaction.

On the other hand, one can examine how the resonance
condition expressed in Eq. (1) can be used within this
context. Following the above argument, it is supposed
that the peak positions are sensitive to the interatomic
distances between oxygen atoms. Therefore, in order to
eliminate the effects in the spectrum arising from the
different interatomic distances, we have rescaled the ener-

gy axis in Fig. 2 by a factor (R /R„&), where R„f is the
first-neighbor O-O distance in NiO and R is the corre-
sponding value for each oxide. Rescaled spectra are
aligned with each other by fixing the binding energy of
the 0-1s level relative to the Fermi level deduced from
the XPS measurements. We observe a satisfactory

alignment of peaks b and d in all spectra in spite of the
different local structure around the oxygen atom in the
NaC1- and rutile-type structures and the different metal
ions. This fact confirms that the main contributions for
peaks b and d are due to backscattering from the oxygen
shells. Then we can attribute peaks b and d, respectively,
to intrashell multiple scattering and to single scattering
within the first shell of neighboring oxygen atoms. In
Fig. 3 we have plotted the resonance energy of peak d rel-
ative to the Fermi level versus 1/R . It is clear that ener-

gy positions of peak d follow a linear dependence with
1/R

Let us now consider for each investigated specimen
how the full multiple-scattering-calculation data fit with
the simplified resonance arguments. First of all, the
IcxANES results confirm that the dominant scatterers in
these oxide structures are the oxygen atoms and/or ions
and it is almost possible to reproduce many of the basic
spectral features using a cluster absent of the metal atoms
and/or ions.

A. MAO

Reasonable agreement is achieved with a cluster con-
sisting of seven shells (cluster radius = 11.86 a.u. ), as visi-
ble in Fig. 4. By varying the cluster size (see Fig. 5), the
following assignments can be proposed for the features in
the experimental spectrum.

(i) Peak a. The basic structure in this region is repro-
duced by using solely the first coordination shell of man-
ganese. The dominant scattering events are d-like
scattering from Mn and p-like scattering from oxygen.
Hence this feature rejects transitions to oxygen 2p states
hybridized with the narrow metal 3d band which is high-

ly localized around the metal-atom sites. The fine details
(notably the features lying between peaks a and b) are
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FICx. 2. The same oxygen K-edge ELNES spectra after scal-
ing for comparison. The energy axis has been rescaled by a fac-
tor (R /R„f), where R„f is the first-neighbor 0-O distance in
NiO and R is the corresponding values for each oxide. The zero
of energy corresponds to the Fermi level deduced from XPS
measurements.

0.10 0.1 1 0.1 2

1/R
O. 1 3 0.14

FICx. 3. Plot of the energy of the resonance peak (d) energy
in Fig. 2 vs 1/R .
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theory the energy of resonance peaks is referenced to
the "muffin-tin zero potential. " However, this value is
experimentally inaccessible. In this work we have defined
the resonance energy with respect to the Fermi level. In
fact, the linear correlation between AE and 1/R shown
in Fig. 3 indicates that the muffin-tin zero value relative
to the Fermi level is almost constant in monoxides and
dioxides. Similar results have been found in chemisorbed
molecular systems. But in the case of Mn203, the
muffin-tin zero seems to be difFerent from that of monox-
ides and dioxides. For a more quantitative understand-
ing, the full MS calculation showing the weight of multi-
ple scattering contributions from each shell was therefore
required.

ture types and the results of full multiple-scattering
theory, we have shown that the near-edge structure is
dominated by the arrangement of oxygen anions around
the central atom. Features corresponding to scattering
resonances from the nearest-neighbor oxygen shell have
been identified and their energy dependence has been
confirmed as varying as the inverse square of the dis-
tance.

Such an analysis has been extended to the more-
complicated case of the bixbyite structure, which con-
tains a range of difT'ering distances within the first oxygen
shell. In principle it should be possible to use this tech-
nique to determine the relative degree of disorder in an
unknown oxide structure.

IV. CONCLUSION ACKNOWLEDGMENTS

The oxygen K ELNES's of several simple transition-
metal oxides have been analyzed in terms of scattering
theory. Via the use of simple comparisons between struc-

One of the authors (H.K.) is grateful to the Centre Na-
tional de la Recherche Scientifique (CNRS) for providing
financial support during this work.

*Permanent address: Institute for Chemical Research, Kyoto
University, Uji, Kyoto 611,Japan.

~R. Brydson, H. Sauer, W. Engel, J. M. Thomas, and E. Zeitler,
J. Chem. Soc. Chem. Commun. 15, 1010 (1989).

R. Brydson, H. Sauer, and W. Engel, in Transmission Electron
Energy Loss Spectrometry in Materials Science, edited by M.
M. Disko, C. C. Ahn, and B. Fultz (The Minerals, Metals k,
Materials Society, Warrendale, PA 1992), p. 131.

L. A. Grunes, R. D. Leapman, C. N. Wilker, R. Hoffmann, and
A. B. Kunz, Phys. Rev. B 25, 7157 (1982).

4C. Colliex, T. Manoubi, and C. Ortiz, Phys. Rev. B 44, 11402
(1991).

5F. M. F. de Groot, M. Grioni, J. C. Fuggle, J. Ghijsen, G. A.
Sawatzky, and H. Petersen, Phys. Rev. B 40, 5715 (1989); M.
Grioni, M. T. Czyzyk, F. M. F. de Groot, J. C. Fuggle, and B.
E. Watts, ibid. 39, 4886 (1989).

A. Bianconi, M. Dell'Ariccia, P. J. Durham, and J. B. Pendry,
Phys. Rev. B 26, 6502 (1982).

A. Bianconi, M. Dell Ariccia, A. Gargano, and C. R. Natoli, in
EXAFS and 1Vear-Edge Structure, edited by A. Bianconi, L.
Incoccia, and S. Stipcich (Springer-Verlag, Berlin, 1983), p.
57.

8R. N. Sinha, P. Mahto, and A. R. Chetal, Z. Phys. B 81, 229
(1990).

A. Bianconi, E. Fritsch, G. Calas, and J. Petiau, Phys. Rev. B
32, 4292 (1985).

OF. W. Lytle and R. B.Greegor, Phys. Rev. B 37, 1550 (1988).
D. D. Vvedensky and J. B. Pendry, Phys. Rev. Lett. 54, 2725
(1985).

D. D. Vvedensky, D. K. Saldin, and J. B. Pendry, Comput.
Phys. Commun. 25, 193 (1982).

' D. Bouchet, C. Colliex, P. Flora, O. Krivanek, C. Mory, and
M. Tence, Microsc. Microanal. Microstruct. 1, 443 (1990).
I. Davoli, A. Marcelli, A. Bianconi, M. Tomellini, and M.
Fanfoni, Phys. Rev. B 33, 2979 (1986).

~5C. Colliex, Adv. Opt. Electron Microsc. 9, 65 (1984).
Th. Lindner, H. Sauer, W. Engle, and K. Kambe, Phys. Rev.
B 33, 22 (1986).
X. Weng and P. Rez, Phys. Rev. B 39, 7405 (1989).

~8P. Rez, X. Weng, and H. Ma, Microsc. Microanal. Micro-
struct. 2, 143 (1991).

~9T. Manoubi, Thesis of Doctorat d' Etat, Orsay, 1989; C. Col-
liex, in Transmission Electron Energy Loss Spectrometry in
Materials Science (Ref. 2), p. 85.
C. N. R. Rao, D. D. Sarma, S. Vasudevan, and M. S. Hegde,
Proc. R. Soc. London, Ser. A 367, 239 (1979).
R. Brydson, H. Sauer, W. Engel, E. Zeitler, J. M. Thomas, N.
Kosugi, and H. Kuroda, J. Phys. Condens. Matter. 1, 797
(1986).
S. Geller, Acta Crystallogr. Sec. B 27, 821 (1971).
R. F. Egerton, Electron Energy-Loss Spectroscopy in the Elec-
tron Microscope (Plenum, New York, 1986).
C. R. Natoli, in EXAFS and Near-Edge Structure (Ref. 7), p.
43.
J. Stohr, J. L. Gland, W. Eberhardt, D. Outka, R. J. Madix, F.
Sette, R. J. Koestner, and U. Doebler, Phys. Rev. Lett. 51,
2414 (1983).


