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INTRODUCTION

Electron energy loss spectroscopy (EELS) is a powerful 
technique for the detection of valence state, coordination, and 
site geometry of transition metals in solids. In comparison to 
the analogous X-ray technique�X-ray absorption spectroscopy 
(XAS)�the major advantage of EELS is that the spectral data 
can be obtained with high lateral resolution at the nanoscale. 
The information on valence state and the local environment of 
transition metals is then derived from the spectral analysis of the 
ionization processes resulting from the interaction of an incident 
electron beam with the solid. The ejection of electrons from inner 
or core shells (K, L, M, etc.) of atoms in a sample requires that the 
core electron receive a minimal (critical) ionization energy, Ec, 
that is a chemical Þ ngerprint of the speciÞ c atom and its speciÞ c 
electron shell. In EELS spectra, the minimal ionization energy Ec 
marks the onset of the ionization edges, which are characterized 
by a Þ ne structure, the so-called energy-loss near edge structure 
(ELNES). The ELNES provides a wealth of information about 
the electronic and atomic structure of solids. In general, the L3,2 
edges of the 3d transition metals contain information about the 
valence state, coordination and site symmetry of the central atom. 
The L3 edge originates from electron transitions from the inner 
2p3/2 orbitals to empty 3d orbitals of the metal and the L2 edge 
originates from 2p1/2 → 3d electron transitions. In the case of Ti 
oxides, the near-edge structures found in the L3,2 edges mainly 
reß ect the covalent bonding states resulting from direct and/or 
indirect interactions between O and Ti atoms.

Historically, several steps led to an understanding of the 

electronic information contained in Ti L3,2 spectra of oxidic 
compounds. Fischer (1970) studied L3,2 emission and absorption 
spectra of Ti and V compounds and assigned speciÞ c electronic 
transitions to the spectral features. Leapman et al. (1982) mea-
sured L3,2 edges of transition metal oxides and compared them 
to single particle calculations. For the Þ rst time, they noticed 
the unexpected L3-to-L2 white line intensity ratio of 0.8:1, which 
considerably deviates from the statistically expected 2:1 ratio. 
Brydson et al. (1987, 1989) used the EELS technique to analyze 
anatase and rutile in great detail. Both ground-state and dynamic 
Jahn-Teller effects were taken into account to reasonably model 
Ti K and O K spectra from a quasi-atomic viewpoint. de Groot 
(1994) revealed the sensitivity of Ti L3,2 X-ray absorption spectra 
of minerals to tetragonal and trigonal distortions of structural 
polyhedra. At the time, it was demonstrated that the ELNES 
technique could be used as a Þ ngerprint of the valence state of 
transition metals in various minerals (de Groot et al. 1992; Gar-
vie et al. 1994). Recent instrumental improvements aided in the 
measurement of the ELNES of 3d transition metal oxides with 
an increased spectral resolution of 0.15 eV (Mitterbauer et al. 
2003). Despite all these improvements in the measurement and 
interpretation of Ti L3,2 spectra there is however still no attempt 
to quantify the spectral information in terms of, e.g., the valence 
state. This paper is therefore aimed at addressing the problem of 
quantifying the spectral Ti data.

A second issue of this study is to assess the complementary in-
formation contained in O K-edge spectra of titanium compounds. 
It is well known that the transition-metal oxides are not purely 
ionic and have strong covalent contributions (Owen and Thornley 
1966; Sugano et al. 1970). Therefore, studying the O K ELNES 
can reveal the degree of covalency in the analyzed Ti oxides. 
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ABSTRACT

Titanium L3,2 and O K electron energy loss near-edge structures (ELNES) of seven Ti oxides have 
been measured in a transmission electron microscope to obtain information on the valence state and 
site geometry of Ti. The coordination of Ti in all phases studied is octahedral, whereas the valence 
states occurring are Ti2+, Ti3+, and Ti4+. Effects of polyhedra distortions are particularly observed for 
two oxides with mixed Ti3+-Ti4+ valence state, i.e., the Magnéli phases Ti4O7 and Ti5O9. A prominent 
pre-peak in the Ti L3 edge is attributed to the orthorhombic polyhedra distortions in these compounds, 
leading to complex crystal Þ eld splitting. The effect of valence state manifests itself in a systematic 
chemical shift of Ti white lines by 2 eV per valence state. On the basis of collected Ti L3,2 ELNES spectra 
we propose a new quantiÞ cation technique for the determination of Ti4+/Ti3+ ratios. Complementary 
O K ELNES spectra were well reproduced by Density Functional Theory calculation, revealing that 
the O K-edge is sensitive to the covalent bonding in all analyzed oxides.
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