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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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The O K ELNES spectra of half of the 3d transition metals are 
interpreted by Grunes et al. (1982), using an extended Hueckel 
tight-bonding band structure calculation. In these calculations, 
the Þ rst two unoccupied-band DOS peaks of rutile agree well 
with the experimental separation of the Þ rst two Þ ne-structure 
peaks in the O K, Ti K, and Ti L3,2 edges. Furthermore, Þ rst prin-
ciples molecular calculations by Yoshiya et al. (1999) provided 
sophisticated explanations for the chemical shifts in O K spectra 
of three Ti oxides. Systematic O K-edge measurements of rutile, 
anatase, brookite, ilmenite, and perovskite have led to a subdivi-
sion of spectra into two regions (Brydson et al. 1992): (1) The 
onset of O K spectra is interpreted to result from interaction of 
the hybridized oxygen 2p orbitals with titanium 3d orbitals. (2) 
At higher energy losses from oxygen 2p to titanium 4s and 4p 
orbitals occur. In the case of perovskites, Brydson et al. (1992) 
suggested that the O K ELNES of oxygen in linear twofold 
coordination might be used as a Þ ngerprint. 

The third aspect of this paper deals with the calculation of 
ELNES spectra of Ti compounds. Although the ELNES is di-
rectly related to the details of the electronic structure of the solids, 
interpretation of particular features in the experimental spectra is 
not always straightforward and thus modeling of EELS spectra 
is essentially required. The modeling techniques are mainly di-
vided into two groups: (1) multiple scattering (MS) and (2) Þ rst 
principles calculations on the basis of Density Functional Theory 
(DFT). MS calculations are based on the interpretation of ELNES 
as multiple scattering event of the outgoing electron wave by 
atomic shells around the excited atom. MS calculations and the 
multiplet effects for Ti-bearing compounds are well studied in 
several papers by de Groot et al. (1990a, 1990b), de Groot (1994, 
2001, 2005), and Wu et al. (2002). For example, the latter authors 
measured O K-edges of a series of Ti-bearing compounds and 
demonstrated good agreement between experimental spectra and 
MS computed O K-edges. DFT solves the Kohn-Sham equations 
(Schrödinger like wave equations) for the ground state charge 
density. DFT computations in the linearized augmented plane 
wave (LAPW) implementation have proven to provide quantita-
tive information about the extended Þ ne structure region of metal 
atoms (Rez et al. 1999). In this paper, we will hence follow up 
this approach in computing O K-edge spectra. 

Overall, our study is aimed at determining the valence state 
and site geometry of Ti in minerals at the nanometer scale, using 
EELS. To achieve this goal, Ti L3,2 and O K spectra of seven Ti 
oxides have been measured with Ti valence states of 4+, 3+, and 
2+. In the compounds studied here the number of the titanium 
valence electrons changes from no d-electrons (Ti4+, rutile, and 
anatase) to 1 d-electron (Ti3+, Ti2O3) and 2 d-electrons (Ti2+, 
TiO). In addition, we use DFT calculations for correct interpre-
tation of the O K ELNES. On the basis of the collected Ti L3,2 
ELNES spectra we propose a novel technique for the quantitative 
determination of Ti4+/Ti3+ ratios, applicable to oxide minerals 
with unknown Ti4+/Ti3+ ratio. Ti3+ has been detected in lunar 
and meteoritic rocks (Brearley 1993) and can also be expected 
in the Earth�s mantle (McCammon 2005). The knowledge of 
Ti4+/Ti3+ ratios is hence particularly important for understanding 
the incorporation, element partitioning, and oxidation state in the 
Earth�s mantle and other rocky solar system bodies (Papike et al. 
2005). In addition, the knowledge of the Ti site symmetry and 

coordination in minerals can provide fundamental information 
on cation ordering and defect clustering in oxidic compounds 
such as oxygen vacancy ordering in perovskites. It will be shown 
here how the chemical bonding and site symmetry of the Ti and 
O and the valence state of titanium inß uence the shape of the Ti 
L3,2 and O K ELNES.

METHODS

Samples and preparation
In the present study we have analyzed seven Ti oxides with different valence 

state and site geometry of the titanium: TiO (Ti2+; cubic), Ti2O3 (Ti3+), Ti3O5 (Ti4+:
Ti3+ = 1:2), Ti4O7 (Ti4+:Ti3+ = 1:1), Ti5O9 (Ti4+:Ti3+ = 3:2), and TiO2 (Ti4+; rutile and 
anatase). In all oxides, the titanium is octahedrally coordinated. The Ti4+-bearing 
phases are widespread natural minerals, whereas phases with lower valence state 
are rarely reported. The TiO phase, named hongquiite, has only been found in one 
locality in China (Yu et al. 1974). The Ti3O5, Ti4O7, and Ti5O9 phases are found 
as rare accessories in meteorites such as chondrites and ureilites (Brearley 1993). 
Due to the scarcity of these compounds we have used synthetic samples of the 
low valence state phases.

The cubic TiO sample was prepared by annealing a Þ ne powder of monoclinic 
TiO at high temperature and pressure, as described by Bartkowski et al. (1997). 
The starting material was subjected to a pressure of 8 GPa and was then annealed 
at 1665 °C for 1 min using a multi-anvil apparatus. The sample was then quenched 
to room temperature at a rate in excess of 200 °C/min at approximately constant 
pressure. Afterward, the pressure was released over a period of several hours. 

The Ti2O3 (100 mesh, 99.9%, Aldrich Co.), Ti3O5 (2�3 mm long crystals, 99.9%, 
Johnson Matthey GmbH), and TiO2 anatase (1�2 μm 99.9%, Johnson Matthey 
GmbH) samples were standard trade chemical compounds. 

Polycrystalline samples of Ti4O7 and Ti5O9 were synthesized by heating Þ nely 
ground, compacted mixtures in stoichiometric proportions of TiO2 (rutile; 2 μm, 
99+% Johnson Matthey GmbH) and Ti metal powder (325 mesh, 99%, Johnson 
Matthey GmbH) in an evacuated (10�6 mbar) silica tube at 1150 °C for 1 week, as 
previously described for Ti4O7 by Acha et al. (2003). We used a natural sample of 
rutile (TiO2) in pyrope quartzite, which was taken at the classical outcrop at Pirigi 
(Case Ramelano, Dora Maira Massif, Italy). 

For transmission electron microscope (TEM) study, TiO2, TiO (cubic), Ti3O5, 
and Ti4O7 solid specimens were polished into 30 μm thin sections. They were 
mounted on copper or molybdenum grids and then thinned by Argon ion beam 
bombardment in a Gatan Duomill ion-milling machine (4.5 kV, 1 mA). The anatase 
and Ti2O3 samples were crushed in a mortar, suspended in alcohol and then deposited 
on 3 mm copper grids coated with a holey amorphous carbon Þ lm. 

Transmission electron microscopy and electron energy-loss 
spectroscopy

The so-prepared specimens were then studied in an analytical Philips CM20 
FEG (Þ eld emission gun) scanning TEM at the Bayerisches Geoinstitut, Germany, 
operating at 200 kV. The synthesis products (cubic TiO, Ti4O7, and Ti5O9) were 
inspected by electron diffraction and high-resolution TEM (HRTEM) to test the 
quality of crystals and to exclude defects such as crystallographic shear planes 
that would indicate lateral variations in the valence state (Putnis 1992). Only two 
compounds (TiO and Ti3O5) show lattice defects that however have no inß uence 
on the valence state. Due to deformation in the multi-anvil press the cubic TiO 
contains dislocations in a density of 1 × 1010 m2. As a consequence of the pseudo-
orthorhombic cell dimensions the monoclinic Ti3O5 developed numerous growth 
twins during synthesis (Fig. 1).

ELNES spectra were collected with a Gatan PEELS 666 parallel electron 
spectrometer attached to the Philips CM20 FEG STEM. The energy resolution 
of the Schottky Þ eld-emitter, deÞ ned as the full width at half-maximum height of 
the zero-loss peak, was between 0.75 and 0.85 eV. The relative sample thickness 
t/λ, as estimated from the low-loss spectra, was between 0.2�0.8 and the spectra 
were collected from area of about 70�100 nm in diameter. To ensure that EELS 
measurements are not dependent on sample orientation, all spectra were collected 
in diffraction mode far away from zone axes with a relatively large illumination 
semiangle α = 8.0 mrad. To obtain high-energy resolution at good counting statis-
tics, the collection semiangle β and the entrance aperture were chosen to be 1.45 
mrad and 2 mm, respectively. Measurements were performed under the following 
conditions: 0.05 eV/channel and an integration time t = 5�10 s per read-out for 
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the Ti L3,2 edges and 0.1 eV/channel and integration time t = 5�10 s per read-out 
for the O K-edge. Afterward, the collected spectra were corrected for dark current 
and channel-to-channel gain variation. An inverse power law background was 
subtracted, and Þ nally the plural scattering contributions were removed using the 
Fourier-ratio deconvolution technique. For the calibration of energy scale, the C 
K-edge of amorphous carbon was measured simultaneously at an energy disper-
sion of 0.3 eV/channel. To determine the energy positions with a precision of 0.1 
eV, numerous measurements were undertaken and averaged. The π* peak of the 
C K-edge at 285 eV served as Þ x point for the calibration. This procedure ensures 
that the energy scales of Ti L3,2 and O K spectra for the different samples are not 
shifted relative to each other. 

To remove the continuum contribution from the white line intensities and 
therefore to obtain pure information on the valence state, we have used the fol-
lowing double arctan-function:
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where h = (h2 � h1)/2 is the height of each arctan function with h1 and h2 being the 
heights just before the L3 and behind the L2 white lines, respectively. The height h 
of the two-step functions was chosen to be equal because the intensities of L3 and 
L2 white lines are similar, as well. This is in accordance with previous Þ ndings 
of Leapman et al. (1982), who reported an L3-to-L2 intensity ratio of 0.8:1. The 
widths of the function w1 and w2 are Þ xed to 2 eV. The inß ection points E1 and E2 
were Þ xed at 457.5 and 463.0 eV, respectively.

Density-of-states calculations
Computations of energy loss spectra within DFT are readily performed by 

methods that allow the evaluation of the projected densities of states. Well suited 
are methods that already work with a localized basis such as spherical harmonics. 
Here we compute the band structure of the Ti oxides by means of the state-of-the-
art all electron LAPW method, as implemented in the Wien2k package (Blaha 
et al. 2001), using the generalized gradient approach (GGA) to the exchange 
and correlation potential (Perdew et al. 1996). Computations are performed for 
experimentally determined equilibrium lattice constants and atomic positions. 
Electronic densities of state are well converged with respect to reciprocal space 
integration (k-points) and size of the basis set. For the size of the basis set we use 
a RKmax (i.e., the product of the smallest mufÞ n tin radius in the system and the 
length of the maximum k-vector of the interstitial plane wave basis) of 7.0. The 
cross sections were computed from the density-of-states according to the method 
by Nelhiebel et al. (1999). Here we did not consider the orientation dependence 
of EELS, but averaged over all possible directions of the scattering vector with 
respect to the crystal. 

However, DFT computations can provide limited information on electron loss 
processes, as they implicitly assume single electron processes, with one electron 
being excited from a core to a valence band. This approximation works well for 
K-edges, whereas for the other edges, in particular the Ti L3,2 edges studied here, 
the agreement is poor. The reason for this discrepancy is the strong overlap of core 
with valence wave functions that lead to X-ray absorption processes that do not 
only involve the density-of-states (de Groot 2005).

CRYSTAL STRUCTURES OF TI OXIDES

Basic knowledge of the crystal structures is essentially 
required for the subsequent interpretation of ELNES spectra. 
Therefore we brieß y review here the crystal structures of the 
analyzed Ti-oxides (Fig. 2). In all compounds Ti is in octahedral 
coordination but the polyhedra show variable distortion.FIGURE 1. High-resolution TEM image of a Ti3O5 crystal showing 

multiple twinning.

FIGURE 2. Crystal structures of the analyzed oxides: a = TiO (Fm3m), b = Ti2O3 (R3c), c = Ti3O5 (C2/m); d = Ti4O7 (I1); e = Ti5O9 (P1), f = 
TiO2 (rutile, P42/mnm), g = TiO2 (anatase, I41/amd).
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TiO (Fig. 2a) has a defective NaCl structure (space group 
Fm3m) with equal numbers of randomly distributed vacancies on 
the cation and anion positions (Wells 1984). Ti2O3 has corundum 
structure (space group R3c) (Fig. 2b). 

The crystal structure of Ti3O5 (Fig. 2c) is monoclinic with 
space group C2/m. The Ti atoms in Ti3O5 are octahedrally sur-
rounded by O atoms and are located at three crystallographically 
different sites. The TiO6 octahedra are linked by sharing edges 
and corners to form an inÞ nite three-dimensional framework. 
Characteristic rows of six edge-sharing octahedra persist along 
the [103] direction. The row is linked to the nearest two rows 
by sharing three edges in the ac plane; its extension along the b 
axis is realized by corner-sharing octahedra. 

The oxides Ti4O7 and Ti5O9 (space groups I1 and P1 and 
Figs. 2d and 2e, respectively) are members of the homologous 
series TinO2n�1 (so-called Magnéli phases). Both phases are mixed 
valence state oxides, whereby Ti4O7 has equal numbers of Ti4+ 
(3d0) and Ti3+ (3d1) positions. In the Ti5O9 structure the ratio 
of Ti4+ (3d0):Ti3+ (3d1) positions is 3:2. The structures of these 
oxides are similar to that of rutile because they contain rutile-
like blocks, which are inÞ nite in x and y dimensions and are n 
TiO6 octahedra wide along the z dimension (n = 4 for Ti4O7 and 
n = 5 for Ti5O9). This Þ nite dimension is perpendicular to the 
O-deÞ cient {121} planes of the pseudorutile lattice. These planes 
are called crystallographic shear planes or Wadsley defects 
(Putnis 1992). Along the crystallographic shear planes the 
octahedra share faces, edges, and corners, whereas inside 
the rutile blocks they share only edges and corners (Marezio 
et al. 1977; Matsushima and Iguchi 1986). 

Both TiO2 modiÞ cations rutile (Fig. 2f) and anatase 
(Fig. 2g) are tetragonal with space groups P42/mnm and 
I41/amd, respectively. The symmetry group, number of the 
coordination polyhedra and the distortion of the polyhedra 
for the analyzed oxides are given in Table 1.

Figure 3 shows the valence state of Ti in the Ti oxides 
as function of the volume of the coordination octahedra. 
Generally, the octahedral volume increases with decreasing 

FIGURE 3. Relationship between the valence state of the Ti and the 
octahedral volume in the analyzed Ti oxides. The octahedral volumes are 
calculated with PROGRAM METRIC Ver. 6.1 developed by Bartelmehs, 
Boisen, Gibbs, and Downs (2002), implemented in XtalDraw crystal 
structure drawing software.

FIGURE 4. Different types of octahedral distortions: a = no distortion 
(cubic TiO), b = tetragonal distortion (rutile), c = trigonal distortion (Ti2O3), d 
= orthorhombic-like distortion (Ti4O7 and Ti5O9). 

TABLE 1. Crystal chemical data for Ti oxides

Compound Space Ti Ti valence Site symmetry Site symmetry Number of the Distortion of
 Group coordination state of Ti of O coordination  coordination
      octahedra  octahedra

TiO2 rutile P42/mnm [6]Ti Ti4+ D2h C2v 1 Ti1 1.0082
TiO2 anatase I41/amd [6]Ti Ti4+ D2d C2v 1 Ti1 1.0296
Ti5O9 P1 [6]Ti Ti4+:Ti3+ C1, Ci C1 6 Ti1 1.0081
   3:2    Ti2 1.0093
       Ti3 1.0203
       Ti4 1.0154
       Ti5 1.0042
       Ti6 1.0091
Ti4O7 I1 [6]Ti Ti4+:Ti3+ C1 C1 4 Ti1 1.0063
   1:1    Ti2 1.0326
       Ti3 1.0120
       Ti4 1.0298
Ti3O5 C2/m [6]Ti Ti4+:Ti3+ Cs Cs 3 Ti1 1.0250
   1:2    Ti2 1.0268
       Ti3 1.0236
Ti2O3 R3cH [6]Ti Ti3+ C3i C2 1 Ti1 1.0086
TiO Fm3m [6]Ti Ti2+ Oh Oh 1 Ti1 1.0000

Notes: The distortion of coordination polyhedra is calculated using the following formula (Robinson et al. 1971): λ = ( )
=

∑ l l ni
i

n

/ /0

2

1

, 

where n = 6 for Oh symmetry and l0 = center to vertex distance for a regular octahedron whose volume is equal to that of the undistorted octahedron with bond 
length li.



STOYANOV ET AL.: EELS OF Ti L3,2 AND O K EDGES OF TixOy PHASES 581

polyhedra from octahedral to trigonal symmetry (Fig. 4c). The 
site symmetry of the O in the Ti2O3 structure is reduced to 2. In 
the Ti3O5 the symmetry of both Ti and O atoms is Cs. The Ti and 
O atoms in the Magnéli phases Ti4O7 and Ti5O9 are at positions 
with symmetry 1 (C1). Andersson and co-workers (Andersson 
1960; Andersson and Jahnberg 1963) have shown that only the 
Ti atoms labeled Ti5 and Ti6 in the Ti5O9 structure are located at 
centers of symmetry (Ci). Finally, a careful investigation of the 
oxygen polyhedra about the Ti atoms at positions Ti5, Ti2, and 
Ti6 in the Ti5O9 phase shows that they possess orthorhombic-like 
distortions (Fig. 4d). 

RESULTS

Ti L3,2 ELNES spectra consist mainly of four white lines 
labeled a, b, c, and d (two doublets, Fig. 5). The Þ rst doublet at 
lower energy loss comprises the Ti L3 edge and the second one 
at higher energy loss the Ti L2 edge. The two doublets can be 
further split, whereby the number of the additional peaks depends 
on valence state, coordination and site symmetry of the Ti atoms 
(Leapman et al. 1982; Brydson et al. 1989; Garvie et al. 1994).

In the case of the pure Ti4+ bearing phases rutile and anatase 
an additional pre-peak a'' appears just in front of the Þ rst L3 peak 
and the second white line of the L3 edge is split into peaks b and 
b'. The Ti L3 ELNES spectra of mixed valence state compounds 
Ti4O7 and Ti5O9 exhibit a splitting of the Þ rst white line of the 
L3 edge into peaks a and a'. The spectrum of the pure Ti3+ oxide 
(Ti2O3) does not display any additional peaks but it is noteworthy 
that the Þ rst white lines in the L3 and L2 edges are distinctly less 

valence state. In some of the oxide structures, there are more than 
just one type of octahedra, with different volumes. 

In addition, the site symmetry of the Ti and O atoms in the 
analyzed oxides differs. The Ti atoms in all oxides except TiO 
are surrounded by 6 O atoms, and each O atom is surrounded 
by 3 Ti atoms. In the TiO2 structure, both the Ti and O atoms 
are octahedrally coordinated, and the symmetry of the coordina-
tion polyhedron is Oh (Fig. 4a). In the rutile structure, the site 
symmetry of the Ti is D2h, instead of the expected octahedral Oh 
symmetry. The elongation of O-Ti-O bonds along the z direction 
of the coordination polyhedron and deviation of the angles from 
90° lead to a decrease in symmetry from octahedral to tetragonal 
D2h symmetry (Fig. 4b). In the case of anatase, the site symmetry 
of the Ti is D2d, and the symmetry of the coordination polyhe-
dron is also lowered to tetragonal. The O atoms in the rutile and 
anatase structures lie in a planar unit with site symmetry of C2v 
(Brydson et al. 1992). In the Ti2O3 structure the site symmetry 
of the Ti is C3i, which leads to the distortion of the coordination 

FIGURE 6. Experimental EELS O K-edges and computed oxygen 
spectra of the various Ti oxides. Note that the computed O K EELS are 
referenced to energy loss.

FIGURE 5. Ti L3,2 ELNES spectra of the analyzed Ti oxides. The 
valence state of Ti decreases from the bottom to the top.
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per oxidation state. The exact energy positions of all identiÞ ed 
peaks within the L3 edge are given in Table 2. These energy posi-
tions are in very good agreement with previous measurements of 
Ti L3,2 spectra of anatase, rutile, and Ti2O3 (Brydson et al. 1987, 
1989; Henderson et al. 2002; Leapman et al. 1982). Only the early 
data for rutile (Leapman et al. 1982) deviates by a 0.6 eV energy 
shift from the other data. There are no published data for Ti3O5 
and both Magnéli phases Ti4O7 and Ti5O9. Our measurements 
show that the energy positions of the Ti L3,2 peaks of these mixed 
valence state oxides are in-between those of the end-member Ti3+ 
and Ti4+ compounds, as can be expected. 

Figure 6 shows a comparison of measured and computed O 
K-edges for the analyzed oxides. The energy positions of the 
computed O K spectra are referenced to energy loss. The features 
of the experimental and calculated spectra are labeled with A, B, 
C, D, and E; their energy positions are given in Table 3. The O K 
spectra systematically shift to higher energy losses with decreas-
ing valence state of Ti. Energy positions in the rutile and anatase 
O K ELNES are in good agreement with energies reported by 
Brydson et al. (1987, 1992) and Grunes et al. (1982). In com-
parison to our data, the energy positions reported for Ti2O3 and 
TiO (de Groot et al. 1989; Henderson et al. 2003) are shifted by 
about 0.5�0.6 eV. To our knowledge, the O K ELNES of Ti3O5, 
Ti4O7 and Ti5O9 are presented here for the Þ rst time. 

DISCUSSION

Interpretation of Ti L3,2 ELNES 
A useful approach to interpret the Ti L3,2 ELNES is to examine 

and consider the electrical properties of the seven Ti phases. 
The seven oxides cover a wide variety of electrical properties, 
reß ecting the peculiar electronic structure of each phase. Cubic 
TiO shows metallic conductivity over a wide range of tempera-
tures (Morin 1959; Bartkowski et al. 1997). Ti2O3 has an abrupt 
semiconductor-to-metal transition below its Neel temperature of 
660 K (e.g., Abrahams 1963; Honig and Reed 1968; Rice and 
Robinson 1976). Ti3O5 has metallic conductivity just above 460 
K (Bartholomew and Frankl 1969; Onoda 1998). Both Magnéli 
phases Ti4O7 and Ti5O9 show semiconductor-to-metal transitions, 
whereas rutile and anatase (TiO2) are insulators. Ti4O7 has three 
different phases with phase transitions at 130 and 150 K. The 
electrons in the high-temperature phase are completely delocal-
ized and the oxide becomes paramagnetic (Abbate et al. 1995). At 
room temperature Ti4O7 has metallic conductivity (Bartholomew 
and Frankl 1969). Such different electrical properties are due to 
differences in the degree of occupancy, bond type and the strength 
of the interactions between the metal 3d orbitals and between 
the metal 3d and oxygen 2p orbitals.

In EELS, a core hole is created via excitation of a titanium 
2p electron. At threshold energy this electron is excited to the 
lower unoccupied 3d state. For a pure metal, the transitions at 
threshold are to the unÞ lled portion of the conduction band lying 
just above the Fermi level. After excitation of the core electron, 
a hole of positive charge is created toward which the remaining 
one-electron orbitals relax adiabatically (Leapman et al. 1982). 
The core hole is well screened by relaxation of the other conduc-
tion electrons and the distribution of valence electrons is similar 
to the ground state. 

FIGURE 7. Molecular-orbital diagram for rutile and anatase (no 
electrons on 2t2g level), Ti2O3 = one electron on 2t2g level (half-solid 
circle *), and TiO = two electrons on 2t2g level (half-solid circle **). 
ModiÞ ed after Fischer (1970).

TABLE 2. Comparison of the experimentally determined energy 
positions of the peaks a, a’, b, and b’ within L3 edges of Ti 
oxides

Oxide Ti L3 edge peak positions (eV)

 a a‘ b b‘

TiO2 rutile 458.3 – 460.0 460.8
TiO2 anatase 458.3 – 460.0 460.7
Ti3O5 456.4 – 459.0 –
Ti4O7 456.6 – 459.5 –
Ti5O9 456.4 458.2 459.7 –
Ti2O3 456.3 458.1 458.9 –
TiO – – 457.4 –

TABLE 3. Energy positions of the O K-edges in the EELS of the ana-
lyzed Ti oxides labeled in Figure 6

Oxide O K-edge peak positions (eV)

 A B C D E

TiO2 rutile 531.1 533.7 ~540.0 542.9 ~545.6
TiO2 anatase 531.0 533.5 539.6 543.9 ~545.3
Ti5O9 531.1 533.3 ~539.2 542.7 ~544.3
Ti4O7 531.3 533.5 ~539.4 ~542.8 ~544.5
Ti3O5 531.4 533.2 ~539.3 ~542.2 ~544.9
Ti2O3 531.5 533.6 ~539.4 542.6 ~545.5
TiO 532.0 533.6 ~539.7 ~542.4 ~546.4

intense than the second peaks. This effect is even more pro-
nounced in the EELS spectrum of Ti2+ in TiO, showing two main 
broad L3 and L2 white lines preceded by two faint pre-peaks.

A comparison of the obtained Ti L3,2 EELS spectra of analyzed 
Ti oxides reveals that the L3,2 onset shifts to lower energy with 
decreasing oxidation state (Fig. 5). The shift is about 1.7�2.0 eV 
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The analyzed oxides are semi-conductors or insulators (except 
TiO) and the formed core hole is incompletely screened from 
the excited electron. In the case of rutile (insulator) there are no 
electrons on the Þ rst unoccupied 2t2g level (Fig. 7), the screen-
ing is poorest and the L3,2 edges are shifted to higher energy 
losses than for metallic Ti. In the case of the semi-conducting 
oxides (Ti3O5, Ti2O3, Ti4O7, and Ti5O9) the screening of the 2p 
hole is better and the Ti L3,2 edges are shifted closer to the edge 
of metallic Ti with the L3 edge at 456 eV and the L2 edge at 462 
eV. TiO shows metallic conductivity and the screening of the 
created core hole is almost like that in metallic Ti. In this case 
the Ti L3 edge is shifted to 456.6 eV. 

An alternative approach to explain the chemical shifts in the 
Ti L3,2 spectra of Ti oxides is given by Yoshiya et al. (1999). 
They performed Þ rst principles molecular orbital calculations 
for three Ti oxides (TiO, Ti2O3, TiO2) and suggest that the Ti-O 
covalent bonding becomes stronger with decreasing number of 
d-electrons. To explain the features in the experimental Ti EELS 
spectra, we apply here this molecular orbital (MO) model. The 
MO energy-level diagram for the TiO, Ti2O3, and TiO2 phases is 
shown in Figure 7 and has been adapted from Fischer (1970).

To construct a molecular-orbital energy-level diagram for 
the Ti oxides it is necessary to consider the titanium 3d, 4s, and 
4p atomic orbitals and the oxygen 2s and 2p orbitals. The zero 

energy is arbitrarily placed at the Fermi level, which is assumed to 
be at the partially Þ lled 2t2g level in the MO diagram. The interac-
tion between the Ti 3d and oxygen 2p orbitals rises the 2eg, 1t2g, 
2t2g, and 3eg MO levels, the Þ rst two being bonding and the latter 
two antibonding orbitals (Fischer 1970). The σ bonds are formed 
from the eg orbitals, the π bonds from t2g orbitals. There is also 
an interaction between oxygen 2p orbitals with the titanium 4s 
and 4p orbitals, which form the 2a1g, 2t1u, 3t1u, 3a1g, and 4t1u MO 
levels (Grunes et al. 1982; de Groot et al. 1989). The 1a1g, 1t1u, 
and 1eg MO levels are due to some slight interactions between 
ligand 2s and metal 3d, 4s, and 4p orbitals. The t2u and t1g levels 
are nonbonding oxygen 2p lone pairs. All of the Ti oxides have 
essentially the same MO arrangement. The levels below the 2t2g 
level are completely Þ lled with electrons. The major difference 
in the electron structure of the main three Ti oxides (TiO, Ti2O3, 
and TiO2) is the degree of occupancy of the 2t2g level. TiO has 
two 2t2g electrons, Ti2O3 has one, and TiO2 has none. This dif-
ference is very noticeably reß ected in the position of the Ti L3,2 
edges in the EELS spectra on Figure 5. The Ti L3,2 lines are due 
to the transitions from the inner Ti 2p levels to the titanium 3d 
levels. The L3 edge contains the peak a (Fig. 5), which is due to 
transitions from 2p3/2 Ti level to the 2t2g MO level and the peak 
b, which is due to transitions from the 2p3/2 Ti level to the 3eg 
MO level (Leapman et al. 1982). 

Interpretation of O K ELNES
Oxygen K ELNES spectra show several features that are sen-

sitive to the local environment (Fig. 6), i.e., to the variable degree 
of distortion of the coordination octahedra among the studied Ti 
oxides. An octahedral ligand Þ eld causes the Þ ve Ti degenerate 
d states in the conduction band to split into the twofold eg (dz2 
and dx2�y2 orbitals) and the threefold t2g (dxy, dyz, and dxz orbitals) 
states. The dz2 and dx2�y2 orbitals are directed at the ligands, and 
the dxy, dyz, dxz orbitals are directed between the O atoms.

The experimental spectra (Fig. 6) consist of two main peaks 
in the energy region between 529 and 535 eV (see Table 3 for 
exact positions for each oxide). These peaks originate from tran-
sitions between oxygen 1s and 2p σ* states that are hybridized 
with empty Ti 3d orbitals (de Groot et al. 1989). The splitting 
into two peaks (labeled A and B in Fig. 6) is due to t2g-eg split-
ting of the Ti 3d levels and the intensity is related to the degree 
of covalency between the O atoms and the Ti (de Groot et al. 
1989). Therefore, peak A is assigned to O 2p → Ti 3d(t2g) and 
B to O 2p → Ti 3d(eg).

The O K ELNES spectra also show a second set of bands in 
the ~537�546 eV range. These bands are due to transitions from 
oxygen 2p states that are hybridized with Ti 4s and 4p states 
(de Groot et al. 1989). The presence of the peaks C, D, and E 
can be explained with interactions between O 2p orbitals and 
titanium 4s/4p orbitals (Yoshiya et al. 1999). In addition, in or-
thorhombic distortion the 4t1u level is split into 3 sublevels�4b1u, 
4b3u, and 4b2u. Thus, we may assign the peaks C and D to the 
lowest unoccupied 4t1u bands and the peak E to transitions to 
higher 4t1u type bands. The peaks C, D, and E can alternatively 
be explained in terms of resonance scattering within shells of 
neighboring anionic backscatterers. Kurata et al. (1993) use Þ rst 
full multiple-scattering calculations and interpret such spectral 
features as a result of the arrangement of the O anions around 

FIGURE 8. Calculated titanium 3d DOS and oxygen 2p DOS in three 
Ti-oxides: a = TiO2 (rutile); b = Ti2O3, c = TiO.
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the excited central atom. 
To extract further information on the electronic structure of 

the analyzed Ti oxides and to explain the observed features in 
the O K EELS spectra, we performed DFT computations that 
involved all O electrons. The computations were performed 
omitting a core hole. Calculated O K spectra generally agree well 
with measured spectra (Fig. 6). We note the following spectral 
changes as function of increasing valence state: (1) the ligand-
Þ eld splitting (between peaks A and B) and the energy separation 
between the Ti 3d and Ti 4s/4p orbitals become larger, and (2) the 
Ti 4s/4p band-width decreases. The ligand-Þ eld splitting between 
peaks A and B depends on the magnitude of covalent bonding. As 
the number of d electrons increases from TiO2 to TiO, covalent 
bonding between Ti and O becomes ionic. The energy separation 
between the Ti 3d and O 2p orbitals increases from TiO2 to TiO, 
which results in the smaller bandwidth of Ti 3d and thus the re-
sultant conductivity of the oxides (Fig. 8). TiO and Ti3O5 possess 
metallic conductivity and hence show a small A-B splitting of 
about 1.8�1.9 eV. Due to the semiconductor-to-metal transitions 
of Ti2O3 and both Magnéli phases the splitting of the A-B peaks 
is about 2.1�2.3 eV. Rutile and anatase are insulators and have 
consequently an even larger A-B splitting of 2.5 eV. 

Effect of site symmetry on Ti L3,2 ELNES
The distortions of the octahedral arrangement of central Ti 

atoms are shown in Table 1. The main distortions in rutile and 
anatase are the elongation of the O-Ti-O bond in the c direction 
and deviation in the O-Ti-O angles from 90°, which leads to a 
tetragonal environment and decrease in symmetry of the coordi-
nation polyhedra from Oh to D2h and D2d, respectively (de Groot 
1992). The features found in the experimental spectra of rutile 
and anatase are described in great detail by Leapman et al. (1982), 
Brydson et al. (1989), and de Groot et al. (1990a). For tetragonal 
coordination of Ti atoms in rutile, Brydson et al. (1989) suggest 
that a dynamic Jahn-Teller effect raises the splitting of the 2t2g and 
3eg levels as it is shown in Figure 9a. The distortion affects also 
the higher energy level 4t1u, which is split into 3 sublevels�4b1u, 
4b3u, and 4b2u. This splitting inß uences the O K-edge and will be 
discussed later. The splitting of the Ti 3d orbitals allows several 
electron transitions instead of one in non-distorted octahedra. 
The measured spectrum exhibits a splitting of the b peak. The 
peak b' is due to the split 3eg level. There are no electrons on 
the 2t2g level and this peak can be explained with the preferable 
ejection of the excited 2p3/2 electron to the split 3eg level. Gupta 

and Ellis (1976) performed molecular cluster predictions for 
rutile structures and pointed out that the splitting of the eg level 
is weakly dependent on the angle variation. Our measurements 
show that the splitting of the 3eg level in both rutile and anatase 
is about 0.8 eV, which is in good agreement with the previously 
reported splitting of 0.9 eV (Brydson et al. 1989). The Ti ELNES 
of rutile exhibits one more additional feature just before the L3 
edge (assigned a'' in Fig. 5). Because of the dominating 2p → 
3d transitions this peak is unlikely to be assigned to 2p → 4s 
transitions, which are much weaker and contribute to the back-
ground observed at the higher energies. Brydson et al. (1989) 
suggest that this peak could be due to excitonic transitions be-
low the band gap. Ogasawara et al. (2001) perform relativistic 
cluster calculation and suggest that the peak a'' originates from 
multiplet splitting of the same electronic conÞ guration as peak a 
[(2p1/2)2(2p3/2)3(t2g)1(eg)0]. After performing multiplet calculations 
by de Groot et al. (1990b), the pre-peak a'' can be attributed to the 
1P multiplet. In addition, Brydson et al. (1993) and Mitterbauer 
et al. (2003) notice that the pre-peak feature is due to the spin 
forbidden p3/2-d3/2 transitions and therefore its intensity is low 
compared to the main L3 line. 

The trigonal distortion is represented in Ti2O3. In this case the 
t2g level is split into two components, while the eg level remains 

FIGURE 10. Calculated white line intensity ratio I(L2)/I(L3) as a 
function of the Ti4+ concentration Ti4+/ΣTi. 

FIGURE 9. Splitting of the t2g and eg levels in tetragonal (a), trigonal (b), and orthorhombic (c) distorted environments.
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unchanged (Dionne 2002). A trigonal distortion lowers the sym-
metry to D3d, and splits the ground t2g state into an a2g and an eg 

level (Fig. 9b). The mathematical treatment of this problem was 
previously provided by Gladney and Swalen (1965) and Engl-
man (1966). In the case of Ti2O3, the combination of spin-orbit 
coupling and trigonal distortion removes the spin microstate 
degeneracy and leads to zero-Þ eld splitting. This can explain the 
lack of any additional peaks in the Ti2O3 spectrum. 

The Ti4O7 and Ti5O9 have triclinic crystal structures and pos-
sess a compression of the coordination polyhedron along the z 
axis and a corresponding elongation of x or y axes. This results 
in a large deviation of the O-Ti-O angles from 90° and an or-
thorhombic-like distortion of the polyhedron. Both oxides have 
mixed Ti valence state and 2t2g levels are partially occupied. The 
ELNES spectra show that, in orthorhombic-like distortions, the 
t2g level splits at least into two components (see a and a' in Ti4O7 
and Ti5O9 spectra, Fig. 5). Ravikumar et al. (1999) found that the 
t2g level is split into three components for Cr3+ in orthorhombic 
coordination. For the Magnéli phases, such orthorhombic-like 
distortions (Fig. 9c) may explain the presence of peak a' that is 
probably due to ejection of the 2p3/2 excited electrons to the split 
t2g level. We found a 2t2g level splitting of 1.85 eV for Ti4O7 and 
1.65 eV for Ti5O9. The presence of Ti3+ and Ti4+ in these two 
oxides, both in distorted oxygen environments, leads to a broad-
ening of the main four white lines. Both Magnéli phases contain 
a large number of differently distorted octahedral arrangements 
(see Table 2), which leads to more complex ELNES spectra. 
This means that the spectra of Magneli phases well reß ect the 
variable chemical environments of Ti atoms due to different 
valence states and distorted polyhedra.

QuantiÞ cation of the valence state of Ti
To obtain quantitative information on the valence state of 

Ti in oxidic compounds with a mixed valence between Ti3+ 
and Ti4+, we have developed a technique that is based on the 
calibration of the chemical shift observed in Ti L3,2 spectra. The 
energy positions of spectral features used here for the proposed 
quantiÞ cation technique agree very well with previous Ti L3,2 
edge measurements (Brydson et al. 1987, 1989; Henderson et 
al. 2002). The method is similar to the universal method for the 
valence state determination of iron (van Aken et al. 1998) and 
relates changes in the I(L2)/I(L3) intensity ratio to the Ti valence 
state. Two integration windows of each 1 eV width were applied 
to the Ti L3,2 edges. The windows are centered on the Þ rst white 
line in the L3 region for Ti3+ and the second white line in the L2 
region for Ti4+. They cover the energy regions from 455.8 to 456.8 
eV and from 465.25 to 466.25 eV, respectively. The choice of 
these 1 eV integration windows ensures also that the inß uence 
of multiple scattering and multiplet splitting due to polyhedron 
distortions is suppressed.

In Figure 10, the white line intensity ratio I(L2)/I(L3) calcu-
lated according to this technique is plotted as a function of Ti4+/
ΣTi with ΣTi = Ti4+ + Ti3+. The values for I(L2)/I(L3) ratios range 
from 1.1177 (Ti2O3) to 28.9493 (TiO2, anatase). The I(L2)/I(L3) 
value for rutile is lower (16.3072) than that for anatase. Accord-
ing to calculations and measurements of Ti L3,2 X-ray absorption 
spectra (Crocombette and Jollet 1994), intensity variations are 
actually observed in the spectra of the three TiO2 polymorphs 

rutile, anatase, and brookite. These intensity variations are at-
tributed to the slight differences in the Þ rst coordination shell 
of the Ti atoms in the three polymorphs. Thus, there is some 
general uncertainty regarding the calculated I(L2)/I(L3) ratio for 
pure Ti4+-bearing phases. 

For empirical Þ tting of experimental data, we used an average 
value calculated from the intensity ratios of anatase and rutile. 
The experimental data shows an exponential relationship that 
can be best expressed by the following equation:

y x y A e
x
t( )= +0 1
1  (2)

with the Þ t values y0 = 0.87953 ± 0.19092, A1 = 0.21992 ± 
0.04253, and t1 = 0.21767 ± 0.00884. The correlation coefÞ cient 
R2 of the Þ t is 0.99 and Chi2/DoF = 0.03. Using the details from 
the Þ t and after simple mathematical transformations we can 
rewrite the equation above as follows:
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where x is the Ti4+ concentration in the sample and a is I(L2)/
I(L3). Equation 3 can be used for a quantitative determination 
of Ti4+/ΣTi without knowledge of sample composition or site 
geometry of the Ti.

The Ti4+ calibration method proposed is applicable for total 
Ti concentrations down to about 1 at%. For lower Ti concentra-
tions the jump ratio (signal/background) becomes very small, 
i.e., after subtraction of the background the noise dominates 
the spectrum. The precision of the method strongly depends on 
the correct determination of the Ti L3,2 energy positions. The 
experimental error for the repeated determination of energy 
positions is about ±0.1 eV. Taking into account this deviation 
the calculated error for the Ti4+/ΣTi determination is up to 10%. 
It is noteworthy that in the case of very low Ti3+ concentrations 
there will be larger uncertainties due to the aforementioned 
variations in the intensity ratios for various TiO2 standards. 
Overall, the proposed quantiÞ cation technique is capable of 
yielding reasonable valence state information on Ti. It can be 
used to obtain important data on the oxidation state and crystal 
chemistry of minerals as well as on redox reactions taking place 
in planetary interiors and surfaces. 
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