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Abstract. The electron energy loss and x-ray absorption spectra of two phases of titanium 
dioxide-rutile and anatase- are reported. Although the nearest-neighbour environments 
of titanium and oxygen in both these structures are very similar, noticeable differences are 
observed between the electron energy loss and the x-ray absorption spectra. Attempts to 
model these differences using real-space multiple-scattering calculations are reasonably 
successful at the Ti K and 0 K edges. We propose an interpretation of the Ti L2,3 edge, 
notably for the presence of a previously unobserved splitting on the L, edge. 

1. Introduction 

Titanium dioxide (TiO,) forms three distinct polymorphs: rutile, anatase and brookite. 
This present study is concerned with the former two which offer a stringent test of the 
sensitivity of electron energy loss spectroscopy (EELS) and x-ray absorption spectroscopy 
(XAS) to subtle changes in the structure of a compound. In undertaking this test, we 
attempt to clarify the importance of short- and longer-range order in the interpretation 
of electron energy loss near-edge structure (ELNES) and x-ray absorption near-edge 
structure (XANES). This entails a comparison of our experimental findings with the 
projected densities of states (DOS) derived from various band-structure calculations 
of other workers, our real-space multiple-scattering calculations performed using the 
ICXANES computer code of [l], and the predictions of a number of previously published 
localised-cluster calculations. A similar, very stimulating investigation was performed 
in 1983 and was reported in [ 2 ] .  Since that time, instrumentation has improved con- 
siderably, and consequently it seemed worthwhile to repeat the measurements with 
increased resolution and better signal statistics, especially with regard to the EELS 
measurements. 

Under the conditions of small momentum transfer and small sample thickness the 
interpretation of ELNES follows along similar lines to that of XANES [3]. In the simple 
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single-electron picture, it can be shown that observed near-edge features reflect the 
symmetry-projected density of unoccupied states [4]. In reality, this may be modified by 
many-body effects, and the question arises to what extent many-electron effects have to 
be considered in order to explain the resultant near-edge structures. 

Both rutile and anatase are tetragonal, rutile containing six atoms per unit cell and 
anatase twelve. In both structures, each titanium atom is coordinated to six oxygen 
atoms and each oxygen atom is coordinated to three titanium atoms. In each ease the 
coordination oxygen octahedron around the titanium atom is slightly distorted, two Ti- 
0 distances being slightly greater (less than 0.1 A) than the other four and some of or 
all the 0-Ti-0 bond angles deviating from 90". This lowers the local point-group 
symmetry around the titanium atom from Oh to D2,, and D2d in rutile and anatase, 
respectively. The essential difference between rutile and anatase lies in the secondary 
coordination [5]  and in the way that the TiOh octahedra are joined together by sharing 
edges and corners. In rutile, two edges are shared and in anatase four. 

Previous studies of TiOz have generally employed a symmetry-determined molecular 
orbital (MO) model as a starting point for the interpretation of both EELS and XAS spectra. 
If we consider a TiOg- cluster consisting of a metal atom surrounded by oxygen nearest 
neighbours in orthorhombic D2h symmetry (as for rutile), then we arrive at the MO energy 
level diagram shown in figure 1 (only the unoccupied levels are shown). The two lowest 
unoccupied orbitals containing mostly Ti 3d (but some 0 2p) character separate into 
two groups: the threefold t2g and the twofold eg. These are known as the crystal-field 
orbitals and in perfect Oh symmetry they consist of two distinct levels, the lowering of 
symmetry to D2h causing both of these to split as shown. Higher in energy come the alg 
and tl, diffuse Ti-0 anti-bonding orbitals, the tl, being split in DZh symmetry. In 161 a 
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self-consistent field X, scattered wave cluster calculation for a Ti0;- cluster in perfect 
Oh symmetry was performed and values were derived for the splittings between the 
various MOS. The results show a t2,-e, splitting of 3.6 eV, the alg and tl, lying 9.9 eV and 
10.2 eV, respectively, above the t2g. 

Progressing from MO theory, in [2, 71 the band structure for rutile was calculated 
using the extended Huckel tight-binding method and it was compared with experimental 
EELS data. The DOS calculated exhibits two peaks in the conduction band (essentially 
band-broadened t2, and eg levels), their maxima separated by about 4.5 eV. Sub- 
sequently a similar calculation was performed for anatase [2], and a similar result was 
obtained except that the t,, and e, bands were found to be slightly closer (about 3.8 eV 
apart). More importantly the results show that the peaks in the DOS for each phase are 
at identical energies in both the titanium and the oxygen projections, suggesting that the 
local DOS around titanium and oxygen are essentially the same. This provides support 
for the MO picture and we shall return to this point later. 

A further band structure of rutile [8], calculated using the linear combination of 
muffin-tin orbitals method, exhibits a splitting of about 2.5 eV between the centres of 
the t2, and e, bands. The DOS of all these calculations essentially show that the main 
character of the t,, and e, bands is Ti 3d with a small 0 2p component in agreement with 
MO theory. 

It is well known that, in some cases, band structures do not correlate with observed 
near-edge features. One of the most striking examples is the L3/L2 white-line intensity 
ratios in transition metals and their compounds, which is expected to be 2 : 1 by statistical 
arguments owing to the numbers of electrons in the 2p3i2 and 2p,i2 subshells. However, 
strong deviations from this ratio are found experimentally [9, 101 and it has been shown 
[ 111 that an atomic approach investigating excitations from 2p63d" to 2p53d"+ multiplet 
states is suitable for a theoretical explanation of the phenomenon. For these transitions 
a 2 : 1 ratio is only expected when the core hole spin-orbit interaction is much larger than 
the electrostatic direct and exchange interactions between the hole and the d electrons. 
In [ 121 the results of atomic multi-configuration Dirac-Fock calculations were reported 
for the excitation from 2p levels and good agreement was obtained between theory and 
experiment for the white-line ratios but, owing to solid state effects, which are neglected 
in the calculation, the detailed shape of their curves is often incorrect. In [13] the M2,3 
and L2.3 absorption spectra for various transition-metal ions were calculated within the 
framework of ligand-field theory assuming an electric field of cubic symmetry. For L2,3 
excitations the spin-orbit interaction in the 2p shell is stronger than the other interactions 
so that the two components L3 and L2 are always well separated. Interactions between 
the 3d electrons, exchange interactions, as well as the 2p core hole-3d electron inter- 
action give rise to abundant multiplet structure. The spin-orbit interaction in the 3d shell 
has been neglected. Their calculated spectra agree well with the measurements in 
[14] on 3d transition-metal fluorides, although it is clear that in some cases they have 
overestimated the covalency. Good agreement was also found with the results in [15] in 
which the multiplet structure of core p vacancy levels for 3d transition metal ions is 
calculated, with the inclusion of spin-orbit interactions but excluding the crystal-field 
effect. This suggests that in certain cases the effect of the crystal field is of little import- 
ance; however, as we shall discuss, this is not true for rutile and anatase. It is apparent 
from both these studies that the interaction between the 2p core hole and the 3d electrons 
is of great importance and, although calculations have not been performed on systems 
directly relevant to ours, we shall discuss the theoretical results in comparison with our 
experimental findings. 
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2. Instrumentation and preparation 

The EELS microscope used in this present work has been described in detail elsewhere 
[16]. Briefly, it allows the parallel recording of energy loss electrons, improving the 
electron collection efficiency by approximately two orders of magnitude over serial 
detection systems used in previous studies. Moreover an energy resolution of 0.5 eV or 
less is routinely available. Together these two factors make it possible to obtain high- 
resolution spectra with extremely good statistics in a short period of time, thus minimising 
the problems of beam damage. The XAS measurements were made at the Photon Factory 
in the National Laboratory for High Energy Physics in Japan using beam line 7c which 
is equipped with an Si(1ll) crystal monochromator. The resolution is approximately 
1 eV and the resultant spectra are considerably improved over previous measurements 
[ 2 ] ,  especially in the pre-edge region. As regards sample preparation, anatase was 
obtained as a reagent-grade chemical powder, the rutile phase being prepared from this 
by heating for 6 h at 1100 "C. All samples were characterised before EELS and XAS analysis 
by powder x-ray diffraction, the EELS samples being then ground in a mortar and pestle 
and suspended in acetone or methanol and pipetted onto holey carbon grids. After 
acquisition of EELS spectra the sample area under study was characterised using electron 
diffraction. The EELS measurements were made on single crystals and it was observed 
that the near-edge structures were identical for crystals with different orientations of the 
c axis to the incident beam. This is important since rutile and anatase are anisotropic. 
The XAS measurements were made on polycrystalline samples and thus this problem was 
not encountered. 

3. Spectra and theoretical calculations 

In this section, we present our experimental EELS and XAS spectra together with our 
theoretical real-space multiple-scattering ICXANES calculations for both rutile and 
anatase. For each of the edge spectra, peak positions and, in some cases, widths are 

Table I .  Positions of the various peaks in the EELS and XAS spectra of rutile labelled in figures 
2 , 4  and 6. All positions are relative to the first strong peak, the absolute energy loss of which 
is given at the bottom. The figures in square brackets denote the full width at half-maximum 
of the peaks in electronvolts. The numbers marked with an asterisk indicate that they have 
been derived by fitting the derivative of a peak with a Gaussian derivative to obtain a 
Gaussian fit. For an explanation of this procedure. see [31]. Errors in the Gaussian fitting 
procedure are difficult to assign, but it appears that these peak positions are accurate to 
about 0.1 eV.  Absolute energy, Ti L3 (peak A3), 458.2 i 0.2 eV; absolute energy, 0 K 
(peak A3), 530.9 t 0.2 eV; Ti L3-L2 separation (peak A3 to peak A3), 5.44 eV.  

Peak position relative to peak A3 in rutile (eV) 

T i K  -3.1 - 0 3.0 8.6 12.6 15.6 
Ti L3 -1.45 -0.81 0[0.7] 1.97 2.86 

Ti Lz - - 0 [1.6] 2.45 [2.3] 

O K  _ - 0 [1.8] 2.58 [2.3] 9.0 11.6 14.0 

_ _  _ 
1.9 [0.9]* 2.9 [0.9]* 

2.0 [1.2]* 2.8 [1.4]* 
_ _  - 
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Table 2. Positions of the various peaks in the EELS and XAS spectra of anatase labelled in 
figures 3, 5 and 7. The nomenclature is as for table 1. Absolute energy, Ti L3 (peak A3),  
458.2 t 0.2 eV;absoluteenergy, 0 K(peakA3),531.1 t 0.2 eV;TiL,-L,separation(peak 
A3 to peak A3),  5.44 eV. 

Peak position relative to peak A3 in anatase eV 

Edge A ,  Az A3 B ,  Bz c,  cz D1 

TiK -3.2 -1.3 0 2.3 7.5 11.1 15.9 
TiL?  -1.53 -0.87 0[0.7] 1.77 2.45 

TIL2 - - 0 [1 .5]  1.97 [2.3] 

_ -  - 
1.8 [0.8]* 2.8 [1.0]* 

2.0 [1.2]* 2.H [1.6]" 
_ _  - 

O K  - - 0 [1.8] 2.58 [2.3] 8.0 - 13.5 
~~~ ~~~ 

given for reference purposes in tables 1 and 2; they include the Ti K edge data measured 
using XAS together with the EELS data for the Ti L2,3 and 0 K edges. All experimental 
EELS spectra have been deconvoluted so as to remove multiple scattering using the 
Fourier ratio method [ 3 ,  171. While this has little effect on the Ti L2,3 edges, a small 
change was apparent in the ELNES of the 0 K edges. We also compare our results with 
the theoretical calculations of others. 

In figures 2 and 3 (upper curves), we present the XAS Ti K edge spectra of rutile and 
anatase, respectively. The absolute energies have been set so as to match the data in [2]; 
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Figure 2. The experimental XAS Ti 
K edge of rutile (curve labelled 
Experiment). The peak positions 
are given in table 1. The results 
(curve labelled Theory) of our 
ICXANES calculations for the Ti K 
edge in rutile. Five shells of a t o m  
have been included together with a 
damping of -0.5 eV. Features cor- 
responding to the peaks labelled in 
the experimental spectrum have 
been indicated; further details are 
given in the text. 
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Figure 3. The experimental XAS Ti 
K edge of anatase (curve labelled 
Experiment). The peak positions 
are given in table 2. The results 
(curve labelled Experiment) of our 
ICXANES calculations for the Ti K 
edgein anatase. Fiveshellsof atoms 
have been included together with a 
damping of -0.5 eV.  Features cor- 
responding to the peaks labelled in 
the experimental spectrum have 
been indicated; further details are 
given in the text. 

however, it should be noted that there is some disagreement in the value of the absolute 
edge energies found by the various experimentalists. In the Ti Kedge spectrum of rutile 
(figure 2), we have labelled an extra feature C, which is only weakly visible on the steeply 
rising shoulder; this is also present in the spectra in [la, 191. Considering the dipole 
approximation appropriate to XAS and EELS, Kedges essentially involve transitions from 
the 1s core level to p-like states around the atom. Using the predictions of simple MO 
theory together with the results of a band-structure calculation and comparison with 
experimental EELS results, in [2]  the peaks in the spectra were assigned in terms of 
transitions to MOS. For both rutile and anatase, peaks A, and B were assigned to the t,, 
and eg final states assuming quadrupolar transitions (1s + 3d) following the work in [20, 
211 and elsewhere. Peaks C1 and C2 in anatase and rutile are assigned to 1s- 4p 
transitions with a simultaneous shakedown creating a hole in the highest occupied ligand 
orbitals following the work in [22]. Peaks D, in rutile and anatase are explained as 
transitions to the tl, level (see figure 1). This leaves the weak peak A, present in both 
rutile and anatase which in [2] was assigned to an excitonic transition within the forbidden 
band gap (Frenkel core exciton). The weak feature A2 arrowed in figure 3 (upper curve) 
is only visible in anatase and has not been observed by others; this is presumably due to 
our superior energy resolution. 

We now consider our ICXANES results. For this and all subsequent ICXANES cal- 
culations for rutile and anatase, phase shifts and matrix elements were obtained by 
imposing a muffin-tin potential on the structure in question [23].  The muffin-tin radii 
were chosen to be equal to the ionic radii of Ti4+ and 0’-, i.e. r(Ti) = 1.29 au and ~ ( 0 )  = 
2.49 au (other values were investigated, notably the prescription given in [24], but apart 
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from the 0 K edge there was little variation in the final ICXANES results). The exchange 
parameter (Y was taken to be 0.8. Owing to the arbitrary position of the muffin-tin energy 
zero, these and all other theoretical curves have been aligned to experiment in such a 
way that the first peaks coincide. We have included five shells around the central titanium 
atom corresponding to a cluster radius of approximately 10 au (50 atoms), together with 
a damping of -0.5 eV. The shells were chosen so as to be roughly 1 au apart in space. 
We have not taken account of any core hole effects (this may be done by use of an 
excited-atom potential for the absorber [25]-but in this case it did not produce any 
significant differences). 

In figures 2 and 3 (lower curves), we show the results of our ICXANES calculations for 
the Ti K edges in rutile and anatase, respectively. As can be seen for rutile (figure 2), 
our calculated curve models the major features A, ,  A,, B, C1 and D1 reasonably well. 
Peak D2 is notably absent in our calculated curve and the shoulder C2 is only weakly 
visible. The agreement is also good for anatase (figure 3) where the theory correctly 
reproduces peaks A, ,  A3, B, C,. C2 and D1, the structure further out from the edge 
again tending to deviate from experiment. Since the ICXANES program calculates only 
the rate of dipolar transitions, the good agreement between the calculated spectra and 
the experimental data indicates that all the peaks A l-D I represent transitions to states 
having at least a significant amount of p symmetry. Moreover peak A I  is present in the 
calculated spectra even though core hole effects have been neglected. The assignment 
of AI to an excitonic transition as has been done in [2] and elsewhere on the results of 
band-structure calculations therefore appears to be rather questionable. 

Even in very early investigations the weak pre-edge structures at transition-metal K 
edges were related to empty 3d orbitals [26] and, since the work in [20, 21, 271 and 
elsewhere, it seems that there is a general consensus in assigning peaks A, and B to 
quadrupolar transitions to t2g and eg orbitals. Our ICXANES results suggest that a signifi- 
cant 3d-4p orbital mixing occurs in rutile and anatase, forming tZg and eg bands which 
do not possess solely d symmetry. Thus, dipolar transitions into these bands can occur. 
This interpretation is supported by the recent experimental results in [28] in which the 
Ti K edges of various minerals were measured. In all investigated samples, titanium is 
surrounded by six oxygen atoms in a more or less distorted octahedron. A correlation 
was found between the intensity of the pre-edge structure and the bond angle variance 
in silicates and some oxides which should give rise to increased 3d-4p orbital mixing. 
Furthermore, in [28], it was observed that the presence of three pre-edge features at the 
Ti K edge (Al,  A, and B) is accompanied by an increase in distortion at the titanium 
site. The ICXANES calculations also predict the presence of peaks C1 and C2 in both 
polymorphs despite the fact that it is based on single-electron theory and hence neglects 
many-electron effects. Therefore the explanation in [2] that these are in fact Is -+ 4p 
shakedown transitions is seemingly refuted by our calculations. In terms of MO theory, 
we may assign the peaks C, and C2 in anatase and rutile to transitions to the tI, orbitals 
(note the Is + alg is dipole forbidden) in rough agreement with the MO calculation in 
[6]. The peaks D1 and D2, meanwhile, must be due to higher-lying tl,-type orbitals 
(1s -+ p transitions) as assigned by Poumellec in [19]. 

The success in modelling the XANES of the Ti K edges in rutile and anatase dem- 
onstrates that the multiple-scattering approach using a muffin-tin form for the potential 
of each atom is adequate. One-electron theory is able to account for the main features 
of the Ti K edges, any discrepancies being probably due to many-electron effects (see, 
e.g., [29]). The theory reveals slight differences in the XANES of the two polymorphs 
which must arise from the outer-lying shells since the first-nearest-neighbour shells are 
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almost identical. Thus long-range effects play an important role in determining the 
resultant near-edge structure and must be taken into account in order to model the Ti K 
edges satisfactorily. 

For Lz,3 edges. transitions to the lowest states of the conduction band take place; 
these are mainly formed from Ti 3d and 0 2p orbitals. Since the 3d electrons are relatively 
tightly bound and the d band is quite narrow, it is believed that an atomic (short-range) 
approach is suitable for describing the L2,3 edges in transition metals [12]. Thus, bearing 
in mind the similarity of the first coordination shells in the two polymorphs, one would 
expect to see little or no difference between the resultant L2,3 spectra. 

In figures 4 and 5 (upper curves), we present the EELS Ti L2,3 edges for rutile and 
anatase, respectively. The energy resolution for these spectra is approximately 0.3 eV. 
The most obvious feature of the Ti Lz,3 edges is the spin-orbit splitting of the L3 and L2 
lines; this is 5.4 eV in both rutile and anatase. Furthermore, the L3 line and the L, line 
for both phases are initially split into two (A3 and B) as observed using XAS in [20] and 
using EELS in [7]; in both papers, this is attributed to the crystal-field splitting of the t,, 
and eg orbitals. We, however, observe a further splitting on the second peak (B) of the 
L7 edge (B, and B2), which appears as a low-energy shoulder for rutile and a high-energy 
shoulder for anatase. This feature was also observed in earlier EELS measurements on a 

B 

n 

I I I / I  I I l \ l  I I I I I 1  I I 
456 460 464 LtB 

Energy l ev )  

Figure 4. The experimental EELS 
spectrum (labelled Experiment) of 
the Ti L2,3 edge in rutile after 
background subtraction and 
deconvolution. The peak positions 
are given in table 1. The results 
(curve labelled Theory 1) of our 
ICXANES calculations for the Ti L3 
edge in rutile. Five shells of atoms 
have been included together with a 
damping of -0.5 eV. Further 
details are given in the text. The 
conduction band DOS (curve label- 
ledTheory2) forVO,(rutile) taken 
from [39]. 
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B 

Experiment L 
Figure 5 .  The experimental EELS 
spectrum (labelled Experiment) of 
the Ti L23  edge in anatase after 
background subtraction and 
deconvolution The peak positions 
are given in table 2 The results 
(curve labelled Theory 1) of our 
ICXANES calculations for the Ti L3 
edgeinanatase Fiveshellsofatoms 
have been included together with a 
damping of -0 5eV Further 
details are given in the text The 
theoretical L2 edge of Ti3+ (curve 
labelledTheory2) calculatedin [13] 
assuming a localised transition- 

456 464 468 metal ligand cluster See text for 
Energy Lev) explanation 

titania sol which consisted of a mixture of rutile and anatase [30]. Closer examination of 
the Ti L3 edges reveals the presence of two weak peaks (A, and A2) prior to the first 
intense peak A3. These are present in the spectra of both phases and were not observed 
in the results of the sol [30]. 

There are significant differences between the Ti L3 spectra for rutile and anatase, 
notably in the relative intensities of peaks B, and B2. A fit of Gaussians [31] to the L3 
structures of rutile and anatase shows, however, that, within experimental error, peak 
positions and widths are almost identical for both polymorphs (see tables 1 and 2), 
indicating that the long-range order is of little importance. Furthermore, we have 
reported that our measured and derived linewidths are in good agreement with x-ray 
photo-electron spectroscopy data [30, 321. 

The L2 edges of rutile and anatase exhibit differing energy spacings between peaks 
A3 and B. This may be easily explained if we assume that the L2 structure is simply a 
broadened version of the L3 edge, owing to the increased Coster-Kronig decay channel. 
Thus the splitting of the second peak B is concealed and the effect is then due to the 
relative intensities of the two peaks which actually compose this broadened peak. In 
rutile the higher-energy peak is stronger as can be seen from the L3 edge (B, and B2) 
and thus shifts the resultant composite peak to higher energy loss, compared with anatase 
where the lower-energy peak is of greater intensity. We are able to decompose the broad 
peak B successfully into the sum of two Gaussians split by roughly the same amount as 
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noted in table 1 and 2. This suggests in terms of a MO picture that the crystal-field splittings 
of the two polymorphs are the same, contradicting the results obtained in [ 2 ] ,  which is 
to be expected since the distances in the first coordination shell are very similar. 

In figures 4 and 5 (lower curves), we show the results of our ICXAKES calculations. 
The parameters for the muffin-tin potential construction and the multiple-scattering 
calculation are the same as for the Ti K edge. We have not included core hole effects as 
suggested by some workers [33,34] since in practice this produced little difference form 
the final result (also, for MgO, we found this unnecessary in order to model the L2 edge 
[35]. The major problem with modelling L2,3 edges is that the ICXANES theory assumes 
that, in a transition from an initial state of angular momentum I ,  there is no interference 
between the channels 1 + 1 and 1 - 1. For L2,, edges, this corresponds to the p -+ d and 
p + s transitions. The matrix elements governing the A1 = - 1 transitions are much 
smaller than those of the A1 = +1 and thus the contribution of the former is usually 
negligible (as was found to  be the case here); however, interference effects could produce 
deviations from this. In [33], it was stated that in polycrystalline samples any cross terms 
due to interference effects disappear; our EELS measurements were made on single 
crystals and, as stated, we observed no change in edge structure for different crystal 
orientations. Therefore, at present, we have to ignore this point and simply view the L,,, 
edge as essentially reflecting the Ti 2p-3d transitions. Since the ICXANES theory does not 
include the effects of spin-orbit splitting of the initial state, we have simply matched the 
ICXANES results with the L, edge in both cases (the L2 edge being simply a broadened 
version of the L, edge in the single-electron approximation). As can be seen, they 
predict, in both phases, a sharp t,, peak separated by approximately 2 e V  from a 
relatively broad e, peak. However, no splitting is apparent on the e, peak in either of 
the theoretical curves. This is in qualitative agreement with the results of band theory 
[2, 81, which is to be expected since the ICXANES method is formally equivalent to a 
Korringa-Kohn-Rostocker (KKR) band-structure calculation. We did investigate the 
results of ICXANES calculations for one shell of oxygen atoms surrounding a central 
titanium atom and subsequently found that the main structure of the tZg and e, peaks 
was reproduced. This suggests that the L2,3 edge is essentially reflecting the nearest- 
neighbour environment, a point which we shall return to in our discussion of an atomic 
interpretation. If we progressively distorted the two axial bonds in the single shell, then 
for large distortions (about 0.3 A) it was possible to produce a broader eg peak, but 
nothing that matched satisfactorily with experiment. The ICXANES results suggest some 
tailing on the low-energy side of the initial peak A,, but little that could explain the 
presence of the weak peaks AI and A2. Of course, these could be due to excitonic 
transitions below the band gap, in which case the ICXANES approach would not be 
expected to predict this but, when the previous analysis of the Ti K edges is borne in 
mind, it is all too easy to assign any weak pre-peaks as excitons when we have in fact no 
decisive proof. It is notable that a peak similar to peak A, has been observed in the Ti 
L2,, edge of Tis2 measured using XAS [36] and we believe that these could be due to spin- 
forbidden transitions, as we shall discuss later. 

We now concern ourselves with an explanation for the splitting of peak B on the L3 
edges. In terms of an MO picture, this splitting represents a splitting of the eg band. The 
band-structure calculations presented for rutile and anatase [2,  81 show no sign of this. 
They do exhibit a broad e, band; however, no splitting is discernible. The MO model 
does predict splitting of both the t2g and the e, bands in the case of a lowering of symmetry 
from Oh to DZh, the splitting of the e, being expected to be greater than that of the t2g 
[37]. In [7], it was concluded that the distortion in rutile will affect the resulting orbital 
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energies by less than 0.1 eV compared with those of a perfect octahedron. However, 
paramagnetic resonance measurements on V4+ ions substituted in Ti02 [38] suggest 
larger splittings. V 0 2  has a rutile structure above 341 K [39] with slightly less distortion 
than in rutile. In [39] an augmented plane-wave calculation of the band structure was 
performed; the conduction band DOS of this exhibits considerable structure which is 
shown in figure 4 (lower curve) compared with the Ti L3 edge in rutile. As can be seen, 
the t2g manifold is split into three components (as would be expected from MO theory 
(see figure 1) although the splitting is small. The eg manifold, however, reveals two peaks 
separated by about 1 eV, the lower-energy peak being about half the size of the higher- 
energy peak. This is in excellent agreement with our experimental Ti L3 edge for rutile. 
Further evidence for the presence of ground-state splitting is evident in the Ti K edge 
spectrum for tetragonal BaTi03 [18]. Titanium in BaTi03 is octahedrally coordinated 
to oxygen as in rutile; however, the distortions are greater than in rutile [5] and the Ti 
K edge exhibits a broad e, peak which shows a splitting of roughly 2 eV. Moreover, in 
[40], it was shown that small distortions of the absorbing atom environment result in a 
broadening or splitting of features in the Fe and CO K edges of various oxides. 

As we have discussed before [30], another possible explanation for the size of 
the splitting arises from the possibility of a dynamic Jahn-Teller effect [41]. Optical 
measurements on Ti3+ ions in solution [42], and incorporated into a variety of systems, 
notably A1203 [43,44], indicate a splitting of the eg doublet. This has been attributed to 
a coupling of the electronic and vibrational states, commonly known as the dynamic 
Jahn-Teller effect. A similar splitting occurs in the t2, levels but for octahedrally coor- 
dinated transition metals this is considerably smaller [37]. Admittedly in optical measure- 
ments the excited-state configuration is different from that in our EELS experiment (an 
electron in the e, orbitals and a hole in the t2g orbitals compared with an electron in the 
eg orbitals and a hole in the 2p shell). Also the crystal field and the strength of the Jahn- 
Teller coupling may be different. However, it is useful to compare our results with those 
obtained using optical methods. The t2, to highest eg orbital transition energies for 
Al,03 :Ti3+ and Ti3+(aq) are 2.4 eV and 2.5 eV, respectively. Since the Ti-0 bond 
distance in both forms of T i 0 2  is slightly shorter than in Ti3+(aq), we may estimate the 
crystal-field splitting to be 2.7-2.9 eV in Ti4+ (in agreement with the EELS values in 
tables 1 and 2). At  300 K the eg splitting in these two systems is 0.31 eV and 0.36 eV, 
respectively; however, this increases with increasing temperature. Unfortunately the 
temperature of the specimen in our EELS experiment is unknown but is probably quite 
high owing to intense irradiation with 60 keV electrons. For the A1203 : Ti3+ system the 
e, splitting is expected to increase to 0.51 eV at 1000 K [44]. This is still smaller than our 
result but this may be due to the differences between the two systems. 

As stated, an atomic approach is often more successful than a band-structure 
approach in the interpretation of near-edge structures especially for the L edges of 
transition metals and their compounds. From the spectra in figures 4 and 5 (upper 
curves), we deduce an L3 to L2 white-line intensity ratio of about 0.7 for both rutile 
and anatase, obtained by subtracting a contribution from the steadily increasing edge 
background (representing transitions to the continuum) and measuring the area under 
each edge. This is far from the theoretical ratio of 2 to 1 expected from statistical 
arguments, suggesting that single-electron theory is not sufficient to explain our results. 
In [15] themultiplet structurecore2pvacancylevelsforTi+, Ti2+ andTi3+ werecalculated 
assuming them to be free ions. It is difficult to assign a particular ioniccharge to transition- 
metal ion in a complex, owing to the covalency. However, none of the calculated spectra 
for titanium ions matches well with our spectra, suggesting in this case that the crystal- 



808 R Brydson et a1 

field effect, which was ignored in [15], is important. The atomic multi-configuration 
Dirac-Fock calculations in [12] also ignore solid state effects. That calculation for 
Ti4+ shows three peaks centred at around 456, 460 and 466 eV, the latter two being 
approximately five times as large as the first. It is stated that these arise from p3/2+ 
d3/2, p3/2 + d512 and p112 + d3/2 transitions, respectively. An L3 to L2 white-line intensity 
ratio of 0.91 was predicted for Ti4+ which is in reasonable agreement with our measured 
values. These results show that the spin-orbit interaction of the 3d electron cannot be 
neglected. Solid state effects, such as the presence of the crystal field, would be expected 
to cause further splitting. This could perhaps explain the presence of the two weak initial 
peak's A ,  and A2  (see figures 4 and 5 )  present on the Ti L3 edge in both rutile and anatase. 
Because these peaks are so weak, it seems probable that they arise from the spin- 
forbidden p3/2+ d312 transition. Comparison of our measured L2,3 spectra with the 
calculated spectra in [13] may also be made. The theoretical L2,, spectrum in [13] for 
Sc3+, which has the same configuration as Ti4+, exhibits two main lines at each of the L3 
and L2 edges which are split as a result of the crystal field. There are some further 
structures which could correspond to peaks A and A2  and the splitting of peak B, but 
these are very weak and are hidden on convolution with a broadening function. The 
theoretical curve from [ 131 for Ti3+ is considerably more complicated and is shown in 
figure 5 (lower curve) compared with the Ti L3 spectrum of anatase. As can be seen, the 
theoretical curve (calculated with a resolution of 1 eV and a crystal-field splitting of 
2.52 eV) exhibits peaks in close correspondence to our experimental results; the inten- 
sities, however, are different, notably the first strong peak A, (furthermore the L, to L2 
ratio is obviously incorrect). This might be due to the differences between the two 
systems, but from the results for Sc3+ and Ti3+ the main cause of any multiplet structure 
seems to be as a result of 2p core hole-3d electron and d-d electron interactions. The 

Figure 6 .  The experimental EELS 
spectrum (labelled Experiment) 
of the 0 K edge in rutile after 
background subtraction and 
deconvolution. The peak positions 
are given in table 1. The results 
(curve labelled Theory) of our 
ICXANES calculations for the 0 K 
edge in rutile. Six shells of atoms 
have been included together with a 
damping of -0.5 eV. Features cor- 
responding to the peaks labelled in 
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I I I I I I 1 the experimental spectrum have 
530 5 40 550 been indicated; further details are 

Energy lev1 given in the text. 
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Figure 7. The experimental EELS 
spectrum (labelled Experiment) 
of the 0 K edge in anatase after 
background subtraction and 
deconvolution. The peak positions 
are given in table 2. The results 

Theory (curve labelled Theory) of our 
ICXANES calculations for the 0 K 
edge in anatase. Six shells of atoms 
have been included together with a 
damping of -0.5 eV.  Features cor- 
responding to the peaks labelled in 

530 540 550 been indicated; further details are 
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qualitative agreement in figure 5 together with the correctly predicted L3 to L2 intensity 
ratio in [12] tend to support the quasi-atomic multiplet structure explanation for the 
detailed shape at the Ti L2,3 edge. However, our results suggest that the L2,3 edge cannot 
be solely viewed in terms of a localised atomic cluster. If this was so, then we would 
see no difference between rutile and anatase, which we clearly do, since the nearest- 
neighbour environments of the titanium atom are almost identical in both phases. Clearly 
the effect of the p-d and d-d interactions is important but this must be modified by the 
crystal field and further longer-range effects. 

Finally we present in figures 6 and 7 (upper curves) our experimental EELS 0 Kedge 
spectra for rutile and anatase recorded with an energy resolution of about 0.5 eV. As 
can be seen, there do exist differences chiefly in the peaks lying 8-15 eV from the edge. 
Both edges exhibit two initial peaks A3 and B, which in [7] were assigned as transitions 
to the tZg and eg bands, respectively. Unlike the Ti L3 edge the eg band is not split although 
it is slightly broader (see tables 1 and 2). This suggests that the splitting is specific to the 
titanium, adding weight to the quasi-atomic transition viewpoint for the transition-metal 
L2,3 structure. At  higher energy losses, rutile exhibits three peaks C,, C2 and D, while 
anatase shows only two peaks C1 and D,. The EELS 0 K edge spectrum in [7] has a 
significantly worse signal-to-noise ratio (owing to serial recording of the spectrum) and 
the peaks C2 and D, were not resolved. The peak positions are in rough agreement with 
those on the Ti K edges of the respective phases and thus we may assign the peaks C1 
and C2 in rutile and C1 in anatase to the lowest unoccupied t,, final states. The peaks D,, 
meanwhile, constitute transitions to higher-lying t,, type orbitals. 

In figures 6 and 7 (lower curves), we show the results of our ICXANES calculations for 
acluster consisting of six shells (of radius approximately 10 au, i.e. 50 atoms) surrounding 
a central oxygen atom together with a damping of 0.5 eV. To model the effect of the 
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core hole, we have employed the (2 + 1)" approximation [25] in which the central atom 
is replaced by the 2 + 1 element in an excited configuration in the muffin-tin potential 
calculation. The inclusion of this, however, produced very little difference from the 
results obtained from ground-state calculations. First, it should be noted that the agree- 
ment is poor when we consider the positions of the various peaks. The gross features and 
relative intensities, however, are reproduced quite well, the ICXANES results correctly 
predicting the presence of three peaks C1, C2 and D in rutile and only two C1 and D ,  in 
anatase in the extended 0 K edge structure. In both cases, we note that, if we displace 
the theoretical curve so that the second peaks coincide, then we achieve better agreement 
in the higher-energy-loss peaks. This effect has been noted before and could possibly be 
due to the energy dependence of the potentials, notably the energy-dependent exchange 
correlation between the excited electron and the valence electrons [29]. Indeed some 
researchers suggest artificially compressing the energy scales so as to match experiment 
and theory [2,29]. The results of our calculations do show, however, that full multiple- 
scattering one-electron theory adequately describes the 0 K edges in both polymorphs 
and that it is necessary to consider the longer-range order ifwe want to model successfully 
the differences in the measured spectra. 

4. Conclusions 

This study has revealed that EELS, conducted in an electron microscope with the com- 
bined facilities of a parallel detection system and good energy resolution, constitutes a 
very sensitive probe of the solid state which may be used as a complementary technique 
to XAS. Although the two phases of TiO,, rutile and anatase, possess very similar short- 
range titanium and oxygen environments, both EELS and XAS are able to detect significant 
differences in all the various edge structures. While these suggest that qualitatively the 
energy separations of the electronic levels of the unoccupied DOS are reasonably similar, 
the transition strengths may differ markedly between the two phases. Furthermore, we 
are able to model these differences reasonably well at the Ti K and 0 K edges using real- 
space multiple-scattering calculations and these results emphasise the importance of 
long-range order in determining the observed structure. This approach fails, however, 
at the Ti L2,, edge where we are unable to model a previously unobserved splitting at 
the L, edge. Since the ICXANES approach is formally equivalent to a KKR band-structure 
calculation, it is not surprising that the computed band structures of rutile and anatase 
also do not predict this feature. We discuss possible explanationsof this splittinginvolving 
both ground-state and dynamic Jahn-Teller effects; however, the well known failure of 
band theory to explain the anomalous L, to L2 white-line ratios suggests that we must 
view the L edges of the 3d transition metals and compounds from a quasi-atomic 
viewpoint. We compare our results with the theoretical localised-cluster calculations of 
others and find qualitative agreement especially with the work in [ 131. While at this stage 
we do not have conclusive proof, we feel that the latter explanation is in fact the true 
one. This is not the whole story, however, since if this were the sole explanation then it 
would be thought that there would little or no difference between the Ti L2,3 edges of 
rutile and anatase, when in fact there exists a difference in relative intensities. Thus there 
must exist some longer-range influence as well, which modifies the quasi-atomic multiplet 
structure produced by the short-range environment. 
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