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Abstract. The electronic band structure of rutile Ti02 har been calculated using 
theJinearmuBh-tinorbital (LMTO) method. The x-ray absorptionspectrumhasalso 
been obtained Irom the calculated band structure and self-consistent potential. The 
dipole as well as the quadrupole contribution to the x-ray absorption spectrum has 
been calculated. The calculated band struct- shows that there is a sipnificant 2p 
(0)-3d (Ti) mixing in the valence band which, however, becomes weakerin the Ti d- 
dominated conduction band. The valence band is well separatedfrom the conduction 
band by a direct energy gap which is almost degenerate with the indirect energy gap. 
A comparison with experiments suggests tllat the majority of the ohserved pre-edge 
and edge features in the Ti Kedge x-ray absorption spectrum are due to Is + 4p 
dipole transitions, a result of the small Ti-Ti (3d-4p) hybridization in the conduction 
band region. The quadrupole transition contribution is found to be insignificant. 

1. htro d u e  t ion 

TiO, is an oxide of considerable technological interest. Stoichiometric TiO, is an 
insulator. However, it becomes a conductor when it is slightly reduced. TiO, has 
been widely used in catalysis, electrochromism and sensors 111. Its chemical properties 
have been extensively studied but its electronic properties have not. Many authors 
refer to the electronic band structure of perovskite SrTiO, because no first principles 
calculation of TiO, band structure had been reported. However, because the structure 
of TiO, is different from that of SrTiO,, the band structures of TiO, and SrTiO, may 
be quite differeut. 

The optical (and thermal) band gap of TiO, is large (3 eV) [2]. It is often assumed 
that pure TiO, is an ionic insulator. Thus, one would expect that TiO, has a valence 
band of purely 0 2p character and a conduction band predominated by the Ti 3d 
orbitals. It is of interest to investigate the electronic structure of TiO, and hence the 
validity of this assumption. 

Two band structure calculations have been published [3, 41, both based on the 
empirical tight binding method. In this work, we have performed self-consistent hand 
structure calculations for TiO, from first principles. The calculated site and angu- 
lar momentum (L) decomposed density of states (DOS) were then used to calculate 
x-ray absorption spectrum (XAS) within the electric dipole approximation. To help 
to understand the origins of some pre-edge features in the observed Ti K-edge x- 
ray absorption spectrum, we have also calculated the contribution due to the electric 
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quadrupole transitions using the self-conshtent potentials generated by the band struc- 
ture calculations. In this article, we present the band structure, density of states, and 
theoretical x-ray absorption spectrum. We also compare our results with, mainly, x- 
ray absorption experiments and try to  identify the origin and nature of the puzzling 
pre-edge features in the experimental Ti K-edge x-ray absorption spectrum. 

The arrangement of this article is as follows. In section 2 the details of the band 
structure calculation are given. The results of the band structure calculations are then 
presented in section 3. In section 4, after describing briefly how we evaluate the x-ray 
absorption spectrum from the obtained T i  p-projected density of states (p-DOS), we 
report and compare the calculated x-ray spectrum with experiments. Some concluding 
remarks are presented in section 5 .  

2. Detai ls  of band s t r u c t u r e  calculat ion 

The rutile structure of TiO, (shown in figure ](a)) is a simple tetragonal lattice with 
a basis of two formula units per cell. The symmetry properties of this rutile structure 
(described by space group D;:) have been discussed in [5] and that notation is used 
here. The coordinates of the basis are given in table 1 [6]. Each T i  atom is surrounded 
by six 0 atoms in a distorted octahedral coordination (TiO,), in contrast to the regular 
octahedron TiO, in SrTiO The bond length (d,) between Ti and two of the six Os 
in the octahedron is &and the bond length (d,) between Ti and the other four 
Os is given by 

where C/Q # 2u since the TiO, octahedron is distorted. 
The self-consistent band structure of TiO, has been calculated using the LMTO 

method with the atomic sphere approximation (ASA) 171. The calculations are based 
on the density functional theory with the local density approximation. The standard 
local exchange-correlation potential of von Barth-Hedin [8] is used. The LMTO-ASA 
method assumes spherically symmetric potentials inside overlapping atomic spheres. 
I t  is very fast and accurate for closely packed solids (see [7] for details). Because of 
its speed, the LMTO-ASA method is particularly useful for large and complex systems, 
such as TiO,. The rutile structure of TiO, is rather open. To reduce the overlap of 
the atomic spheres and minimize the error due to the ASA, we introduce four so-called 
empty spheres (or 'vacancy' spheres) into the interstitial region at the positions listed 
in table 1. The atomic radii chosen are 1.327, 1.111 and 1.058 A, respectively for 
Ti, 0 and 'empty' spheres (the overlapping volume is only about 17%). The basis 
functions are s, p, d LMTOs for Ti and 0, and s, p LMTOs only for 'empty' spheres. 
In the T i  sphere, the 4f state lies about 30 eV above the Fermi level. Thus, the Ti 
4f state is not important here and is neglected. All the energy parameters including 
Ti 4p are set to the corresponding gravity centres of the occupied bands. This choice 
of the energy parameters should give good self-consistent potentials, valence bands 
and lower conduction bands (conduction bands within about 15 eV above the Fermi 
energy). The density of states is calculated from the obtained energy bands by the 
tetrahedron technique [9]. A mesh of 135 k-points within the irreducible wedge (1/16) 
of the tetragonal Brillouin zone (see figure l ( b ) )  is used. We have varied the atomic 
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Table I. Crystallographic data (taken h m  [6]): o = b = 4.594 A; e = 2.958 A; 
U = 0.3053. 

Atomic positions z Y z 

Til 0 0 0 
Tiz 0.5 0.5 0.5 

0 1  U U 0 
0 2  I - U  I - U  0 
0 3  0.5 - U  0.5 - U  0.5 
0 4  O S + u  0.5 - U  0.5 

I 

0 0.5 0 
0.5 0 0 
0.5 0 0.5 
0 0.5 0.5 

2 x (TiO) = 1.984 A 
4 x (TiO) = 1.946 A 

Two distortion parameters p and e are defined a5 

-1 .=-=[(A-’) Tiz-03 2 +-(-)I 1 c z  =1.020 
Tirol  2 a  

NB: the ideal values -: p = e = 1; c/a = Zu; U = 0.293. 

Figure 1. ( e )  Crystal structure of rutile TiOz. (a) The corresponding tetragonal 
Brillouin zone. 

radii by about 5% and found that the calculated energy bands and density of states 
do not change significantly. 
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3. Description of band structure 

9.1. Valence band 

The self-consistent band structure of TiO, is shown in figure 2 and the corresponding 
total density of states, site and Ldecomposed DOS are plotted in figure 3. The valence 
bands are shown in the lower part offigure 2 ( a )  (the 0 2s bands, not shown, lie about 
10 eV below the bottom of the valence bands). The 12 valence bands of largely oxygen 
p-like character are complicated due to the large number of the valence electrons in 
the unit cell. As shown in figure 3(a), the valence DOS consists of about two-thirds 
oxygen and one third titanium. Therefore, there is a strong Ti-0 mixing, especially 
near the bottom of the valence band (figure 3(a)). From the L-decomposed Ti-DOS 
(figure 3 ( b ) ) ,  i t  is found that the Ti part belongs to the d-symmetry. Nevertheless, at 
the top of the valence band, this mixing is weak and one may think of the electronic 
holes as being mainly 0 2p states residing on the 0 sites. Finally, negligible DOS is 
found in the ‘vacancy’ spheres. 

r x  R Z  r M A z r x  R Z  r M A z 
Figure 2. Ti02 band structure: (n) around the Fermi level; ( a )  above the Fe- 
level. 

3.2. Conduction band 

The conduction bands are shown in the middle of figure 2( a).  They are well separated 
from the valence bands and also from the higher conduction bands. The energy gap 
between the valence and conduction bands is about 2 eV, in reasonable agreement with 
experiments. The energy gap is direct and situated at  the centre of the Brillouin zone 
(r‘ point). However, there is an indirect energy gap from the r point of the valence 
band to the M point of the conduction band, of almost the same energy, and this may 
explain the results of many experimental studies of the type of the energy gap. We 
found that the indirect energy gap is about 0.03 eV wider than the direct one, in good 
agreement with experiments. For example, the observed energy difference between the 
direct and indirect gaps is 0.02 eV [10,11]. However, our results do not corroborate 
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..1 O X  

Energy I d 1  

Figure 3. ( a )  Sitedecomposed mid ( a )  Ti L-decomposed DOS functions around the 
F e d  level. 

the result that the indirect phonon-assisted gap is from A, to rl point 1121. The 
conduction bands have most of their weight on the Ti sites. Figure 3(b) shows that 
the Ti 3d orbital is almost the only component, in contrast with the valence bands 
described earlier. Figures 2 ( a )  and 3(a) indicate that the conduction bands may be 
divided into two parts. The lower part contains six bands and the upper part contains 
four bands. This separation of the Ti 3d dominated conduction bands is due to the 
octahedral coordination of Ti  by the oxygen atoms (the so-called 'crystal field' effect). 
Again, the DOS in the 'vacancy' spheres is small. 

3.3. Higher conduction band 

The higher conduction bands (figure 4(a ) )  are quite different from those reported 
previously [3]. Since the wavefunction is extended in this energy range, the 0-Ti 
mixing increases rapidly as the energy is increased. The mixing is almost complete 
(i.e. 50% of 0 and 50% of Ti) about 12 eV above the Fermi level. Furthermore, there 
is now a significant DOS in the 'vacancy' spheres. Another interesting result is that 
the TI s-partial DOS appears to be concentrated (in energy) near the bottom of this 
conduction band. Similarly, the p-DOS is concentrated in the energy range between 
15 and 22 eV above the Fermi level (figure 4 ( b ) ) .  About 22 eV above the Fermi 
level, only the d-DOS is discernible. This seems to be erroneow because we know that 
as the energy further increases, the p D O S  should reach the p-decomposition of the 
plane wave in terms of spherical harmonics centred at the Ti site. As noted in the 
previous section, this is due to the linear (energy) approximation used in the LMTO- 
ASA method. Note that the energy parameters were set to the gravity centres of the 
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occupied bands, a few eV below the Fermi level. Nevertheless, the calculated bands 
and DOS functions below 15 eV should be reliable. This is sufficient for us to discuss 
the features in the pre-edge and edge regions in the x-ray absorption spectrum later. 

4. X-ray absorption spectrum 

4.1. Calculation 
We have calculated x-ray absorption spectra for TiO, using the site and L-decomposed 
DOS and the self-consistent LMTA-ASA potentials (converted into non-overlapping 
mufin-tin form). Before presenting the theoretical x-ray absorption spectrum, we 
summarize the main points concerning the method we used in the present calculations 
(see [13] and [12] for more details). 

Within the electric dipole approximation, the absorption cross section may be 
expressed with the oscillator strength, Fc, (in CGS units) at energy E = E, + hw (see 
appendix 2 in [14]) 

where 
p ( E )  = 4nzhaF,(E) (1) 

and e = (n, L ,  J ) ,  represents the core level quantum numbers (with the spin-orbit 
coupling neglected). For absorption at the T i  Kedge (n = 1, L = 0 ,  J = $), F, may 
be written simply as 

(2) 
w w 

F J E )  = ~ f c . "  = zf*'p(E). 
Furthermore, f,,, can be expressed in terms of the p-projected DOS ( N p ( E ) ) ,  i.e. 

where Y, is a solution of the radial Schrodinger equation for the target atom s-core 
state. Inside the muffin-tin sphere of the target atom, Q, is a regular p-solution of 
radial Schrljdinger equation, and outside the muffin-tin sphere, Y, is given by 

1 
Y,(E,r)  = [eos6,(E)]jp[(E- Vo)zr] - [sin6,(E)lnP[(E- V0)'"r] 

where b,(E) is the p-phase shift and Vo is the muffin-tin zero of the potential. Because 
(@rlrl@s) cg (YplrlPp), the actual size of the muffin-tin sphere is of little importance 
in computing (@JrIYElp). 

Therefore, the x-ray absorption cross section due to the dipole transition may be 
simply obtained from the pprojected DOS of the target atom (Ti) and terms dependent 
only on the potential, such as phase shifts. 

To see the size of the quadrupole transition contribution to the pre-edge features 
in the Ti K-edge x-ray absorption spectrum, we have also calculated the quadrupole 
cross section within the multiple scattering theory [13], using the muffin-tinized self- 
consistent LMTO-ASA potentials. The calculations were carried out in the cluster 
approximation with a quadrupole adapted version of the Durham-Vvedensky program 
1151. A cluster offour shells centred at the Ti site was used. The cluster used is perhaps 
not large enough to take the solid state effects (or band effects) fully into account. 
However, the significant features (if any) due to 'dipole forbidden' transitions such as 
1s -+ 3d or Is + 4s, should show up in these quadrupole calculations. 
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Figure 4. (e) Site-decomporednnd ( 6 )  Ti Ldecomposed DOS functions above the 
Fermi level. The arrow in (6) indicates the energy position of the maximmi of the 
theoretical x-ray Spectrum (see figure 5 ( a ) ) .  

4.2. Results nnd discussion 

The x-ray absorption cross section calculated from the DOS (equation (3)) with an 
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energy convolution of 1.3 eV is shown in figure 5(a). Only the features before the 
absorption edge and the edge itself have been calculated since the results at  the higher 
energies are less reliable (as mentioned in section 3.3). The calculated XAS cross section 
due to electric quadrupole transitions is not shown here because it is negligibly small 
(less than 0.5% of the edge intensity). 

' " I "Energy(eVJ 

ib) 
Ti K edqe in Ti07 

0 
c 

0 

4950 4960 4970 4980 4990 5000 5010 
PHOTON ENERGY [ e V I  
I l l  
I -  I I 
0 10 20 N 

Figure 5. (a)  The calculatedx-rayabsorptioncmsssectiondue to theelectricdipole 
transitions (see section 4). the arrow indicates the en= position of the maximum 
on the adecomposed D O S  function (see figure 4(b)). ( 6 )  Experimental spectrum 
together with important parametem for comparison with the calculation. 

The most puzzling features in the XAS at the Ti K-edge in TiO, have been the 
first transitions just before the main edge. The intensity of these pre-edge features 
is remarkable, reaching about 14.3% of the full edge intensity [lG]. From the atomic 
point of view, they can only come from the 'dipole forbidden' T i  1s -+ 3d transitions. 
However, the intensity of these quadrupole transitions is expected to be very weak, as 
is confirmed by our quadrupole calculations. Therefore, the pre-edge features cannot 
be due to the 1s -t 3d quadrupole transitions. I t  is thus suggested that some of these 
pre-edge features may result from the 'band' effects. From the band point of view, 
in non-cubic solids such as TiO,, a significant component of p-symmetry (the B,, 
symmetry in the DZh point group, the Ti site symmetry group) may be due to a weak 
anti-symmetric combination of neighbouring Ti 36 (or 4s) orbitals and the 4p orbitals 
of the central T i  atom. This explains the discernible pre-edge features found in our 
dipole XAS (figure ~ ( I I ) ) .  

We note that there are two interesting features appearing in the pre-edge region 
of the theoretical XAS (figure 5(a)). The first maximum at about 2 eV corresponds 
to the transitions to the first conduction hands. I t  is followed by a plateau centred at  
about 5 eV. The intensity of this feature is high, reaching 16% of the edge intensity. 
Since the conduction bands are of mainly T i  d character (as shown in figure 4(b)), 
these interesting features arise from the small Ti p-component (about 1.6 and 4.5%) of 
the conduction bands due to the Ti d-p mixing mentioned above. The intensity of this 
feature is enhanced by the strong energy localization of the d-dominated conduction 
bands (see figure 4 ( b ) ) .  
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Another feature appears at about 10 eV. The intensity of this second feature 
is nearly the same as the previous one. This feature arises from the transitions to 
the bottom of the higher conduction bands where a rather large Ti s-p mixing is 
found. The main structure (i.e the absorption edge) peaks a t  16.4 eV (as indicated in 
figure 4(6) by an arrow) and merges with the second pre-edge feature. 

Comparison of the calculated and observed (shown in figure 5 ( b ) )  x-ray absorption 
spectrum reveals several interesting discrepancies. First, three peaks in the observed 
spectrum are clearly separated from the edge (Al-A3) whilst only two are found in 
the calculated spectrum. One may assign the observed peaks A2 and A3 to the elec- 
tric dipole transitions to  the conduction bands, as revealed in our calculated spectrum 
(figure 5(a)). Indeed, the intensities and the widths of these features in the calculated 
and observed spectra are in good agreement. The energy gap between the first fea- 
ture and the main peak in figure 5 ( a )  (14.1 eV) is also in good agreement with the 
separation between A2 and C1 (15 eV). However, the shapes are somehow different. 
The first observed peak (AI) appears to be unaccounted for within the present dipole, 
one-electron approximation. Secondly, the calculated absorption edge is different from 
the experimental one, i.e. a shoulder (B) appears clearly in the unmeasured spectrum 
which is absent in the former. This structure is therefore not due to the dipole transi- 
tions. I t  was suggested in the past that feature B may arise from quadrupole 1s i 4s 
transitions. However, i t  has been shown in this work and elsewhere [17, 181 that the 
magnitude of the quadrupole transitions is much too small to account for the observed 
shoulder B. This gives some support to the assumption that shoulder B is perhaps 
related to the presence of the core hole potential. 

5. Couciusiou 

The electronic band structure of rutile TiO, has been calculated using the LMTO 
method. The results of this calculation show, among other things, that there is strong 
mixing between Ti  and 0 in the valence band region. This contradicts the general 
assumption often made that TiO, is an ionic compound. The same conclusion has 
also been obtained for other rutile compounds by Svane and Antoncik [14]. Another 
interesting result is the complex nature of the band gap transitions: the direction and 
indirection gap transition are almost degenerate. 

The Ti K-edge x-ray absorption spectrum due to the electric quadrupole transitions 
as well as dipole transitions has also been calculated. Since these calculations are 
based on band structure data, they complement Grune’s interpretation (191 of the 
x-ray spectra with the help of the cluster calculation by Tossel et al [20], and may be 
more reliable close to threshold. 

Comparison of our calculations with experiments suggests that pre-edge peaks A2 
and A3 in the XAS at the Ti K-edge may be satisfactorily accounted for by the band 
theory. These peaks are due to electric dipolar transitions (1s -+ 4p) to states in which 
the non-cubic environment aIIows state density of p character to be formed from a 
combination of Ti d-orbitals. Nevertheless, other pre-edge features such as peak A1 
and shoulder B cannot be explained within the band model with the dipole approxi- 
mation. Our quadrupole calculations show that they are not due to ‘dipole-forbidden’ 
transitions such as Ti Is -+ 3d, either. Further calculations taking those many-electron 
effects not included in the present band theory (core hole effects, multiplet effects, etc) 
into account may be useful in elucidating the origins of these pre-edge features. 
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