PHYSICAL REVIEW B VOLUME 55, NUMBER 16 15 APRIL 1997-II

Ti and O K edges for titanium oxides by multiple scattering calculations:
Comparison to XAS and EELS spectra
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Theoretical simulations and interpretations of x-ray-absorption near-edge data at the Tikardiges in
titanium oxides, rutile, and anatase, have been performed in the framework of full multiple scattering theory
and a tight-binding linear muffin-tin orbital band-structure method. Good agreement between experimental data
and theoretical calculations is obtained, especially in the preedge region of Kxe@dge spectrum which is
interpreted in terms of mixing between the central Hi and neighboring Ti @ orbitals in octahedral coor-
dination. It is concluded that the positions of these latter Ti atoms relative to the photoabsorber influence in a
noticeable way the intensity, width, and position of the features in the preedge region, which mainly originate
from dipole transitions. Previous work on the subject is reexamined in the light of the present findings.
[S0163-18297)01215-0

[. INTRODUCTION sities and all transition structures; moreover their interpreta-
tion was not completely satisfactory, as will be discussed in
Titanium oxides display very interesting chemical andthe following. Both band-structure and MS calculations
electronic properties in the field of catalysis, geological sci-showed that the contribution of quadrupole transitions to the
ence, and higff, superconductivity.* Several titanium preedge intensity is not significariess than 0.5% of the
compounds have been investigated experimentally and thedipole contributiof.
retically by x-ray-absorption spectroscop¢XxAS) and On the other hand, Uozuret al1® adopted a Tj,O4 clus-
electron-energy-loss spectroscapy* The interpretation of ter model[see Fig. 8a)] with a total Hamiltonian including
Ti and OK-edges structures presents an interesting problenguadrupole transition, theslcore hole-8 electron interac-
especially in the so-called preedge region, and is still controtion, and the on site electron repulsion on the central absorb-
versial. We summarize the experimental results from Ref. ing atom. With a reasonable choice of the set of parameters
in Fig. 1 where TiK-edge x-ray-absorption near-edge struc-appearing in the Hamiltonian and calculating only about 6
ture (XANES) spectra in both rutile and anatase are shown ireV of the preedge region, they obtained a good agreement
the left panel, and the right panel contain&k@dge experi- with experimental data. These authors have argued that the
mental electron-energy-loss near-edge struc{EENES)  featureAl is essentially due to a quadrupolar transition to
data. We also present in Fig. 2 the molecular orbitaD) 3d states oft,; symmetry on the central atom, which are
energy level diagram often used in previous work to interpreenergetically shifted down from their unperturbed position
absorption data. by the 1Is core-hole potential in a kind of excitonic mecha-
In previous band-structure calculatioffs:}*>the two pre-  nism. However in their model not all the ingredients of the
peaks labeledd3 andB in the Ti K XANES spectra have relevant band structure were taken into account, since the
been assigned to theslransitions to the,, andey bands 4p Ti states were neglected.
which do not contain solely titanium character, due to the Angle resolved experimental XANES studies at Ki
hybridization of Ti 3 and 4p orbitals on different sites in edge in TiO, (rutile)”*® showed that preedge structures are
the conduction band regidn. FeaturesA1l and shoulders angular dependent. In particular, the first pédkcontains a
C2 andC3 on the higher energy part of raising edge haveB,y component ofd orbital symmetry.
not been interpreted satisfactorily in these studies. Brydson In order to shed light on the type of transition involved,
et al” and Ruiz-Lopez and Munoz-Pdézried to simulate we present a series @b initio full multiple scattering cal-
all experimental data using a multiple scatteritMS) ap-  culations of the XANES spectra at the Ti andkOedges for
proach with various potentials, but their computations fail torutile and anatase compounds by using different choices for
give the good energy separations, the correct relative interthe cluster size around the photoabsorbing atom. In this way
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FIG. 1. The experimental curves obtained by
Brydson et al. (Ref. 7). Left panel: Ti K-edge
XANES spectra for rutile(a) and anataséb);
right panel: OK-edge ELNES spectra for rutile
(a) and anataséb). The peak positions are given
in Table Il
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we try to connect the specific atomic arrangement and theonvolution to account for inelastic losses of the photoelec-
electronic structure of each titanium oxide with the position,tron in the final state and the core hole width. The total width
sharpness, and intensity of the various features in the olef the Lorentzian is given byl'\(E)=2ImX%(E)+T,,
served spectra. We also calculate the projected density afhere X(E) is a volume averaged value of the Hedin-
states derived on the basis of the tight-binding linear muffinLundqvist (HL) exchange and correlation potentiaelf-
tin orbital (TB-LMTO) band-structure method. From a com- energy 3,(r,E) over the unit cell of the compound, as sug-
parison between the different approaches, we try to reacjested by Penff We have chosen the muffin-tin radii
some conclusions about the assignments of the various spegccording to the criterion of Norma#,and allowed a 10%
tral features. overlap between contiguous spheres to simulate the atomic
bond. The use of th&Xa exchange-correlation potential is
Il METHODS OF CALCULATION not a limitation, since at_Iow energig¢around _30 eV aboye
the onset of the absorption, the energy region we are inter-
All MS calculated XANES spectra are based on the oneested in this potential and the real part of the HL one
electron MS theory?~2* with XANES CONTINUUM cod€®  roughly coincide if the constant is appropriately chosen. In
which has been widely and successfully used to interpret thany case we have checked that for the biggest cluster calcu-
x-ray-absorption spectra in a variety of systéfh§Ve use lations the two procedureg.e., use of theX— a potential
Mattheis$’ prescription to construct the cluster density andfollowed by Lorentzian convolution and use of the complex
obtain the Coulomb part of the potential by superposition ofHL self-energy give substantially identical results.
neutral atomic charge densities using Clementi and Roetti Density of stategDOS) calculations were performed us-
basis set table€ For practical reasons we use the energying density-functional theoryDFT) within the local density
independenXa type of exchange followed by a Lorentzian approximation(LDA). For solving the one-electron Schro
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FIG. 3. (a) Tetragonal coordination structure of rutile. The small ]
open sphere represents Ti and the big black one is oxygen. Connec- 7. | —
tion between central Ti atom and surrounding ]}, Ti2 (c), and 0 10 20 20
Ti3 (d) atoms is illustrated. ENERGY (eV)

dinger equation self-consistently we used the tight-binding FIG. 4. Theoretical XANES spectra at the Ki edge in the

representation of the scalar-relativistic linear muffin-tin or-rutile compound as a function of cluster size by using Xke po-

bital (LMTO) method in the atomic-spheres approximationtential: () 7 atoms,(b) 25 atoms(c) 51 atoms, andd) 93 atoms.

(ASA) with the so-called combined correctidH® The

usual LMTO-ASA criterion of totally filling the crystal vol- €nergy range of about 10 eV above the Fermi level, one can

ume by atomic spheres was us@e., the sum of all sphere be rather confident that the calculated DOS reflects the one

volumes is equal to the unit cell volumeThe Wigner- calculated with the true HL potential. This conclusion is also

Seitz's atomic sphere radii have been determined by usingom out by comparison with our cluster calculations, which

the automatic procedure described in Ref(1In this pro-  Yield similar DOS structures, as shown in the following. Of

cedure, the sphere radii are chosen under the requireme@@urse the real problem in transition metal oxides is the in-

that the superposition of the spherical potentials be the be#toduction of electron correlations in the band calculation

possible approximation to the full potential. The usual con-which nowadays is implemented via the LDA Hubbard U

dition to get a high precision of the calculation is that theapproact?> However, being only interested in the gross fea-

radial overlap of any couple of spheres is no more than 15%ures of the absorption spectra in rutile and anatase and in

of the distance between the centers of the spheres, which Relping to resolve some controversial assignments, we have

satisfied here by using empty site spheres. The atomic partiéiot felt that this was necessary.

waves used in the calculations wers, 44p, and 3 for Ti

atoms, 3, 2p, and P for O atoms and & and 2 for the IIl. RESULTS AND DISCUSSION

empty spheres. However, thes Zind 3 O states, and 2 _ ,

empty-sphere states were not directly included in the basis A. Ti K edge for rutile

set but “down-folded” using Lavdin's perturbation tech- Rutile has a tetragonal structure, the unit cell containing

nique incorporated in the TB LMTO-ASA cod&® The  two titanium and four oxygen atoni&ig. 3a)], with lattice

k-space integrations were performed with the tetrahedromonstantsa,=4.594 A andc,=2.959 A% The coordinating

method®(9) 1001 irreduciblek points were included in the oxygen octahedron around the titanium atom is slightly dis-

cycles towards self-consistency and 801 points were used torted with two different bond lengths: two Ti-O distances at

generate the densities of states. about 1.9803 A and four others at 1.9487 A. The point group
LMTO-ASA calculations have been used for a long time symmetry with respect to the Ti site B,,. In Fig. 4 we

on oxides, e.g., on@transition metals monooxid&$® and  report the theoretical calculations of K-edge XANES

more recently on high-, cuprates?(”) Strictly speaking, spectra for rutile by using fully relaxed final state potential

DFT with local density approximation provides the eigenval-obtained within theZ+ 1 approximatiof* and four different

ues of empty states which are not actual quasiparticles enetluster modelg7, 25, 51, and 93 atomsip to size conver-

gies. However, one can be reasonably confident in DOS caljence. The last one contains all atoms witiA from the Ti

culations just above the Fermi levElas is the case in this photoabsorber taken as the center of the cluster.

study all the more that previous results obtained for,Ta8d For a Ti central atom, the first shell, including six oxygen,

LiTiS , (Ref. 39 support this point of view. The reason for gives rise to a broad peak which corresponds to transition to

this is that the local density exchange-correlation potential inli p-like final states. After adding the second shell made of

LDA calculations is nothing else that the HL self-energy Ti atoms, the prepeakl appears indicating that this feature

calculated at or near the Fermi level for occupied states. Dueeflects transitions to Ti g mixed with 3d orbitals of this

to the slow variation of this latter for states lying in the higher Ti coordination shell. In order to illustrate its origin,
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FIG. 5. MS calculations of the TK-edge XANES in rutile(a)
Simplified atomic cluster: central Ti plus ten surrounding Ti atoms  FIG. 6. MS calculations of the TK-edge XANES in rutile(a)
(two at 2.959 A and eight at 3.569)Ab) Simplified atomic cluster:  Normal 93-atom cluster as used in Figd# (b) Simplified cluster
central titanium plus 14 oxygen atonffour at 1.948 A, two at calculation with the same size as used @r(93-atom cluster but
1.980 A, four at 3.487 A, and four at 3.560).Ac) The same as by taking into account solely two Til at 2.959 A in the second Ti
curve (b) in Fig. 4. shell(i.e., suppressing four Ti2 and four Ti3 at 3.569 A as shown in
Table ). (c) The same agh) but only taking into account four Ti2
gtoms(suppressing two Til at 2.959 A and four Ti3 at 3.560 @)
The same agc) but taking into account four Ti3 as shown in Table
| (suppressing two Til at 2.959 A and four Ti2 at 3.569 A from the
clustey.

we present in Fig. 5 two calculations compared to the abov
25-atom cluster result. A simplified 11 Ti atoms cluster, i.e.,
central Ti plus the already considered Ti shell, two Til at
2.959 A, four Ti2 and four Ti3 at 3.569 A as tabulated in
Table | and shown in Fig. 3, already gives rise to a sharp

peakAl, whose intensity is due to direct Ti-Ti interaction, and the energy separation of tihel and A3 components,
and a relatively weald3 structurgcurve (a)]. Similarly the  giving rise to the absorption spectrum shown by cufsie
intense feature at about 7 eV in curi@ is due to a direct These findings point to the fact that the pre-edgdoublet is
Ti-Ti interaction without the intervention of the surrounding due to the interaction of the central Tip4orbitals with
oxygen ligands. On the contrary, a simplified 15 atoms clushigher-neighbor Ti 8 orbitals, but also show that a 25 atom
ter, central Ti plus 14 oxygen, does not show any feature ircluster is insufficient to reproduce the observed spectral fea-
this region[curve (b)]. The lack of peakA in this latter tures.

calculation confirms that its presence is to be associated with The spectral modification observed in passing from a 25-
the existence of unoccupied states made up of mixedpTi-4 to 51-atom cluster is very striking and interesting: a new
orbitals with higher-shell Ti-8 orbitals. However full MS peak arises on the high energy side of faeloublet and at
effects in the 25 atom cluster severely modify the intensitythe same time the intensity and energy separation of the

TABLE I. Coordinates and interatomic distand@sA) in a 4 Aradius cluster around a Ti photoabsorber.
Only symmetrically nonequivalent atoms are included. The point group®gfeand D,y for rutile and
anatase, respectively. Theaxis is along the axis of the compounds.

Atom X y z Dist. Atom X y z Dist.

TiO,-rutile TiO,-anatase

Tix1 0.0000 0.0000 0.0000 0.0000 X1 0.0000 0.0000 0.0000 0.0000
Ox4 0.8968 —0.8968 1.4795 19487 ©4 13378 1.3378 0.3986 1.9335
Ox2 1.4003 14003 0.0000 1.9803 @ 0.0000 0.0000 1.9799 1.9799
Tilx2 0.0000 0.0000 2.9590 2.9590 W#¥ 1.3378 1.3378 2.3785 3.0392
Ox4 14003 -—3.1937 0.0000 3.4873 T4 2.6757 2.6757 0.0000 3.7840
Ox4  1.4003 1.4003 29590 35605 @ 0.0000 2.6757 2.7771 3.8564
Ti2x4  2.2970 2.2970 1.4795 3.5695

Ti3x4 22970 —2.2970 1.4795 3.5695

0O ~NOO O WN P
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TABLE Il. Qualitative assignments of all transition peaks in MS calculations and experimental Ti
K-edge XANES and K-edge ELNES spectra of TiOpolymorphs.AE,,, is from Ref. 7.

Rutile Anatase
Peaks AEys?®  AEg, Assignment® AEys?®  AEg Assignment®
Ti K edge(eV)

Al —-2.8 -3.1 bog.84,b35 (3d-4p) -2.8 -3.2 b,,e (3d-4p)
A2 -1.36 -1.3 b,,e (3d-4p)
A3 0.0 0.0 ag,b1g (3d-4p) 0.0 0.0 b,,a; (3d-4p)
B 2.2 3.0 ag (4p-4s) 2.6 2.3 a, (4p-4s)
Ci1 5.6 6.1 by, (4p,)

Cc2 9.5 8.6 boy (4py) 8.2 7.5 bs; (4p,)
C3 13.8 12.6 bs, (4py) 11.0 11.1 e (4px.4py)
D1 16.2 15.6 higher-lying np 17.2 15.9 higher-lying

O K edge(eV)

Al —2.35  —258  by,a,by (3d-2p) -27 -2.58 b, ,e(3d-2p)
A3 0.0 0.0 ag,b1y (3d-2p) 0.0 0.0 by,a; (3d-2p)
c1 4.85 6.42 by, (2p-4p)

c2 9.35 9.02 by, (2p-4p) 5.44 5.42 bs (2p-4p)

c3 12.15 11.42 ba, (2p-4p) 11.8 10.92 e (2p-4p)

8AE is aligned by setting peaks to zero on energy scale.
®The majority character of the conduction band states is given first.

components of théd doublet modify in such a way as to are reasonably well reproduced in the last large cluster cal-
resemble more closely the experimental spectfiim. 4(c)]. culation, not only in relative intensities but also in energy
The reason for this is rather clear. One needs to take inteeparationgsee Table . This points out that a 93-atom
account higher coordination neighbaithe next-nearest Ti cluster is sufficient to describe bulk properties and that the
shell plus surrounding oxygen atojmns order to construct prepeaks are, at the same time, very sensitive to the
the appropriately hybridizetl,4-like and eg-like molecular ~ “medium-range” order of the solid. They might therefore be
orbitals around each Ti atom in the cluster which are mada&ised to monitor such order.

up of 3d metal orbitals and @ oxygen orbitals. The 51 atom In order to be able to identify the origin of the third peak
cluster in fact already includes enough oxygen around Tilin the preedge region and at the same time obtain a confir-
Ti2, and Ti3 to form octahedra whose orbitals mix with the mation for the assignment of featurd4 andA3, we present

4p states of the central atom. Furthermore, these neighborinig Fig. 7 the calculated DOS just above the Fermi lezel
octahedra strongly interact with each other and cause mdsased on a TB-LMTO band-structure calculation, which has
lecular orbitals to overlap, forming extended energy banddeen widely used for this type of systefisAs is well

and modifying their energy position. Figure 6 shows the 93«nown?® in MS calculations the absorption coefficient is
atom cluster calculation compared with calculations showingproportional, through a smoothly varying radial matrix ele-
the scattering contributions from each of the three differentment, to the density of states, projected onto the photoab-
titanium neighboring subshelisee Table)l The cluster size sorbing atom and relative to the angular momentum allowed
is identical in all cases and each time we just remove fronby the dipole selection rule, of the cluster sampled by the
the cluster the Ti atoms in the chosen subshell, e.g., in Figexcited photoelectron due to its limited mean-free path in the
6(b) we suppress four Ti2 and four Ti3. We can see that thdinal state. The origin of the energy scale has been arbitrarily
two Til at 2.95 A[Fig. 6b)] contribute to a broad peak fixed at Fermi levelE;. There are three peaks in the Ti
A3; the four Ti2 at 3.5695 AFig. 6(c)] contribute to a part p-projected DOS corresponding &, A3, andB observed

of A1 as well as toA3; the four other Ti3 at the same in the XANES spectrum and MS calculations. From the cor-
distance but at different positioisig. 6(d)] also contribute respondingd-projected DOS one can easily conclude that
to both peaks. All these three Ti subshells give differentfeaturesAl and A3 are due to dipole transitions to Tip4
contributions toAl andA3 peaks by the different ways of states hybridized with crystal field split Tid3orbitals on
hybridization between their & octahedral orbitals and the neighboring Ti atoms, i.e., tb,; and e4-like band states.
central Ti 4p orbitals. The final result of the 93 atom cluster Peak B has mainly p character as shown by the Ti
for the pre-edge region is approximately obtained by sump-projected DOS so that it can be assigned to the transition
ming the individual scattering contributions from these tento central atom ¢ orbital hybridized with neighboring Ti

Ti atoms. The average energy separation of the prepealds and/or O 2 ag-type orbitald® as suggested by the or-
Al andA3 almost coincides with the crystal-field splitting of bital diagram sketched in Fig. 2. On the basis of the same
thet,, andey orbitals (see below All features observed in  diagram, one can assign featur€d, C2, andC3 to Ti

the experimental spectrum, especially in the preedge regiodp states withb,,, b,,, by, character, respectively, hy-
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FIG. 7. The last model calculation as used in
Fig. 4(d) (93-atom clusteras a function of poten-
tial: full relaxed final stat€solid line) and ground
state(dash line potential. The inset gives the the-
oretical TB-LMTO Ti p-DOS (lower curvg mul-
tiplied by 30, d-DOS (middle curve and total
unoccupied DOSupper curve
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bridized with O 2 states of the same symmetry. Finally the  More in detail, in Ref. 16 a Hubbard model has been
main peakD1 is associated with electronic transitions to considered for a Tj;Og cluster with 3 states of the relevant
higher-lying p states’''2 The presence of peak82 and Symmetry on the Ti atoms andp2states on the oxygen at-
C3 in the one-electron MS calculations, which neglectoms. However # states, which have been shown to be im-
many-electron effects, indicates that their assignment t®ortant for the appearance of peak B, were not included.
1s—4p shakedown transitioh$seems unnecessary. Moreover the cluster con;idr—gred was not sufficient, as di;-
We present also ground state potential calculations, whicGussed above. Even considering the presence of the attractive

ignore core-hole relaxation effectdash line in Fig. ¥ and potential in the final state due to the core hole, this by itself
which in the preedge region is almost identical with fully would not be sufficient to create the excitonic effect invoked

relaxed excited potential calculations. This finding is not sur-" Ref. 16. One should in fact consider that in these com-
nds the back-bonding mechanism acts in such a way that

L . : u
prising since Fhe preedge_ features reflect the densny_ of Sta.t%%)e Ti atoms in the solid are almost neutral, possessing there-
associated with the medium-range order of the solid, as il;

fore nearly two electrons on average of partidl Gharacter.

Iustrateq above, so tha_t they should be rr_:lther insensitivel t"Phe Coulomb repulsion of the third excited electron might
the details of the potential on the central Ti atom. All experi- X
therefore compensate for the core-hole attraction. In the

mental peak positions in the K-edge spectrum are tabu- : ) .
lated in Table Il and compared with those calculated on th(gnOdGI used in Ref. 16, due to the separation of the dipolar

basis of our MS calculations. They are all referred to peal and quadrupolar Hamiltonians, not enougth 8ectrons on

A3 which therefore has been taken as the energy origin. he central Ti atom were allowed. Therefore the intrasite re-

The present assignment for the preedge region is at avar?ulsmn was underestimated. It is very likely therefore that

ance with that suggested in Refs. 15 and 16, where peal%gere is no down shift of the quadrupolar component. As a

A3 andB are associated with dipole transitionstig and consequence we are led to believe that the experimentally

. observed quadrupolar transition falls nearly on top of the
ey-like band states, whereas peaik and a small compo.n.ent dipolar one, as experimentally seems indeed to be the'fase.

3d stat th tral absorbi i fth Crhe only unexplained feature at the moment is the unexpect-
states on the central absorbing atom ot the same symm%—dly strong intensity of the quadrupolar transition which

try (toq andey, respectively, shifted down in energy by the might be phonon assisted, as the dipolar one. A further con-

attractive core-hole potential in the final state. firmation for our present assignment of featutds A3, and

Even though one cannot excludeprion the presence of B will also come from the comparison with the K-edge
a quadrupolar transition in the preedge regibaot our cal- spectra

culated intensity for it is less than 1% of the dipolar prvee
are rather reluctant to accept this kind of assignment. The
main motivation in Ref. 16 for invoking a kind of excitonic
down shift for the quadrupolar transition was the presence of Anatase has a tetragonal structure containing twelve at-
only two peaks in the calculated one-electron DOS. Howeveoms per unit cell with lattice parameteag=3.784 A and

we have shown that this is not the case, both in our full MSc,=9.514 A3’ The titanium atom is coordinated with six
calculations(which reproduce other similar calculatidrid oxygens at two different Ti-O distances: four at 1.934 A and
and in the band-structure calculations. two others at 1.980 A. The atomic cluster, described in Table

B. Ti K edge for anatase
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Ti K-edge

D1

FIG. 8. Theoretical computations of XANES
spectra at TK edge for anatase. Left panel: 91-
atom cluster contribution. The inset gives the the-
At Az A8 g oretical TB-LMTO Ti p-DOS (lower curvg mul-
tiplied by 35,d-DOS (upper curvé Right panel:
(a) Simplified cluster calculation with the same
size as used in left pan@1-atom cluster but by
taking into account solely four Til at 3.039 A
(see Table)l (i.e., suppressing four Ti2 at 3.784
A from the 91-atom clustér(b) The same a&d)
but taking into account the contributions of four
Ti2 at 3.784 A(suppressing four Til at 3.039 A
(a from the second shell in the 91-atom clustéc)
T T P e e N The same as the curve in left panel in energy
5 0. 5 10 15 2 25 5 0 5 10 15 region—5-15 eV.
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| up to 4.0 A, hasD,4 point group symmetry. In the left C. OxygenK edge for rutile and anatase

panel of Fig. 8 we present the computedkedge XANES In electron-energy-loss spectra one measures dipolar tran-
spectrum relative to a 91-atom cluster which has reached siz§tions similar to those probed by XAS, provided the signal
convergence. It can be seen that all experimental features aj& collected at small scattering angles off the incident elec-
reasonably well reproduced as illustrated in Table II: thregron beam. The interpretation of ELNES follows therefore
prepeaksAl, A2, andA3, corresponding to transitions to similar lines as that of XANES® In Fig. 9 we present MS
3d-4p hybridized states, structus which has basically the calculations of the (K-edge spectra in the case of rutile,
same origin as peak in rutile, assigned to transition ta, using different cluster size@, 15, 28, 43, and 61 atoms
type of orbitals, feature€2 and C3 again related to @ The atomic cluster around the central O opatA is shown
levels of b; and e symmetry appropriate for anatase andin Table Ill. For a four atom cluster, consisting of an O
peakD attributed to higher-lyingp orbitals. The inset con- central atom plus the first coordination shell of three Ti at-
tains the DOS just above the Fermi le@las shown in Fig. OmMS, one already obtains a prepegkwhich is however not

7. Reasonable agreement is achieved with MS cluster calc§Plit into two components. This feature reflects transitions to
lation: peaksA1-A3 arise dominantly from the hybridiza-

tion of 3d-4p orbitals, and featur® has mainlyp character. LA LI L L L L L
It is worthwhile noticing that there are three preedge peaks of - A1 A3 .
the A type at a variance from the rutile case. In order to L
understand the origin of this extra peak, in the right panel of
Fig. 8 we present two different calculations which take into
account separately the contributions from the two second
neighboring Ti subshellé&see Table)l Clearly the four Ti at
3.039 A contribute to features1 andA2, while the four Ti

at 3.784 A contribute tcA1 and A3. Their sum is almost
equal to the 91 atom cluster calculation as shown by curve
(c). At variance with the rutile case, here there are ®yo
peaksA2 andA3, reflecting not only crystal field effects but
also a different degree of hybridization with the central Ti
4p orbitals due to the different distance of the two Ti shells.
As pointed out in Ref. 12 this distance-dependent hybridiza-
tion mechanism can also be invoked to explain why the
preedge intensity in the case of anatase is lower than in
rutile. In fact the amplitude for thp character of the central
atom wave function decreases for increasing values of the
Ti-Ti distances, which are indeed expanded in anatase com-
pared to rutile. Notice also that in this case transitions to
3d on the central Ti atoms are dipole allowed. They are
taken into account by the MS calculations but do not seem to FIG. 9. MS calculations of the oxygefi-edge XANES spectra
contribute much to the preedge intensity. in rutile as a function of cluster size.

c3 1
61-atom _|

43-atom
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TABLE lIl. Coordinates and interatomic distandg@s A) for the atomic clusters around photoabsorber O
up to 4 A. Only symmetrically nonequivalent atoms are included. The point gro@p,ifor both rutile and
anatase. The axis is along thes axis of the compounds.

Atom X y z Dist. Atom X y z Dist.
TiO ,-rutile TiO,-anatase
1 O X1 0.0000 0.0000 0.0000 0.0000 @1 0.0000 0.0000 0.0000 0.0000
2 TiXx2 0.0000 1.4795 1.2682 1.9487 X2 0.0000 1.8920 0.3986 1.9335
3 Tix1 0.0000 0.0000 —1.9803 1.9803 Tkx1 0.0000 0.0000 —1.9799 1.9799
4 O X1 0.0000 0.0000 25364 25364 X2 0.0000 1.8920 —1.5812 2.4658
5 OX4 12682 14795 —1.9803 2.7783 0Ox4 1.8920 1.8920 0.7973 2.7919
6 O X4 19803 1.4795 1.2682 2.7783 X2 1.8920 0.0000 —2.3785 3.0392
7 O X2 0.0000 2.9590 0.0000 2.9590 X2 0.0000 1.8920 2.3785 3.0392
8 O X2 3.2484 0.0000 —0.7121 3.3255 ©Ox<2 1.8920 0.0000 3.1758 3.6967
9 Tix2 3.2484 0.0000 1.2682 3.4872 X2 3.7840 0.0000 0.0000 3.7840
10 Tix2 0.0000 2.9590 —1.9803 3.5605 O<2 0.0000 3.7840 0.0000 3.7840
11 Ox2 0.0000 2.9590 25364 3.8973 X4 1.8920 1.8920 27771 3.8564
12 Ox1 0.0000 0.0000 —3.9605 3.9605 O©Ox1 0.0000 0.0000 —3.9597 3.9597

the O 2p states hybridized with the TiBstates localized at bitals electrostatically split by the local octahedral crystal
the Ti sites>® Experimentally this peak splits into two com- field, as found in other @ transition-metal oxide&?*2
ponentsAl andA3. de Grootet al* have interpreted these ~ We present in Fig. 11 a comparison between the fully
two peaks as due to dipole transitions to band states dklaxed final statéoy Z+1 approximatioff) and the ground-
t,g-€, Symmetry separated by the “ligand-field splitting.” state potentials calculations. There is no significant differ-
The splitting is in fact reproduced by our MS approach whergnce between them apart from a slight rigid energy shift of
using larger clusters as shown by the 28-, 43-, and 61-atorabout 0.5 eV of the entire spectrum. This result indicates that
cluster calculations, respectively. In order to better illustratd"® Preedge peaksl andA3 cannot be ascribed to the for-
its origin, we present in Fig. 10 a simplified 20-atom clustermation of core-exciton states split down from the conduction
calculation(see Table Il], which contains the central O, its and. .

nearest three Ti atoms, and the outer neighboring 16 oxygen The featureslill, c2, _andp3 can be attributed t(ég%ygen
atoms that provide exactly an octahedral environment fogP States hybridized with titaniumstand 4p states™™ of
these three Ti. The doublet labeldd andA3 is very well € right symmetry. Notice that the point group symmetry is
defined. This is further evidence, once again, that the split-
ting of the preedge peak in anion spectra is due to the hy-
bridization of the oxygen R orbitals with the metal 8 or-

Illllll ||||||
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T T T T T T
O K-edge
Excited-pot

A3

Simplified 20-atom cluster

CTTTTTTITTEILTY
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NORMALIZED ABSORPTION
NORMALIZED ABSORPTION
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FIG. 10. MS calculations of &-edge XANES spectra in rutile
by using a simplified 20-atom cluster: central oxygen plus the near- FIG. 11. Comparison between MS calculations of the oxygen
est three Ti and 16 oxygens as shown in Tablgnbt taking into  K-edge XANES spectra in rutile by using different potentials. Up-
account the contributions of two Ti at about 3.487 A and 3.560 A per panel: excited final state potential; lower panel: ground state
respectively. (G9 potential.
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IV. CONCLUSIONS

We have carried out a detailed theoretical investigation of
Ti and O K-edges XANES/ELNES spectra for both rutile
and anatase. We have obtained good agreement with experi-
mental data using one-electron full MS calculations. Since
our one-electron MS theory includes only the dipole-allowed
transitions, the good agreement between experimental data
and theoretical calculations indicates that all the peaks ap-
pearing in the spectra of Ti and R edges correspond to
transitions to states which have at least a significant amount
of p symmetry. In fact, for the TK-edge absorption, sym-
metry considerations show that tpeorbitals of the central
Ti atom can mix withd orbitals of the higher-neighboring Ti
octahedra. Even in the centrosymmetric systems such com-
binations can give rise to charactet?***The first nearest-
neighbor geometrical arrangement around a central atom in
both rutile and anatase is quite similar as shown in Table |
~ FIG. 12. MS calculations of the oxygétredge XANES spectra  anq Taple I1l. Then the differences in the Ti andkGedge
in anatase by using 47-atom cluster. XANES/ELNES spectra should arise from the outer-lying

atomic shells, indicating that the long-range effects play an

C,,. From the MS point of view their origin can be moni- important role in determining the near-edge structd?és.
tored by looking at the various cluster calculations of Fig. 9.We are able to model these differences reasonably well at the
They are indeed the counterpart of the same features as se€nK and OK edges using increasing atomic clusters up to
from the TiK edge and for this reason have been labeled irconvergence and— « exchange-correlation potential.
the same way. This fact allows us to obtain a confirmation of All the transition features in the preedge region of Ti
the spectral assignments of the various features in th&-edge and (K-edge XANES/ELNES spectra are not diffi-
preedge region of the TK-edge spectra. As indeed seen cult to explain by a mixing of § orbital of the absorbing
from Table II, the experimental energy distances between thatom with 3 orbitals of higher-neighboring Ti octahedra or
A and theC peaks in the OK-edge spectra coincide with oxygen 2 states with the nearest Ti octahedral orbitals, re-
those of the corresponding features at th&KTédge. In par-  spectively. In particular, we tend to assign the prepe&ks
ticular this is true for the firsA1 peak. Therefore the spectral andA3 at the TiK edge to transitions tty, andey bandlike
assignment of thé peaks in the spectra of both edges muststates based on the comparison between TB-LMTO DOS
be the same. Since there is no doubt on the assignment ahd cluster MS calculations which take into account the dif-
peakAl at the OK edge as being due totg, bandlike state, ferent contributions from Ti subshells. Comparison with the
we conclude that this is also true at the Kliedge. Notice corresponding (K-edge spectra further confirms these as-
that peakB seems to be missing in the K-edge spectra, signments. The results for anatase both at the Ti and O
probably because it falls into a minimum between %i&  edge are interpreted along similar lines and reinforce the in-
andC1 features. terpretation given for rutile. Finally featuf® has mainlyp

Summarizing, not only the energy positions but also thegharacter and could be assigned to transitions fostates
relative amplitudes of the featurésl, A3, C1, C2, and  pypridized with ay or a; states on neighboring sites, for
C3 at the OK edge are in good agreement with the experi-yile and anatase, respectively, on the basis of the compari-
mental data. The extensive spread in energy of the oxygegy, with TB-LMTO DOS calculations.
2p_ states is an indication of significant covalency in these Summarizing, our conclusions are not very much different
oxides. _ from those reached in Refs. 7 and 12, although we think we

In Fig. 12, we show a 47-atom cluster calculation at Opaye justified more in depth the spectral assignments of the
K edge in anatase. In this case the symmetry point group igarious absorption features. Moreover our calculations are
alsoC,, . Overall the theoretical spectrum is in good agree-jpser to the experimental spectra. We have also argued
ment with experimental data for all peak positions and relazgainst the assignment made in Ref. 16 of the first transition
tive intensities. The peakdl and A3 have basically the featureAl in rutile as due to a pure quadrupole transition, on
same origin as those in rutile. Again peaB2 andC3 arise  tne pasis not only of the comparison with thekOedge and

from transitions to oxygen 2 hybridized with Ti 4p states  gnatase spectra but also of some drawbacks in the particular
of respective local symmetrp; and e in their octahedral Hypbard model used for TiQ

environment. Th&3 distance from thé features is in good
agreement with the same distances in th&Tédge of ana-
tase. However the distan@el-C2 seems to present a prob-
lem here, being 2 eV wider than in the corresponding O
K-edge spectrum. We ascribe this discrepancy to the spread We thank Professor O. Jepsen and Dr. F. Boucher for
in outer Ti shell distances around the central Ti atom inconstructive discussions. This work was supported by a Hu-
anatase. man Capital and Mobility EC gran.Y.W.).
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