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ionic crystal very well. Among these different schemes, the
Electronic structures of the titanium oxide clusters with dif- point charge model is frequently used due to its simplicity.

ferent surroundings have been calculated and the effect of the Until now, many papers have been published based on
rest of the crystal on the electronic structure has been discussed. the point charge model (5–6). However, according to our
As far as the eigenvalue spectra are concerned, a constant knowledge, still no universal approximation schemes have
potential surface is a good approximation for the rest of the been developed to meet the needs of calculation in differ-
crystal, that is, the eigenvalue spectra of the clusters are insensi- ent systems. For example, the point charge approach is
tive to their surroundings, which is discussed on the basis of the

only valid for some completely ionic compounds; nobodycharge compensation and energy cancellation principle.  1996
gives a strict verification that the point charge model can

Academic Press, Inc.
be extended to the other incomplete ionic systems, such
as TiO2 (rutile). The purpose of this paper is to study the
effect of the rest of the crystal on the electronic structure1. INTRODUCTION
of the isolated titanium oxide cluster.

Understanding of the electronic structure of solid mate-
2. CALCULATION METHODrials is always pursued by both theoreticians and experi-

mentalists because the knowledge of the electronic struc-
(i) Ab Initio calculations were performed with theture of solid materials is indispensible for explaining XPS

Gaussian 90 program developed by Pople et al. (7) onand UPS results. Ideally, the electronic structure of solid
Convex. In our calculation, we adopt Willard R. Wadts’materials should be determined for the whole crystal. How-
scheme for Ti and Morris Kraus’s (8–11) for O; namely, weever, it is impossible to include the whole crystal in calcula-
replace the chemically inert core electrons with effectivetions without introducing approximations; because of the
potentials and hence reduce the calculation to a computa-overwhelming CPU time and at the moment, no computer
tionally more feasible and chemically more important va-is sufficiently large to finish this task. The difficulty facing
lence electron problem. Starting with the basis sets theytheoreticians is how to construct a calculational model as
proposed, we adequately enlarge the Ti 3d and O 2p primi-close as possible to the real system. In order to solve this
tive sets (but removed the polarization function from theproblem, Siegbahn et al. (1) proposed to use an array of
original basis set for O) and optimized these basis setspoint charges to approximate the rest of the crystal, so
until the best description was reached for the electronicthat the calculation is performed only on a cluster. Consid-
structure of the TiO28

6 cluster in its singlet ground stateering the charge distribution in the real system, some re-
for which much theoretical and experimental data can besearchers suggest using the wave function instead of the
found from the literature (the controlled parameters inpoint charge array in calculation (2). In order to imitate
optimization are energy gap, valence, and conduction bandthe rest of the crystals, Watson (3) used a charged sphere
compositions).around the cluster and usually obtained results comparable

The geometric parameters are obtained from experi-to experimental results. Victor Luana and L. Pueyo (4)
mental results for the rutile TiO2 structure. The clusterdeveloped the TES (Theory of Electronic Separability)
charge is determined as the summation of the formalmethod and their systematic works demonstrate that the
charge: 14 for Ti and 22 for O.TES method can describe the transition metal ions in an

(ii) The Xa method (12–13) is used to calculate the
radial distribution of the atomic charge density for free Ti,
Ti14, O, and O22 or Ti14 and O22 enclosed in the Watson1 To whom correspondence should be addressed.
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sphere, using the spin restricted scheme. In these calcula-
tions, we do not consider relativistic corrections.

(iii) The Madelung potential calculation (14) is per-
formed by summing the contribution from each point
charge, supposing 14 for Ti and 22 for O.

3. RESULTS AND DISCUSSION

3.1. Ab Initio Calculation on a Series of Titanium
Oxide Clusters

a. Systematic study of the electronic structures of a series
of free clusters for TiO24

4 , TiO26
5 , Ti3O218

15 , Ti4O216
16 ,

Ti4O218
18 , and Ti7O220

24 . According to our knowledge, most
work is performed on the cluster isolated from the massive
materials. Consistency between the theoretical and experi-
mental results encourages researchers to explain their ex-
perimental data based on the theoretical calculation. Tsu-
kada et al. calculate the electronic structures of MgO (15)
and TiO2 (5), using a point charge array to approximate
the rest of the crystal and their result is in accordance with
the UPS measurement. For MgO, most people believe
it is a pure ionic compound, therefore, the point charge
approximation does not introduce significant error in calcu-
lation. However, the validity for TiO2 is in doubt because it
is generally believed that the Ti–O bond has some covalent
character (16); therefore, we must know the effective
charge on each ion in the real crystalline. Some people
suggest we solve this problem by self-consistent charge
calculation. In fact, if we can determine the trend of the
DOS variation with size of clusters, we can draw some
information about the whole crystal by extrapolation.
Based on this idea, we calculated the DOS spectra of
TiO24

4 , TiO26
5 , TiO28

6 , Ti3O218
15 , Ti4O218

18 , and Ti7O220
24 (see

Figs. 1 and 2). It is obvious that from the DOS of
Ti3O218

15 on qualitatively similar DOS are obtained; It is
concluded, therefore, that the DOS of Ti3O218

15 already
FIG. 1. The geometries for the TixO2n

y clusters.reproduce the electronic structure of the whole crystal
quite well. Perhaps the positional order of some states in
each band can be changed due to neglecting the rest of
the crystal, as in the case of MgO observed by Tsukada et b. Influence of the different surroundings on the electronic

structure of TiO28
6 . In the literature, researchers haveal. (15), but this has no influence on our conclusion above

because this situation does not occur between the different used different approximations for the rest of the crystal in
their calculations, such as the Watson sphere model (3),bands. Comparing the DOS of the TiO2 cluster to those

of experimental and theoretical results published in the the proton saturation model (that is, using protons to re-
duce the cluster charge or hydrogen atoms to eliminateliterature, our results describe the electronic structure of

bulk titanium oxide qualitatively well except that the va- the dangling bond), and the point charge model (1). Here
we select TiO28

6 as a calculational model and calculate itslence band is broadened (ca. 10 eV in our case but 6 eV
determined by the UPS for the bulk TiO2 (17)). The wider electronic structures using the above three surroundings.

Tables 1 and 2 list the total atomic charge and gross orbitalvalence band is due to the boundary effect, which we will
discuss further in the following paragraph. These facts told populations. There exist some common characteristics in

Tables 1 and 2. The first is that the atomic charges areus that, as in the case of the ionic MgO, the main role of
the rest of the crystal is to shift the spectra as a whole and much lower than 14 for Ti and 22 for O and this conclu-

sion seems independent of the surroundings. The secondit does not change the DOS spectra too much.
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FIG. 2. The DOS spectra of the TixO2n
y clusters.
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TABLE 1 quently, the real potential surface between atoms in the
Atomic Charge (a.u.) crystal is much flattened. In order to study the effect of

the different surroundings on the eigenvalues, we give the
TiO28

6 TiO28
6 eigenvalue spectra in Fig. 3. It is noticed that they areTiO28

6 16 point 1Watson TiO28
6

actually the same except for being shifted by a different(free) charge sphere 16 proton
constant value. (If we removed the proton contribution

Ti 0.4477 0.2036 0.2408 0.2670 1H 20.0534 from the eigenvalue spectrum of the cluster with proton
1O 21.4694 21.3390 21.3056 20.3154 2H 20.0534 surrounding, the eigenvalue spectrum of this cluster be-
2O 21.4694 21.3390 21.3032 20.3154 3H 20.0557 comes more similar to the others in Fig. 3.) This result3O 21.3772 21.3569 21.3166 20.3154 4H 20.0557

reveals that the surroundings of the cluster play a role as4O 21.3772 21.3569 21.3168 20.3154 5H 20.0534
a constant potential in the eigenvalue spectra. Figure 45O 21.3772 21.4059 21.5353 20.3402 6H 20.0534

6O 21.3772 21.4059 21.4631 20.3402 shows the DOS of TiO28
6 with different surroundings. In

order to make comparisons, we draw the sub-DOS of
TiO28

6 from Ti7O220
24 as a reference because this subcluster

is surrounded by other O22 and Ti14 in Ti7O220
24 and should

be closer to the real crystal. It is noticed that the similarityis that the surroundings mainly cause redistribution of the
valence electrons but nearly no effect on the core electron appeared among the DOS spectra of the free

TiO28
6 , TiO28

6 with the Watson sphere, and the subclusterpopulations. The third is that ignoring the rest of the crystal
causes a more negative charge on the O atom. This can TiO28

6 in Ti7O220
24 . This means that the effect of the rest of

the crystal on the electronic structure looks more like thatbe understood by comparing the total atomic charge of
clusters (column 1–3 in Table 1) to that with proton sur- of the Watson sphere with opposite charge (the charge

neutral requirement) or that of a constant potential sur-roundings (column 4 in Table 1). This implies that if we
use the wave function instead of point charges to represent face. It is known that the point charge model sometimes

can give a result consistent with that of the experiment.the rest of the crystal in a cluster calculation, the atomic
charges on Ti and O will be reduced further and, conse- The reason is that the electronic structure of a cluster

TABLE 2
Gross Orbital Population

TiO28
6 TiO28

6 TiO28
6 TiO28

6

(free) 16 point charge 1Watson sphere 16 proton

Ti 1s 1.9971 1.9998 1.9987 1.9998 1H 1s 0.7099
2s 0.2629 0.2278 0.2618 0.2111 2s 0.3435
3px 2.0000 2.0000 2.0000 2.0001 2H same as 1H
3py 2.0000 2.0000 2.0000 2.0001 3H 1s 0.7115
3pz 2.0000 2.0000 2.0000 2.0001 2s 0.3442
4d0 0.5643 0.8487 0.8746 0.6637 4H same as 3H
4d 1 1 0.9151 0.6156 0.5299 0.7276 5H 1s 0.7100
4d 2 1 0.4658 0.6306 0.5081 0.7496 2s 0.3435

4d 1 2 0.8640 0.8435 0.8910 0.6623 6H same as 5H
4d 2 2 0.4831 0.6304 0.6950 0.7184
1O 1s 1.7768 1.8137 1.7885 1.3968

1Px 1.9365 1.8391 1.8479 1.8536
1Py 1.8555 1.8623 1.8586 1.2279
1Pz 1.9006 1.8238 1.8106 1.8372

2O same as 1O same as 1O same as 1O same as 1O
3O 1s 1.7700 1.8154 1.7879 same as 1O

1Px 1.8509 1.8646 1.8440
1Py 1.8442 1.8507 1.8674
1Pz 1.9121 1.8262 1.8175

4O same as 3O same as 3O same as 3O same as 1O
5O 1s same as 3O 1.8261 1.7976 1.4006

1Px 1.8623 1.9401 1.8531
1Py 1.8647 1.9363 1.8553
1Pz 1.8529 1.8609 1.2313

6O same as 3O same as 5O same as 5O same as 5O
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data have been obtained. Therefore, they concluded that
the Madelung potential does not affect significantly the
relative energy diagram of neutral clusters. Here we calcu-
lated the neutral and charged clusters of TiOn

6 (n 5 0, 28)
and Ti3Om

15 (m 5 0, 218) and verified that there are no
obvious differences in the DOS spectra between the neu-
tral and charged clusters (we only show the DOS spectra
of Ti3Om

15 (m 5 0, 218) in Fig. 5). In Section 3.1b, we
demonstrated that the surroundings of the cluster have
some effect on the atomic charge distribution in clusters.
However, according to the DOS of Ti3Om

15 (m 5 0, 218),
this atomic charge redistribution has almost no effect on
the DOS pattern. This means that the effect of the rest of
the crystal on the pattern of the DOS of titanium oxide
cluster is not so large as we expected; namely, the DOS
of titanium oxide cluster seems insensitive to the potential
well selected. In fact, according to the result of Citrin and
Thomas (20), the valence band position of the ion in the

FIG. 3. Eigenvalue spectra for TiO28
6 cluster with different sur- crystal is almost the same as that of the free neutral atom.

roundings. In this sense, the position of the electronic state in the
neutral cluster should be more similar to that of the ion
in the crystal. Their conclusion is based on an ionic or

is insensitive to the potential surface and to most extent nearly ionic compound, such as alkali metal halides. In our
determined by the nearest surroundings. In fact, when we case, it is believed that covalency makes some contribution
try to minimize the error due to dropping of the rest of to the Ti–O bond. However, the similarity between the
the crystal by using point charge array, another error is DOS of the neutral and charged titanium oxide cluster
introduced because of the unknown quantities of the reveals that the rest of the crystal mainly makes a constant
charge on each ion in crystalline, even though some people contribution to the DOS spectra (that is, it shifts the DOS
suggest that the atomic charge be determined by the self- spectra as a whole). Recio et al. (21) performed molecular
consistent method. Since the Watson sphere only offers a orbital calculations on (MgO)n and MgO)1

n (n 5 1 2 13)
homogeneous potential within the sphere of the cluster, clusters and found almost the same relationship between
which is equivalent to a constant potential, we therefore dissociation energies and the cluster sizes for the neutral
can set this constant potential equal to zero after finishing and charged clusters. In the next section, we explore the
calculation, and then shift the whole spectra according to origin of this consistency of the DOS pattern based on the
the Fermi energy. Following this procedure we should get atomic charge distribution.
qualitatively correct DOS of the whole crystal at least as Some may argue about what differences in electronic
accurate as that of the point charge model. structure exist between the cluster and bulk material. We

It should be pointed out that, in optimizing the geometry say here that the free cluster usually cannot keep the same
structure of cluster, the effect of the rest of the crystal must geometry as it has in the crystal and inevitable geometric
be considered because the existence of a small gradient in distortion from crystalline form may take the main role in
the potential surface will lead to totally different geometry determining the DOS pattern of cluster. If this structural
structure in the iteration process (4). For this purpose, the distortion does not exist, the DOS of the cluster should
more accurate calculation method should be used. be similar to that of the massive material because of the

localized properties of the electronic structure. This is thec. Effect of charge of cluster on the electronic structure
of titanium oxide cluster. Walch and Ellis (18) calculated reason why one can use results from the cluster to correlate

with experimental data obtained on the massive materials.the neutral cluster of MgO and their result fits the experi-
mental data fairly well. Matsumura et al. (19) studied hy-
drogen adsorption onto the surface of LiF. In their calcula-

3.2. Radial Charge Distribution
tion, they used the neutral clusters of (LiF)9 and (LiF)8 to
imitate the real crystal. They got a result consistent with Figure 6 shows that the radial charge density distribu-

tions (R(r)2r 2 p r) of the free Ti, Ti14, O, and O22 obtainedexperiment. In order to distinguish the two irregular sites
of MgO surfaces as candidates for the H2–D2 exchange by the Xa method. It is noticed that Ti and Ti14 have

almost the same charge density in their inner regions andreaction, the same group took the neutral MgO cluster as a
calculational model. Comparable results with experimental the maximum difference appears at the outer regions. The
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FIG. 4. (a) The DOS spectra of the TiO28
6 with different surroundings. (b) The DOS spectra of the TiO28

6 in the Ti7O220
24 and free charged

TiO28
6 .

similarity in the inner regions is the basis for the frozen Ti14 can be reasonably treated as 14 point charge. In the
real crystal, the nearest ligand is usually located betweencore and effective core potential approximation. Suppose

that there are two test charges moving from infinity toward the inner and outer regions, and therefore it will feel the
different behaviors of the neutral Ti atom and Ti14 cation.the nuclei, in one case Ti and the other Ti14, respectively.

Initially, two test charges see two different centers, one Ti If we use a sphere, with radius equal to the Ti–O bond
length in the TiO2 crystal (rutile), to surround the nucleiand another Ti14. As they move closer, they still see two

different nuclei, but with charges 1q1 and 1q2 , respec- of Ti and Ti14, the total charge in this sphere equals 15.90
and 15.40 a.u., respectively. The charge outside this spheretively. When the test charges reach the inner regions, they

see the same centers having equal charges. This fact reveals can be treated as the delocalized charge and homoge-
neously distributed in the whole crystal. If we define thethat how much the effective charge should be used in the

point charge model depends on the bond length (22). In difference in charge in this sphere between the Ti atom
and Ti14 cation as an effective charge, this value equalsthe core regions, the cation behaves like a free atom and

therefore it can be replaced by the effective core potential 0.5 for the Ti cation, much lower than 14. So a lower
effective charge will lead to a much flattened potentialor be frozen in the calculation. If the test charge is located

in the outermost region where the charge density is zero, surface. Based on a similar arguement, the effective charge
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FIG. 5. The DOS spectra of Ti3On
15 (n 5 0, 218) clusters.

on the O ion in TiO2 (rutile) is determined to be 20.75
a.u. Parry (23) calculated the atomic partial charge for
lead oxide and found that the partial atomic charge ranges
between 20.39 and 20.44 for O, whereas for Pb, the atomic
partial charge ranges between 0.39 and 0.90. To our knowl-
edge, no one has yet made a similar calculation on TiO2

(rutile) except here. By the X-ray method, Vidal-Valat et
al. (24) studied MgO, which is believed to be more ionic
than TiO2 (rutile), and found that the formal charge on
Mg should be 11 rather than 12 as the ionic requirement.
Other examples are BaO (25) and include the alkali metal
halides (26). All these facts imply that our result about the
atomic partial charge for TiO2 (rutile) is reasonable even
though a rough treatment is applied in our calculation.

The above discussion is based on the free atom and ion.
In fact, the neighbor lattice site is always occupied by
the counterion, which also has charge density distribution
(R(r)2 p r) around it. Supposing that the system is com-
pletely ionic, we can calculate the superpositioned charges
of the Ti plus O and Ti14 plus O22 systems (27–28). Let x
represent the radius of the anion O and change x from 0.0
to 3.66 a.u. We then calculate the charge in each sphere
by integration and then sum, giving the result shown in
Fig. 7. It is noticed that the total charge in the ionic system

FIG. 6. The charge density distributions for (a) Ti14 and O22, (b) Ois almost the same as that obtained from the neutral Ti
and O22, and (c) Ti and Ti14.plus O. What is the basic principle involved in this result?

From the radial charge density distribution we know that,
although the charge density of Ti14 is lower than that of
the neutral Ti in the outer region, the difference is compen- Thomas (20) calculated the eigenvalues for the free ion,

the ion in the crystal, and the neutral atom. They concludedsated for by the counter ion, in our case the anion O22,
which has higher charge density than that of the neutral that the eigenvalues of the ion in the crystal is almost the

same as that of the neutral atom instead of the free ion.oxygen. We call this effect the charge compensation princi-
ple. One direct extension of this result is that in a crystal, Based on the theoretical calculation, Nicolaides (29) pre-

dicted that the 1s binding energy in the free negative Othe potential surface between lattice sites is very flattened;
therefore, in most cases, the Watson sphere is a good ap- ion should be shifted by 16 eV compared to that of the

free O. For O22, this energy shift should be at least doubled,proximation to the rest of the crystalline. Citrin and
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ionic model, our conclusion is still valid for the covalent
compound because, in this case, less charge transfer takes
place during the bond formation and the charge distribu-
tion should be much closer to that of the neutral system.

From the discussion above, we know that charge com-
pensation should be generally valid but we do not give a
strict demonstration. It is impossible to check the validity
of the charge compensation principle by calculating the
superpositioned radial charge density system by system.
But here we discuss the same thing in another way (20).
Removal or addition of the outer electrons to an atom
makes the binding energy shift by approximately qe2/r,
where q is the change in charge and r is the average radius

FIG. 7. The variations of the total charge for Ti 1 O and Ti14 1
from which the electrons are removed (or to which they areO22 systems with x values.
added). Putting this ion into a crystal makes the electron
binding energy shift in the opposite direction and this
change results from the electronic-static interaction be-

whereas in the crystal, the experimental value is much tween an electron on the ion of interest and other ions in
smaller than this value. Most attributed these effects to crystal, which are treated as point charges for simplicity.
the Madelung potential. Nevertheless, according to the There are additional corrections due to polarizability and
charge compensation discussed above, it is easy to under- compressibility. Including all these terms, the shift in bind-
stand the binding energy shift in these processes. For the ing energy of an electron on the jth ion in crystal is given
free ion, the charge compensation effect does not exist; by the expression
therefore, the eigenvalue is lower (for the free anion) or
higher (for the free cation) than that in the crystal. We

e2 O9 qi/Rij 2 Erep 2 Epol , [1]calculate the radial charge distributions of the free Ti, Ti14,
O, and O22 and sum in the real space regions between Ti
(Ti14) and O (O22) (see Fig. 8). It is verified again that, where the prime indicates summation over all the ions
except in the core region, the charge distribution is very except the one of interest. The symbol qi represents the
similar to that of the neutral Ti plus O system. In the core charge (in units of e) on the ith ion and Rij is the distance
region, the cancellation principle (30–32) takes effect and, between the ith and jth ions. Epol and Erep represent polar-
therefore, our conclusion is still valid. This means that in ization and repulsive effects. The first term can be simpli-
TiO2 (rutile), the electron binding energies should be the fied in terms of the nearest cation–anion separation R,
same as those of the free Ti and O atoms. This point is namely,
discussed in more detail below. It should be stressed here
that even though the discussion above is based on the

e2/R O9 qi/Rij/R 5 e2/Rwj , [2]

where wj is the reduced Madelung constant.
Now, the absolute binding energy can be expressed as

Ex > E pc
x 5 Efa 1 qe2/r 1 we2/R 2 Erep 2 Epol , [3]

where Ex , E pc
x , and Efa represent the absolute binding

energy for the ion in the real crystal, binding energy for
the ion embedded in the point charge array, and binding
energy for the free atoms, respectively.

If cancellation between qe2/r and we2/R and cancellation
between Erep and Epol are complete, Ex and Efa should be
the same. A convenient way to check this conclusion is
directly to compare the experimental binding energy with
that of the free atoms (see Table 3).

Considering experimental error, the agreement is veryFIG. 8. The radial charge distributions for Ti14 1 O22 and Ti 1

O systems. good. (It is noted that the binding energies for cation and
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TABLE 3
The Binding Energies for Ion in Crystal and Free Atoms (eV)

TiO2(110) (rutile)a Free Ti Free O

Ti 2p1/2 465.0 465
Ti 2p3/2 459.4 459
Ti 3s 60.0–62.0 64
Ti 3p 39.0–41.0 39.0
O 1s 530.7 538
O 2s 24.2–28.4 28.4

MgOb Free Mg Free O
Mg 1s 1305.3 (1308)c 1308
Mg 2s 90.6 (93.3) 92
Mg 2p 51.7 (54.4) 54
O 1s 532.2 (534.9) 538
O 2s 23.7 (26.4) 28.4
O 2p 6–10.5 (8.7–13.2) 13.6

Pb3O4
d b-PbO2

d PbOrh
d Free Pb Free O

Pb 4f/5/2 142.3 (148)c 142.0 (148) 143.7 (148) 148
Pb 4f/7/2 137.5 (143.2) 137.3 (143.3) 138.8 (143.1) 144
O 1s 529.1 (534.8) 528.9 (534.9) 529.9 (534.2) 538

a Ref. (17).
b Ref. (15).
c The values in parentheses have been shifted by a constant.
d Ref. (33).

anion in MgO (15), Pb3O4 , rhombic PbO, and b-PbO2 (33) observed by Citrin and Thomas (20). They found that even
though the absolute eigenvalues of the free ion are differ-are systematically lower than those of the free atoms, but

the difference is constant for the same compound. There- ent from those in the crystal, the splittings between eigen-
values are the same. This fact in turn verifies that the restfore we can reasonably attribute this difference to the

charging effect on the sample during the experiment or of the crystal affects the electronic structure of the cluster
just like the Watson sphere (see Fig. 9). Luana and Pueyothe contact potential between the sample and the spec-

trometer.) More examples can be found from the work of (4) studied the free (CrF6)24 cluster and this cluster embed-
ded in KCrF3 crystalline by TES method and found thatCitrin and Thomas (20). This fact verifies again that charge

compensation is a generally valid principle. the spacings between eigenvalues in the free cluster are
the same as that in the embedded cluster; this conclusionIt is very interesting that the charge of the Watson sphere

affects the eigenvalues of the free Ti14 ion. As the charge is independent of the parameters in their calculation. This
means that we can obtain the eigenvalue spectra of theof the Watson sphere changes from 0 to 23 (the radius of

the Watson sphere is 3.66 a.u. which is equal to the Ti–O embedded (CrF6)24 in KCrF3 crystalline by shifting that
of the free (CrF6)24 cluster as a whole by a constant value.bond length in TiO2 (rutile)), we found that all eigenvalues

are shifted in the same direction but the splittings between The consistency between different methods can easily be
understood by Eq. [3] above and the charge compensa-them are constant (see Fig. 9). This phenomenon is also
tion principle.

3.3. Madelung Potential Based on the Point Charge
Model

Now, we consider the contribution of the potential en-
ergy from the rest of the crystal to each ion site in the
cluster (12). For the large cluster, there are large differ-
ences in potential energy among the lattice sites if we take
the formal charge 14 for Ti and 22 for O. At the bridge
oxygen site, this energy difference is more than 10 eV. If
the point charge model is a good approximation for TiO2FIG. 9. The effect of the Watson sphere charge on the eigenvalues

of the Ti14. (rutile), the bridge oxygen on the surface should be unsta-
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FIG. 10. The subDOS spectra of the O with different surroundings in the (a) neutral Ti3O15 cluster and the (b) Ti3O218
15 cluster.

ble and must go away due to the large repulsion between or neutral. The only difference between those of the neu-
tral and charged clusters is that the spectrum as a wholethe bridge oxygen and the rest of crystal. It is obvious that

this is not the true situation. We calculated the potential is shifted by a constant value. This means that the approxi-
mation of the free charged model is good enough to qualita-surface along the Ti–O bond and found that the potential

surface was not so flattened as predicted above. The energy tively reproduce the electronic structure of the whole
crystal.difference is more than 4 eV. For the surface cluster, this

energy difference is more than 10 eV. If we use the effective In summary, as far as the electronic structure is con-
cerned, it is justified to use the homogeneous potentialcharge determined in Section 3.2, namely, 0.5 for the Ti

cation and 20.25 for the O (in order to keep the whole surface to represent the rest of the crystal and a convenient
way is to set this potential surface equal to zero; aftercrystal neutral, we use 20.25 rather than 20.75 for the O

anion), the energy difference between the bridge oxygen finishing the calculation, the whole spectra should be
shifted according to the Fermi level.and the titanium on the surface is reduced to less than 0.6

eV. This value is reasonable because, according to the
charge compensation, the bridge oxygen does not feel such 4. CONCLUDING REMARKS
strong repulsion from the rest of the crystal. Based on the

For the calculation of the electronic structure of TiO2discussion in Sections 3.1 and 3.2, the eigenvalues of ion
(rutile), as first order approximation, the free cluster modelin the crystal resemble those of the neutral atoms; there-
can describe the electronic structure of the whole crystalfore, the repulsion from the rest of crystal is not the main
quantitatively well. It is obvious that charge compensationfactor in the bond formation of the bridge oxygen with
is valid in general for most materials even though we starttitanium on the (110) surface. Irle et al. (34) calculated the
our discussion with TiO2 (rutile). Therefore, for incom-difference in charge density between an assemblage of free
pletely ionic systems, we suggest using the free clusteratoms and molecules and found that no large difference
model to approximate the whole crystal in the theoreti-exists. Causa et al. (35) make a comparison between the
cal calculation.experimental data and the theoretical result for MgO and
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