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The nature of the chemical bond in three titanium oxides of different crystal structure and different
formal oxidation state has been studied by means of the ab initio cluster-model approach. The covalent
and ionic contributions to the bond have been measured from different theoretical techniques. All the
analysis is consistent with an increasing of covalence in the TiO, Ti,0;, and TiO, series as expected from
chemical intuition. Moreover, the use of the ab initio cluster-model approach combined with different
theoretical techniques has permitted us to quantify the degree of ionic character, showing that while TiO
can approximately be described as an ionic compound, TiO, is better viewed as a rather covalent oxide.

I. INTRODUCTION

The study of the electronic structure and related prop-
erties of transition-metal oxides is one of the most fas-
cinating and outstanding problems in solid-state physics.
These materials have attracted great interest because of
their electrical properties, which present almost all the
different possibilities: insulators such as NiO, semicon-
ductors such as Ti,O,;, and superconductors such as
SrTiO,.! The importance of transition-metal oxides in
technological applications has motivated several experi-
mental and theoretical studies. However, few ab initio
studies have been done on the electronic structure of
these compounds, mainly due to the complex structures
containing many atoms per unit cell.

One of the common difficulties in the study of
transition-metal oxides is that the different chemical and
electrical behavior may depend on the transition metal,
the oxidation state, and the crystal structure. Titanium
oxides are particularly well suited for a theoretical sys-
tematic study because they share the same transition met-
al but present different structures and properties. In fact,
three different titanium oxides, with the titanium atom
having different oxidation states of +2, +3, and +4,
have been found to show different crystal structures and
electrical behavior. Thus, titanium (II) oxide, TiO, is me-
tallic, crystallizes in the rocksalt structure, and both O
and Ti ions are octahedrally coordinated. Titanium (III)
oxide, Ti,0;, is a semiconductor, exhibits the corundum
structure, and presents a temperature-dependent
semiconductor-to-metal transition being metallic above
400°C.? Finally, titanium (IV) oxide, TiO,, in the most
stable modification, the rutile structure, exhibits typical
insulator properties.

Rutile has been the subject of great interest precisely
because it is an insulator with a wide band gap, about
3.0-3.3 eV,’ but becomes a semiconductor when there is
an oxygen deficiency.* The electronic structure of rutile
has been widely studied by different experimental spec-
troscopic techniques, including ultraviolet photoelectron
spectroscopy (UPS),>® x-ray photoelectron spectroscopy
(XPS),”"® and electron-energy-loss  spectroscopy
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(EELS).!>!! From the theoretical point of view, several
studies have been performed to obtain the optimized lat-
tice parameters'>!> and also the cohesive energy of the
crystal.'*13 A detailed study of the electronic structure
of rutile has been carried out by Silvi and co-
workers!®~!7 using a pseudopotential periodic Hartree-
Fock approach. This calculation predicts an optimized
geometry in good agreement with experiment. The
analysis of electron-density maps and population analysis
show an involvement of the titanium d electrons in the
bonding. The Mulliken population analysis shows a par-
tially ionic character in TiO,, with net atomic charges of
+2.6 and — 1.3 for Ti and O, respectively. Compared to
the formal point charge of +4 this result suggests 65%
ionic character. Bader analysis of charge density has also
been applied to rutile; the result obtained shows an ionici-
ty of 75%,"” similar to that derived from the Mulliken
population analysis. The study of the electronic band
structure indicates that the conduction band is predom-
inantly of titanium 3d character, containing significant
contributions of 2s and 2p oxygen orbitals. A significant
Ti(3d)-O(2p) hybridization was also predicted from a
cluster-based local-density approach which explicitly in-
cluded the interaction of the cluster with the crystal envi-
ronment.'® Finally, let us point out that the same quali-
tative measure of the ionicity appears from Pauling’s
electronegativity scale. Using this empirical approach
Glassford and Chelikowsky'’ estimate 60% ionic charac-
ter in the Ti-O bond.

The exhaustive description of the properties of rutile in
the literature contrasts with the lack of data for other ti-
tanium oxides. In this work, we present an ab initio
cluster-model study of different titanium oxides, TiO,
Ti,0;, and TiO,, where titanium presents different formal
charges which range from 2 to 4. This study allows us to
analyze the Ti-O chemical bonding in these compounds
and to determine the different degree of ionicity and co-
valency in each oxide. The analyses performed include a
decomposition of the interaction energy between cations
and anions corresponding to each crystalline structure,
the analysis of the core-level binding-energy shifts, and
the analysis of different ab initio wave functions of in-
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creasing accuracy. We must point out that none of these
analyses can give definitive information about the charac-
ter of a bond, but all being consistent can give a clear in-
dication of the nature of the chemical bonding.

As expected, the results obtained are consistent with an
increase of covalence as the oxidation number of Ti in-
creases, i.e., along the series TiO, Ti,O; TiO,. The
present study permits one to quantify this trend along the
series, to determine the different contributions to the
bond, and to show unequivocally that TiO and Ti,O; are
essentially ionic compounds, whereas a clear buildup of a
covalent chemical bond exists in rutile.

II. CLUSTER MODELS

A cluster-model approach has been chosen to carry out
a systematic study of the chemical bond in titanium ox-
ides and to investigate a possible ionic-to-covalent transi-
tion as the oxidation state of the metal cation grows from
+2 to +4. The use of a finite model permits us to study
local properties and to use state-of-the-art theoretical ap-
proaches. The nature of the chemical bonding between
the two kinds of atoms (or ions) forming an ‘“‘ionic” crys-
tal such as a transition-metal oxide is precisely the local
property that we want to analyze.

The clusters chosen to represent the three bulk oxides
contain one titanium atom and the six nearest-neighbor
oxygen atoms placed at the corresponding crystal posi-
tions with Ti-O distances equal to the experimental
values!® for each crystalline structure. The cluster mod-
els considered are presented in Fig. 1. The number of
electrons explicitly involved in the calculations is that
corresponding to an ionic configuration. Thus, we con-
sider 10 electrons for each O®* anion and 20, 19, and 18
electrons for the Ti?t, Ti**, and Ti*" titanium cations in
TiO, Ti,O;, and TiO,, respectively. We must point out
that this choice does not represent any constraint to our
study. The ab initio wave functions that we will use (vide
infra) are flexible enough to allow any redistribution of
the starting electron density. Thus, if the cluster total en-
ergy is variationally lower for a distribution where oxy-
gen atoms prefer a — 1 net charge, a charge flow from the
oxygens to the metal atoms will occur and will be
reflected in the final electronic wave function.

For TiO, the cluster model considered is [TiO4]'°~ plus
a grid of 343 optimized point charges (OPC’s) placed at
the lattice positions, to reproduce the Madelung potential

in the cluster region.’ For the titanium (III) oxide,

Ti,0;, the cluster model is [TiOg)°~ with two in-
equivalent Ti-O bond lengths of 2.01 and 2.08 A. This
cluster has been embedded in an array of 248 OPC’s to
represent the Madelung potential corresponding to a
corundum crystalline structure. Finally, titanium (IV)
oxide, in the rutile structure, has been represented by a
[TiOg]®~ cluster model where the central Ti** is sur-
rounded by two apical and four equatorial 0%~ anions
giving two Ti-O bond distances of 1.969 and 1.884 A, re-
spectively.!® The crystal environment has been described
including, again, an array of 477 OPC’s to represent the
Madelung potential corresponding to a full ionic situa-
tion in rutile.

13975

III. WAVE FUNCTION AND BASIS SETS

For each one of the cluster models described in the
previous section we have obtained ab initio all-electron
Hartree-Fock cluster wave functions following the well-
known linear combination of atomic orbitals molecular
orbital (LCAO-MO) self-consistent field (SCF) procedure
where the molecular orbitals are expanded in terms of a
set of basis functions. Here, the MO’s have been expand-
ed in terms of contracted Gaussian-type orbitals
(CGTO’s). The basis set for the O ions is
(11s7p /5s3p) and has been taken from Pacchioni, Cogli-
andro, and Bagus.?! For the titanium atoms the basis set
is basically the one reported by Huzinaga,??> augmented
with a representation of the outer 4s and 3d orbitals; the
final basis set may be represented at (14s8p5d /8s4p2d).

FIG. 1. Representation of the cluster models used to
represent (a) TiO, (b) Ti,0,, and (c) TiO,. Filled circles corre-
spond to the ions in the cluster model and empty circles to some
of the point charges used to provide an appropriate environ-
ment. Small and large circles represent the Ti cations and O?~
anions, respectively.
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As stated previously, an initial 1s5225%2p® electronic
configuration is assumed for the O?~ ions whereas [Ar]
3d%, [Ar] 3d!, and [Ar] 3d° starting electronic
configurations are assumed for Tit, Ti**, and Ti*™, re-
spectively.

In the case of rutile we have also obtained more sophis-
ticated electronic wave functions which explicitly include
the electronic correlation effects. In this case the MO’s
used to construct the correlated multireference
configuration-interaction (MRCI) wave functions were
determined considering nonempirical pseudopotentials?®
for the O atoms. In this case a (6s6p)/[2s2p] basis set
was used to describe the oxygen atoms. The MRCI wave
functions were obtained following the cCIpPSI algo-
rithm.24~28

All calculations were carried out using a locally
modified version of the HONDO-CIPSI chain of programs.”

IV. ENERGY DECOMPOSITION

In this section we will determine the different contribu-
tions to the final SCF energy corresponding to a given
cluster model. To this end we start from a purely ionic
configuration and use the constrained space orbital varia-
tion (CSOV) method* % to determine the cluster SCF
wave function with various constraints. This procedure
permits us to identify the relative magnitudes of the elec-
trostatic, covalent, and polarization contributions which
lead from a purely ionic starting point to the final SCF
wave function. To obtain the starting ionic wave func-
tion, hereafter referred to as the frozen orbital (FO), we
have previously determined the SCF wave functions for
two well-defined interacting fragments in each cluster
model simulating the different titanium oxides.

Thus, for the [TiO4]'"" cluster model used to represent
TiO we have chosen the following units: the Ti>" embed-
ded in the field created by the corresponding OPC’s, re-
ferred to as NaCl OPC’s, and the [Og)'?>~ unit compared
with an effective core potential?> (ECP) to represent the
central titanium cation, plus the same array of NaCl
OPC’s. The consideration of this ECP accounts for
effects due to the finite size of the cation, as has been dis-
cussed elsewhere.3*3* For Ti,0;, represented by the clus-
ter [TiO4)°~, the considered fragments were Ti*>* plus the
OPC’s corresponding to the corundum structure, and the
[O6]'>” unit with a central Ti ECP and embedded in
corundum OPC’s. Similarly, Ti** plus rutile OPC’s and
[O4]'?~ with a Ti ECP plus rutile OPC’s were considered
to give the [TiO4]®~ cluster model to represent TiO,.

The starting point of the CSOV procedure, or the
frozen-orbital step, is determined by superimposing the
two interacting fragments at the cluster nuclear positions.
The initial FO wave function contains the attractive
terms arising from the Madelung potential plus the repul-
sive ones arising from the Pauli repulsion between the
electronic densities of the two units which have not been
allowed to vary (except for the orthogonalization between
the MO’s of the two units required to have a FO Slater
determinant made of orthonormalized MO’s). It is clear
that this FO wave function corresponds to a purely ionic
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description. Because our goal is to determine the degree
of ionicity in each compound, the total energy at this step
appears to be the natural zero reference energy. In the
following steps, the units are allowed to vary. The first
variation allows the different titanium cations to polarize
within the space of the occupied and virtual Ti orbitals,
denoted as W(Ti;Ti) in Table I. As expected from the
small polarizability of the cations, the energy contribu-
tion associated with this step is not significant. The next
CSOYV step measures the extent of charge transfer from
the occupied Ti orbitals to the [Og]'?>™ virtual orbitals;
V(Ti;all) in Table I. At this point the [Og]'*>~ unit has not
varied; the valence shell of each oxygen is completely
filled, and therefore this energy contribution can only be
due to a basis-set superposition error (BSSE), being more
important in the case of TiO and Ti,O;, where the 3d or-
bitals are partially occupied. In the following variation,
V(0;0), the 0%~ anions are allowed to polarize. The en-
ergy decrease associated with ¥(0O;0) mainly contributes
to the reduction of the initial Pauli repulsion; it is about 1
eV for TiO, 0.7 eV for Ti,O;, and approximately 0.6 eV
for TiO,. Part of the fairly different energy stabilization
associated with the oxygen polarization can be due to the
fact that the starting [Og]'>~ electron density has been
obtained using a model having a central Ti ECP, which,
in fact, corresponds to an [Ar] configuration. The spatial
extent of this ECP is, therefore, more similar to that of
the Ti*" cation than to that of Ti’*; thus the interaction
of the oxygen orbitals with the real cation orbitals is
larger in TiO than it is in TiO,, with Ti,O; presenting an
intermediate value.

In the next step of the CSOV, ¥(O;all), the covalent in-
teraction is taken into account. The occupied [Og]'?~ or-
bitals are allowed to mix with the empty cation orbitals,
and thus charge transfer from [O4]'>” to the titanium
cations is permitted. The energy contribution due to this
covalent mixing is the most important contribution,
about 1.5 eV for TiO, 4 eV for Ti,0;, and larger than 10
eV for TiO,. These large contributions indicate an im-
portant degree of covalence for all these titanium oxides,
this being significantly larger for rutile. However, the
computed F(O;all) contributions can be affected, to some
extent, by a BSSE due to the oxygen basis-set limitation.
Nevertheless, it is very unlikely that this BSSE could
affect significantly the covalent contribution and particu-
larly the trend of the covalence along these three titani-
um oxides. In the case of TiO and Ti,0; there is an addi-
tional contribution. The Ti occupied open-shell orbitals

TABLE I. Energy gain (in eV) at each CSOV step for the
models considered to represent TiO, Ti,0,, and TiO, (see text).

CSOV step TiO Ti,0, TiO,
V(Ti;Ti) 0.036 0.026 0.012
V(Ti;all) 0.096 0.054 0.037
V(0;0) 1.082 0.705 0.651
V(O;all) 1.459 3.981 10.447
Viop;cl) 0.052 0.109 0.000
Additional terms 0.149 0.137 0.315
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can mix with the [Og]'>~ occupied closed-shell orbitals

giving rise to small energy contributions, denoted as
Viop;cl) in Table I. The sum of all these contributions is
close to the total SCF interaction energy obtained with
an unconstrained calculation, except for TiO,. In this
case, there is an additional stabilization of about 0.3 eV in
going from the ¥(O;all) to the final SCF step (see Table I).
This indicates that some coupling occurs among these
bonding mechanisms. This is because the order of the
variations is, in principle, arbitrary.32 Therefore, the
CSOV analysis for rutile was carried out again allowing
the oxygens to vary first. The results show that all the
contributions remained practically unchanged except the
Ti** polarization contribution which becomes larger by
about 0.4 eV. This stabilization contribution is due to the
Ti** polarization which now occurs after the important
charge donation from the [O4]'2~ occupied orbitals to the
Ti** unoccupied orbitals, involving 10 eV of energy sta-
bilization. In this second CSOV decomposition, the sum
of the bonding contributions is nearly equal to the in-
teraction energy obtained with an unconstrained SCF cal-
culation. This proves that the previous energy decompo-
sition is correct.

The main conclusion from these CSOV analyses is that
the most important energy contribution is due to the
charge donation of [O¢]'>~ to the titanium cations. This
contribution is important in all the oxides and increases
as the oxidation number or formal charge on the Ti in-
creases. These results suggest an important degree of co-
valent Ti-O bonding in these oxides. Similar studies on
alkaline-earth oxides®> and on aluminum oxide** show
stabilization energies by covalent interaction of about 0.9
eV for BaO, the most covalent oxide among the alkaline-
earth series, and of about 1.6 eV for Al,0;. The degree of
covalence in these oxides has also been reported in Refs.
33 and 34, where it has been shown that the alkaline-
earth oxides are practically fully ionic compounds, BaO
being the least ionic of the series, whereas Al,0; presents
not less than 90% ionic character. In these compounds,
the real charge on the cation is close to the formal one.
However, in the three titanium oxides under study it is
very unlikely that the real charge on titanium would be
close to the formal oxidation state, especially in the case
of TiO, where Ti assumes an oxidation state of 4.

Finally, we would like to point out that the CSOV
analysis provides information about the different energy
contributions to the final SCF energy. To obtain a rela-
tionship between the energy stabilization contribution
and the real degree of covalent mixing in the titanium ox-
ides further analyses are needed; these are presented in
the following sections.

V. CORE-LEVEL BINDING-ENERGY SHIFTS

A common measure of the importance of covalent
effects in narrow-band systems is the analysis of experi-
mental x-ray photoelectron spectra. The main idea is
that charge transfer from the anions to the metal cation
will lead to important shifts in the core-level binding en-
ergies (BE’s) of the metal when compared with either the
bulk metal or the gas phase BE’s. In fact, when electron-
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ic charge is transferred from the anion occupied orbitals
to the cation empty orbitals, a decrease in the core-level
BE’s of the cation is observed, because the increased elec-
tron density screens the core levels of the metal 336
However, the relationship between charge transfer and
experimental BE shifts is not straightforward, because
many physical mechanisms may be involved.?”-3

From the theoretical point of view, and in the frame-
work of the cluster-model approach, it is possible to
evaluate the initial-state metal core-level BE shifts by
simply taking the energy of the orbital considered, fol-
lowing Koopman’s theorem. Then we can make use of
the CSOV technique to separate the different contribu-
tion to the BE shifts. In particular, the variation of the
core level BE’s at the F(O;all) step can be related to the
extent of covalent mixing.

We have computed the shifts between the V(O;all) step
and the previous V(O;0) step for the 2p core levels of the
Ti cation in the different oxides. The shifts are always
negative, indicating an increase of the electron density of
the metal at the V(O;all) step that leads to a smaller BE
after the donation step. The shift is of about —1.8 eV for
TiO, —5.0 eV for Ti,O;, and approximately —11 eV for
TiO,, in accord with an increase in the covalent character
from TiO to TiO,. These data are in agreement with the
increasing importance of the stabilization by charge
donation from the anions to the cations. Again, a specific
measure of covalence cannot be obtained from the
analysis of BE shifts. Covalent effects on the core-level
shifts are almost ten times more important for TiO, than
for TiO; still this fact does not permit one to quantify the
amount of covalence in each compound.

VI. ANALYSIS OF THE ELECTRONIC
WAVE FUNCTION

The CSOV procedure allows us to obtain information
on the energy associated with the different contributions
to a given chemical process. However, we are interested
not only in the energy gain at each CSOV step, but also
in its effect on the electronic structure. Our purpose here
is to relate the energy stabilization observed at the dona-
tion V(O;all) step, and the actual degree of charge
transfer between the two interacting fragments. The
same argument holds for the core-level BE shifts. The
goal is not only to predict the proper trend as in the ex-
perimental XPS data but also to relate a BE shift with
changes in the electronic structure.

To analyze the SCF wave function we will once more
make use of the CSOV decomposition. The main idea
here is to obtain the wave function at each CSOV step
and use the fact that the wave function obtained at the
first CSOV step, the FO step, corresponds to a fully ionic
description. Thus we can see how the wave function
changes by computing the overlap between the FO wave
function and each one of the wave functions correspond-
ing to each different step, {¥polt;). This overlap is an
unambiguous measure of the similarity of the two wave
functions and gives a quantitative measure of the ionic
character of the wave function associated with each
CSOV step. In fact, if the overlap between the SCF wave
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function and the FO ionic one is close to 1 we have a
clear indication that the two wave functions are very
similar. The square of {¥goly;) multiplied by 100 may
be viewed as the percent of ionic character contained in
the final SCF wave function.

In Table II we present, for the three Ti oxides, the re-
sults for the {¥gol¥; ) integral at each step of the CSOV
decomposition. We are particularly interested in the
overlap between the FO wave function, i.e., the fully ion-
ic description, and the wave function obtained after the
charge transfer is allowed. The results contained in Table
II show that the most important variation of the
{(¥polth; ) overlap is obtained precisely at the V(Ojall)
step, indicating that there is an important charge dona-
tion from the oxygen occupied orbitals to the cation
unoccupied orbitals. The unconstrained SCF wave func-
tion contains about 85% of ionic description for TiO,
78% for Ti,O;, and approximately 57% for TiO,. It is
important to notice that these values correspond to a
lower bound of the ionicity in these compounds since we
have included all the physical effects which contribute to
decrease the overlap integral, but which are by no means
due to an increase of the covalent character of the chemi-
cal bond. If we take the percent of the purely ionic
configuration as a measure of the net charge of titanium,
we will obtain a value of +1.7 for TiO, +2.4 for Ti,0;,
and +2.3 for TiO,. The result obtained for TiO, is com-
parable with other results reported in the literature.!> !
Thus, Silvi et al.'® have estimated a net charge of +2.6
for the titanium atom and Glassford and Chelikowsky'>
have reported 40% covalent character of the Ti-O bond-
ing in TiO,, close to our measure of 57% ionic character.
The results obtained from this analysis indicate an in-
crease of the covalent character in going from TiO to
Ti,0; to TiO,.

We can compare these results with previous studies on
alkaline-earth oxides and corundum,’*3¢3%% which
have been proved to be highly ionic oxides. Thus, TiO
turns out to be less ionic than the alkaline-earth oxides,
which present the same crystal structure. For the
alkaline-earth oxides the amount of ionic character is al-
ways greater than 95%, whereas for TiO it does not
exceed 85%. Similarly, Ti,O; is about 10-15 % more co-
valent than Al,O;, both having the corundum structure.
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VII. ELECTRONIC CORRELATION EFFECTS

The analyses in the preceding sections have shown a
significant covalent character of the Ti-O bond in the ti-
tanium oxides, especially in the case of TiO, which turns
out to be about 43% covalent. This result may also be in-
terpreted in terms of the more intuitive valence-bond
(VB) theory. In the VB approach the electronic structure
of a given compound is usually written in terms of a
configuration interaction between different Slater deter-
minants, written in an atomic basis set, each having a
well-defined physical meaning (see Refs. 39 and 41). The
chemical bond appears then as resonance between
different VB structures, where each of these structures
has a weight or contribution to the final wave function.
The results in the previous section can be related to the
VB theory because the contribution of the FO wave func-
tion to the SCF one is just the contribution of the ionic
forms. It may be properly argued that the analyses in the
previous sections have been done using uncorrelated,
SCF, wave functions and that the weight of the ionic con-
tributions could be different for a more accurate wave
function.

In order to study the effects of electronic correlation on
our measure of the ionicity we have determined correlat-
ed multireference configuration-interaction wave func-
tions for the more covalent of the titanium oxides, TiO,.
To include the most important determinants in our varia-
tional MRCI wave function, we have used a selection cri-
terion based on the CIPsI algorithm.?*~28 For interpreta-
tive purposes our MRCI expansion is constructed from
the ionic, |¥gy), FO determinant. The reference space
was iteratively constructed leading to a zeroth-order
wave function containing the more important 205 single
and double excitations out of |¢po). The MRCI wave
function was constructed from this reference by genera-
tion of all single and double excitations from each refer-
ence determinant. Thus the MRCI wave function may be
written as

Wmrar) =crol¥ro? + 3 3 Cija;ai|¢Fo>

iEFO j&FO

+ 3 32 CijckIaIIaITajaiw’FO)_F“' (n
i,j EFO k,| €FO

TABLE II. The overlap integral between the FO wave function and the corresponding wave func-
tion at each CSOV step, {¥rolth; ). The percent importance of the FO wave function at the different

steps is also given.

CSOV step TiO Ti, 04 TiO,
(Prolt) Yo {Prolt) %o (Prolth;) o

Frozen orbital 1.0000 100 1.0000 100 1.0000 100
V(Ti;Ti) 0.9998 99.99 0.9997 99.95 0.9999 99.99
V(Ti;all) 0.9973 99.46 0.9991 99.81 0.9997 99.94
V(0O;0) 0.9685 93.80 0.9838 96.78 0.9896 97.94
V(O;all) 0.9373 87.85 0.8961 80.31 0.7758 60.19
Viop;cl) 0.9362 87.65 0.8934 79.81 0.7758 60.19
Additional terms 0.9242 85.41 0.8845 78.23 0.7569 57.29
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and includes up to quadrupole excitations. The MRCI
expansions thus generated are usually too large to be
solved variationally. Therefore we use a threshold cri-
terion to truncate the total MRCI expansion. We have
considered two different expansions including only the
determinants with larger first-order contributions to the
MRCI wave function (vide infra).

In Eq. (1) cgg is the coefficient of the ionic determinant
to the final MRCI expansion. For a fully ionic descrip-
tion, one would expect cgg =1, and any deviation from
this value would seem to indicate a deviation with respect
to the ionic model. However, the analysis of the varia-
tion of cgg is not straightforward and several effects have
to be taken into account. For instance, if for the SCF
wave function |¢gcp) we use a development similar to
that indicated in Eq. (1) we will have (up to first order)

l¢SCF>=CFOl¢FO>+ > X "ija,TaiWFo) @)

iEFO jEFO

and one can be tempted to say that cgg in Eq. (2) gives an
estimate of the contribution of the ionic description of
the SCF wave function. In fact, the value of cgg is now
identical (again up to first order) to the Yol ¥scr) over-
lap integral discussed in the previous section. We must
point out that because monoexcitations in Eq. (2) can in-
volve orbitals in the same unit or not, a decrease in cgg
may be due to intraunit polarization or to interunit
charge-transfer donation as obtained when the CSOV
procedure is used (see results in Table II). However, the
numerical results in Table II show that the only impor-
tant change occurs when donation to the cation is al-
lowed; changes in the wave function due to the intraunit
polarization effects are less than 3%. Therefore
{Yrol¥scr ), or equivalently cgg, can be effectively taken
as a measure of the ionic contribution to the SCF wave
function. Now, if we wish to understand the effect of
electronic correlation we have to compare cgq, in Eq. (2)
with the value computed using Eq. (1). Still one must
realize that not all the excitations considered in Eq. (1)
contribute to the electronic correlation effects because
|$ro) is not the SCF wave function and the single excita-
tions of |¥pg) only serve to recover the SCF determinant
(see Ref. 34). Therefore we can take the difference in cgg
obtained from Egs. (1) and (2) as a measure of the impor-
tance of the change in the electronic wave function due to
correlation effects.

The first MRCI expansion we consider contains 13 424
determinants and the projection of |¢rg) in the |¢yrcr)
wave function is 0.748 or 56.0%. This result is very simi-
lar to that obtained in the analysis of the SCF wave func-
tion reported above, which was 57.3%. This result indi-
cates that the inclusion of the correlation effects does not
significantly change the nature of the bonding. The
second MRCI expansion involves 69 608 determinants,
five times larger than the previous one. The contribution
of |¢o) to the |Yyrcr) is 0.733 or, equivalently, 53.7%.
Therefore a rather large increase of the number of deter-
minants included in |¢gc;) produces only about 4% de-
crease in the contribution of the purely ionic
configuration. Moreover, it should be noted that there
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are many configurations which correspond to intraunit
dynamical electron correlation, i.e., excitations from the
oxygen 2p orbitals to the oxygen virtual space, that lead
to a decrease of cgg which is by no means due to an in-
crease of the covalent character of the bond.

The above results clearly show that inclusion of the
electron correlation effects does not significantly affect
the degree of covalence and leads to the same conclusion
obtained when a SCF description is considered, as has
previously been reported for the alkaline-earth oxides*®
and, also, for aluminium oxide.>*

VIII. CONCLUSIONS

The nature of the chemical bond in three titanium ox-
ides of different crystal structure and different formal oxi-
dation state has been studied by means of the ab initio
cluster-model approach. The covalent and ionic contri-
butions to the bond have been measured by different
theoretical techniques. These techniques involve the
study of the different contributions which lead from a
pure ionic description to the final ab initio self-
consistent-field wave function, the study of the covalent
effects in the metal core-level binding-energy shifts, and
the analysis of uncorrelated and correlated wave func-
tions. All the analyses are consistent with an increase of
covalence in the TiO, Ti,0,, TiO, series as expected from
chemical intuition.

The systematic study above reported has also permit-
ted us to quantify the degree of ionicity along this series.
The most ionic oxide has been found to be TiO but even
in this case the covalent contribution to the bond is not
negligible at all. Our results suggest that covalent effects
are 15% or 10% larger than in the isomorphic alkaline-
earth oxides. Likewise, the present results point out a
considerable contribution of covalence in Ti,O;, again
larger than in corundum. As shown in a recent work,
corundum exhibits a rather large ionic character; using
similar techniques corundum was shown to be =90%
ionic; the isomorphic Ti,O; is only 78% ionic.

Overall, the ab initio cluster-model approach is well
suited to predict different physical situations; from a very
large ionic character in alkaline-earth oxides and corun-
dum to an important degree of covalence in rutile. This
adds further support to the idea that the high ionicity
found in alkaline-earth oxides and corundum is due to a
real physical effect and not to cluster-size artifacts. In
fact, the degree of ionicity in rutile is rather far from the
fully ionic situation. Both uncorrelated and correlated ab
initio wave functions indicate that rutile cannot be de-
scribed as an ionic oxide. Using the terms of valence-
bond theory, rutile is better described as a resonance be-
tween different structures where Ti has an instantaneous
charge of +4, +3, +2, and possibly +1. While the
present study cannot discriminate among these structures
it is clear that the one with a net charge of +4 has only
=~55% contribution to the final wave function. Our con-
clusions are based on a finite cluster model of the bulk ox-
ides assuming that the nature of the chemical bond is a
local property. This point of view is reinforced by the
close similarity between the present results for TiO, and
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those reported from periodic Hartree-Fock calcula-
tions. !¢

In conclusion, titanium oxides present a considerable
amount of covalent character. This grows from TiO to
TiO,. The use of the ab initio cluster-model approach
combined with different theoretical techniques has per-
mitted us to quantify the degree of ionic character, show-
ing that while TiO can be described as an ionic com-
pound TiO, is better viewed as a rather covalent oxide.
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FIG. 1. Representation of the cluster models used to
represent (a) TiO, (b) Ti,0;, and (c) TiO,. Filled circles corre-
spond to the ions in the cluster model and empty circles to some
of the point charges used to provide an appropriate environ-
ment. Small and large circles represent the Ti cations and 0%~
anions, respectively.



