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A self-consistent LAPW band structure calculation for TiO, ;5 has been performed,
assuming long-range order of vacancies on the oxygen sublattice. The calculation is
based on a hypothetical model structure which can be described as Tif"Til®10; [,
where [J, denotes an oxygen vacancy. In the model structure two types of titanium
atoms occur: Ti* atoms which have two vacancies as neighbours and are quadratically
surrounded by four oxygen atoms, and Til®! atoms which are octahedrally surrounded
by six oxygen atoms. The calculated density of states (DOS) and the local partial densities
of states are compared with the respective values for stoichiometric TiO containing no
vacancies. A characteristic difference is the appearance of two sharp peaks in the DOS
curve below the Fermi energy which are caused by the vacancies. These “vacancy states”
exhibit a considerable amount of charge in the vacancy muffin-tin sphere and are found
to be derived from Ti 3d states extending into the vacancy sphere. The introduction
of vacancies also leads to a lowering of the Fermi energy indicating a stabilizing effect.
The bonding situation in TiO4 ;5 as compared to TiO as well as the changes in chemical
bonding in the series TiCq ;5 —TiNg ,5— TiOq 75 are discussed on the basis of electron
density plots. The loss of Ti*!—O bonds (as compared to TiO) is compensated by the
formation of Ti*!— ], —Ti*! bonds across the vacancy and by an increase of the bond
strength of the Ti™"—O bonds. On the other hand, the Ti!!—Ti*! and particularly
the Til*—Ti'® bonds are weakened by the introduction of vacancies.

occupied. A cubic high temperature phase TiO, is
formed above about 1250 °C[1, 4] with a homogenei-

Three phases are known for titanium oxide that con-
tain the stoichiometric composition TiO [1]. Their
structures are all closely related to the sodium chlo-
ride structure [2]. At temperatures below 940 °C, a
completely ordered monoclinic modification is ob-
tained [1, 3] having 16.7% vacancies on both sublat-
tices («-Ti0). Between 940 °C and ca. 1250 °C the cu-
bic -TiO phase is stable [2] within a maximum range
of ca. 47-55 at. % oxygen. Also this phase contains
vacancies on both sublattices. However, the vacancies
are not randomly distributed over all lattice sites, but
only occur on particular sites which are statistically
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ty range of 0.75<x<1.3. In this phase (y-TiO) the
vacancies are randomly distributed. Roughly 15% va-
cancies on both sublattices are present for the stoi-
chiometric composition, whereas at a composition of
x=0.75 only about 5% vacancies at the metal sublat-
tice are observed [4].

Several calculations of the electronic structure of
TiO are available in the literature, some of them based
on the LCAO method [5-7] and others on the APW
method [8-10]. In all those calculations a sodium
chloride structure without vacancies was assumed. A
step towards more realistic structures was made by
Schoen and Denker [11] who applied the “Virtual
Crystal Approximation” (VCA) in connection with
the APW method in order to calculate the band struc-
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tures for a series of compositions, keeping the oxygen-
titanium ratio constant at unity and varying the va-
cancy concentration, as well as keeping the vacancy
concentration at approx. 15% and varying the oxy-
gen-titanium ratio from 0.8 to 1.22. This method,
however, can only give limited insight into the elec-
tronic structure of solids containing vacancies, since
vacancy states, which are of crucial importance for
the understanding of such compounds, are not ob-
tained from such a treatment.

An Extended Hiickel investigation of NbO and
of a-TiO has been performed by Burdett and Hugh-
banks [12]. The authors have shown that the experi-
mentally observed structures for both compounds
cannot be understood from electrostatic considera-
tions but are a consequence of their electronic struc-
tures.

Schwarz [13] recently published an ASW calcula-
tion for an ordered defect structure of TiO. In his
paper, he compares the densities of states (DOS) for
a series of oxides (MgO, Cu,0, TiO, NbO, TiO, and
Ru0,) without presenting a more detailed analysis
of the bonding situation.

A very recent KKR-CPA calculation for TiO con-
taining 15% vacancies randomly distributed over
both sublattices has been performed by Horman-
dinger et al. [14]. This paper gives the DOS together
with the calculated X-ray emission spectra, the Auger
spectra and the X-ray photoelectron spectra.

As a first step in a systematic investigation of the
chemical bonding in titanium oxide, band structure
calculations for an ordered model structure of TiOy ;5
are described in the present paper. Similar calcula-
tions have already been performed for TiC, ;5 [15,
16] and TiN, -5 [17]. Together with the results of
those calculations, the changing bonding properties
going from the carbide to the oxide shall be discussed,
whereby one has to keep in mind that in the carbide
and in the nitride vacancies only occur on the non-
metal lattice, whereas for TiO vacancies on both the
titanium and the oxygen lattices are observed. How-
ever, for the model structure used in the present paper,
only vacancies on the oxygen sublattice are consid-
ered.

A theoretical investigation of the bonding situa-
tion in TiO, assuming an NbO structure with 25%
ordered vacancies on both sublattices, will be given
in a forthcoming paper [18].

2. Computational aspects
The present work is based on two calculations: One

for the (hypothetical) ordered model structure TiOy ;5
(Ti¥ Tit%1 O, o) which is displayed in Fig. 1. In this

Fig. 1. Cubic unit cell for the mode! structure of TiOqy ,5. @: O
atoms; O: vacancies; : Til*! atoms; : Til®! atoms. — — —:
(100) plane, cut 1; ...: (100) plane, cut 2; —: (111) plane

Table 1. Input parameters for the LAPW band structure calculation
of ordered TiQy 75 and TiO (in a.u.)

Quantity Region TiOg 75 TiO

Lattice parameters 7.9274 7.8927

Atomic sphere radii Tit), Tit®! 2.1512 2.1418
0O, o 1.8125 1.8046

structure the Ti* atoms are surrounded by four oxy-
gen atoms and two oxygen vacancies [],, whereas
the Ti'®! atoms have six nearest oxygen neighbours.
The other calculation is for the sodium chloride struc-
ture of stoichiometric titanium oxide (in the following
denoted as TiO). The band structure calculations have
been performed using the self-consistent LAPW meth-
od [19, 20]. The muffin-tin approximation was used
for the potential, whereas a general charge density
in form of a Fourier expansion was used between
the atomic spheres during the self-consistency proce-
dure. The exchange-correlation potential was calcu-
lated according to Hedin and Lundqvist [21].

The lattice parameter of TiO, decreases with in-
creasing oxygen contents x. For TiO, the same lattice
parameter as in [10] was used, whereas for TiOg 45
the lattice parameter was taken from Banus et al. [4].
Table 1 shows the lattice parameters and the atomic
sphere radii used in the present calculation. For
TiO, -5 energies and wave functions were calculated
for 10 k points in the irreducible part of the Brillouin
zone. One iteration with 165 k points was performed
after having reached self-consistency in order to calcu-
late the DOS. For TiO 29 k points were used through-
out.

The k expansion was cxtended over 350 k vectors
for TiO, ;5 and to a maximum of 40 for TiO. The
l-expansion inside the muffin-tin spheres was taken
up to =12 for both calculations. In order to calculate
the DOS and the [-like partial DOS the tetrahedron



method [22] was employed. The computation of the
electron densities follows closely the formalism given
in [16] except that unsymmetrized basis functions
were used.

3. Results
a) Band structures and DOS

Figure 2 shows the band structures for TiO and for
ordered TiO; ;5. A direct comparison is facilitated
by folding back the face-centered cubic Brillouin zone
for TiO into the simple cubic one. The band structure
of TiO is in agreement with a previous calculation
[10] which was performed using the APW method.
In TiO, ,s there are states with a relatively high
amount of charge in the vacancy sphere (“vacancy
states”). These states with s character in the vacancy
sphere are encircled in Fig. 2b, and a charge analysis
for 13 highly symmetric vacancy states is given in
Table 2. As in the case of TiN 55, and as opposed
to the corresponding carbide, all those states lie below
the Fermi energy. Comparing the charges for the va-
cancy states of the substoichiometric carbide, the ni-
tride and the oxide, a continuous increase of the va-
cancy charge can be observed, which is more pro-
nounced between the carbide and the nitride. The
comparison, however, has to be performed in such
a way that the different volumes of the vacancy
spheres are taken into account, particularly when go-
ing from the nitride to the oxide whereby the vacancy
sphere volume decreases by about 20%. The increas-
ing electronic charge in the vacancy sphere will later
be interpreted as a strengthening of the Til*'—[],
—Ti*! bonds.

The DOS curves for TiO and for ordered TiOy ;5
are given in Fig 3. The first peak at low energy is
predominantly formed by oxygen 2 s states (“s band”),
the second peak has mainly oxygen 2p character (“p
band™). The DOS above the energy gap is chiefly
caused by Ti 3d states (“d band”) and its peak struc-
ture is characteristically changed by the introduction
of vacancies. For TiO, ;5 the occurrence of additional
peaks below the Fermi level (“vacancy peaks”) is
caused by the introduction of oxygen vacancies and
can be understood in connection with the above-men-
tioned vacancy states and with the Til*!— Ti'* bonds
across the vacancy sphere. As for titanium carbide

Fig. 2a and b. Band structure of TiO (a) and ordered TiO, -5 (b).
The band structure of TiO has been backfolded into the smaller
Brillouin zone of the simple cubic lattice. So-called vacancy states
are encircled in b. Energies with respect to the constant muffin-tin
potential between the spheres
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Table 2. Charge analysis for some vacancy states of ordered TiO, ;5. Upper part: bonding states; lower part: antibonding states

Irr. E o) Ti* sphere o sphere Tilé!
rep. (Ryd.)  sphere sphere
total s 4 d d,» Aoy dy, (dyz>dy.) total s P total  total Gout
L 0.5460  1.80 1002 - 2728 2728 - - - 3733 2205 - 2206  0.13 38.68
4y 0.5900 4.64 746 096 30.67 30.08 0.9 - - 3915 2094 028 2127 020 34.74
X, 0.6369 398 524 247 3445 3293 1352 - - 4225 2132 - 21.53  0.01 32.23
VA 0.6698 3.7t 435 366 3482 3360 0.82 - 0.40 4293 2043 050 2111 004 32.21
M, 07197 3.69 241 671 3229 3229 - - - 4151 2130 - 2161 025 3294
T, 0.7718 139 041 1125 2830 310 - - 2520 3998 1422 0.61 1493 0.8 43.12
Ry 0.8201 143 - 19.62 - - - - - 19.63 2528 - 2530 0.18 53.45
Ay 0.6549 4.14 499 238 3571 3309 - 033 229 4319 1794 142 1940 0.76 3251
Z 0.6245  4.58 605 192 3299 3217 044 0.11 027 4105 2010 0.68 2084 026 33.27
S1 0.6979  4.10 346 343 3947 3383 032 - 532 4647 1647 172 1831 0.13 30.99
M. 07970 459 219 075 5993 29.13 104 - 29.76 63.14 - 524 529 0.13 26.85
X, 08871 140 361 156 5967 59.67 - - - 6527 - 702 712 1.66 24.55
Rys 07546  6.86 120 - 61.65 2763 - - 34.02 6293 - 492 494 005 2522
30t
i T““ TiO
20 r
10F
u
- 0
| Ti0g7s
4or Fig. 3. Total DOS and main partial local
B DOS components for TiO and TiO, ;5 in
units of states per Rydberg per spin and per
80t unit cell. The curves are shifted to coincide
at the bottom of the O 2s band. The Fermi
~ level of TiOy 55 is chosen as energy zero.
) . . ) ) . , . . R . —: total DOS; ———- 1025 DOS; ...:
-16 1.2 - 08 -04 0 0.4 O 2p DOS; —-—: Til*1 (Ti) 3d DOS; — - —:
£ (Ryd) Ti* 34 DOS

and nitride, the introduction of vacancies causes a
narrowing of the s and p bands, whereas the gap be-
tween these two bands remains almost unchanged.
Quantitative details on band gaps and the relative
positions of the Fermi levels for TiO and TiO, ;5 can
be obtained from Table 3. While the introduction of
vacancies into the carbide and nitride only causes
a slight lowering of the Fermi energy (with respect
to the bottom of the s band), the effect in the oxide
is as large as 0.1 Ryd, thus indicating a relatively
high stabilizing effect.

The partial local oxygen 2s and 2p and the Tit*!
and Til®? 3d DOS for TiO4 ;5 as compared to the
corresponding DOS for TiO are also displayed in
Fig. 3. Two important features should be noticed.

First, the areas of the oxygen 2s and 2p peaks are
reduced by roughly a quarter, reflecting the smaller
number of oxygen atoms per unit cell. This is accom-
panied by an almost proportional reduction of titan-
ium 3d states in the oxygen 2p band, indicating a
reduced number of bonds between oxygen 2p and
titanium 3d states. Secondly, the vacancy peaks can
be identified as Til*! 3d states. Both effects are similar
in the carbide and in the nitride, except that the Fermi
energy increases with respect to the vacancy peaks
from the carbide to the oxide due to the increasing
number of electrons.

Before proceeding further in the discussion of the
DOS, the splitting of the p and d states in a crystal
field of D,, symmetry (which applies for oxygen and



Table 3. Band widths and band gaps (in Ryd.) for TiO, 5 and for
TiO

Band TiOo.75 TiO
Band width s 0.090 0.125
p 0.295 0.326
Occupied 4 0.285 0.299
(+ vacancy)
Band gap s—p 0.796 0.768
p—d 0.087 0.130
Ep (with respect to 1.554 1.648
bottom of s band)
Ey (with respect to 0.638 0.755
bottom of p band)
Ep (with respect to 0.831 0.949

muffin-tin zero)

Ti") shall be mentioned. For a qualitative picture
see Fig. 2 of [16]. The Ti" 34 DOS is split into four
different components, i.€. d ., d,._ >, d,,and (d,., d,,),
whereas states with p symmetry are split into the two
components p, and (p,, p,). For the description of
the orbitals of the Ti'*! (oxygen) atom local coordinate
systems have been introduced in which the z direction
always points from the site of the Ti'! (oxygen) atom
to the adjacent vacancy (Til®! atom).

The local partial DOS in the vacancy sphere of
TiOy ;5 is shown in the upper part of Fig. 4. In stoi-
chiometric TiO three main bond types are found [23]:
o bonds between O 2p (2s) and Ti e, states (d,>_,2,
d.>), = bonds between O 2p and Ti ¢,, states (d,,
dy.,d,,) and ¢ bonds between Ti ¢,, states. In addition
to these bond types, which also occur in TiO, ;5 and
which will be discussed later, new bond types are
caused by the oxygen vacancy. The Ti'*! d,, orbitals,
and also the Ti™! p, orbitals, can form bonds across
the oxygen vacancy designated as Til*— ], — Til¥
bonds. An s character of the electrons in the vacancy
sphere indicates the presence of bonding states with
respect to the Tit*!—[],— Ti* bond, whereas p char-
acter indicates antibonding states. The wide peak at
ca. —0.2 Ryd. is therefore dominated by bonding
states which form d,.—d,. o bonds across the vacancy
sphere. In the sharp peak below the Fermi level p
character dominates which seems to originate from
antibonding Ti" 34 states. The bonding states in this
region seem to be caused by Til*! p, states (see lower
part of Fig. 4) which form p,—p, o bonds across the
vacancy sphere. A look at Table 2 shows that the
vacancy state T; has a considerable amount of partial
p charge besides a strikingly high (d,,, d,,) partial
charge in the Ti'*! sphere but only a negligible charge
in the Til®! sphere. Apart from the Ti*!— [, —Til4!
p,—p, o bond this state is involved in the d—d ¢
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Fig. 4. Top: DOS in the vacancy sphere of ordered TiOg 55. —:
total DOS; ...: s-like DOS; — — —: p-like DOS. Bottom: p, DOS

in the Til*! sphere of ordered TiQ, ;5. The same units as in Fig. 3
are used
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Fig. 5. Split of the partial Ti"* 3d DOS in ordered TiO, ;5. Top:
Ti* d,» (—) and Ti"™ d,»_ . (- = -) DOS. Bottom: Ti** (d_,. d,.)
(—) and Ti* d,, (- — -) DOS. The same units and energy zero
as in Fig. 3 are used
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Fig, 6. Comparison of the Til¥ 7,, (—-) and g
¢, (— ——) DOS (top) with the respective sums 10+ Er
of the Ti (d,,, d,,, d,;) (—) and the Til¥
(d.2, dy2—y2) (= — -) DOS (bottom). The
partial Ti'! DOS have been divided by three 15t
to refer to only one muffin-tin sphere. The A L . ! s A ) . L s 1
same units and energy zero as in Fig. 3 are -0.6 -0.4 -0.2 0 0.2 0.4
used E (Ryd)

Table 4. LAPW partial charges and charge transfer between the superposition of atomic charges and the self-consistent LAPW calculation

for ordered TiO, 5 and for TiO (in electrons per atomic sphere)

TiOg 75 TiO

Band il Titél 0 o interstitial Ti 0 interstitial
s s 0.01 0.02 1.69 - 0.02 1.66

r 0.02 0.03 - - 0.08 -

d 0.02 0.04 - - 0.03 -

total 0.06 0.10 1.70 - 0.16 0.14 1.66 0.20
p s 0.07 0.09 0.01 0.01 0.09 0.01

P 0.11 0.16 3.86 0.01 0.17 3.89

d 0.35 0.66 0.01 - 0.57 0.01

total 0.56 0.95 3.88 0.02 0.93 0.87 391 1.22
d s 0.04 - - 042 - -
{(+ vacancy) r 0.05 - 0.19 0.13 - 0.20

d 1.44 1.21 0.04 0.02 1.27 0.04

total 1.54 121 0.23 0.58 0.72 1.27 0.24 0.49
Occupied s 0.12 0.11 1.7 0.43 0.11 1.66
valence 4 0.18 0.19 4.04 0.14 0.24 4.09

d 1.83 1.91 0.04 0.02 1.87 0.05

total 2.17 227 5.80 0.60 1.81 228 5.81 1.19
Charge transfer —-0.19 —0.22 0.30 0.09 0.00 —0.18 0.29 —0.11

bonds between adjacent Ti*! atoms and is probably
responsible for the sharp peak in the vacancy DOS
0.07 Ryd. below the Fermi level.

The split of the Ti*! 34 DOS into its four compo-
nents is given in Fig. 5. In the upper part the compo-
nents of the Ti* DOS which, in 0,, correspond to
e, states (“e,”-like components) and in the lower part
the components which correspond to t,, states

(“t,,7-like components) are shown. While in TiO the
Ti e, states form ¢ bonds to the oxygen atoms, in
TiO, -5 the d,. component is involved in the Ti¥
—Ti" bonding across the vacancy and the d,._,»
component forms the d—p ¢ (and d—s o) bonds to
the remaining oxygen atoms. Therefore the d,. states
are found mainly in the region of the vacancy peaks
(ie. in a region where no e, states are found in TiO),
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Table 5. Split of the partial Ti 3d charge in ordered TiOyq 75 and in TiO (in electrons per atomic sphere)

Band TiOg s TiO

Tit4) Tite! Ti

d, do s dy, @y, d,) e f2g e t2g
v 0.03 0.19 0.07 0.08 0.44 026 038 0.23
d(+ vacancy) 0.39 0.01 020 0.86 0.01 122 0.02 1.25
Occupied valence 0.43 021 027 0.94 0.49 1.47 0.44 148

in contrast to the d,._ . states which contribute main-
ly to the oxygen 2p band.

Moreover, the titanium t,, states in TiO, which form
Ti—Ti d—d o and Ti—O d—p = bonds, are changed
in a characteristic fashion when the crystal field symme-
try is lowered from O, in TiO to D, in TiOq ;5. As
regards the Ti—Ti bond, the (d,., d,,) states form o
bonds between Ti' and Ti*! atoms and the d,, states
¢ bonds between Ti'*! and Ti'®' atoms. Although the
“t,, -like DOS does not change considerably from Ti
in TiO to Ti"* in TiOg 5, the main effect is the domi-
nance of (d,,, d,,) states below the Fermi energy and
a relatively high proportion of d,, states above the Fermi
energy indicating a reduced strength of the Tit*!— Til®
bonds compared with the Ti" — Ti™* bonds.

When one compares the ¢, and t,, DOS of Ti'®! with
the sum of the “e,”- and “t,,”-like components of Ti'*!
(Fig. 6) the significant difference is the presence of
“e,”-like Ti' states in the d band below the Fermi ener-
gy caused by the vacancy states and the Ti'*! — ], —Til¥
bonds. The reduction of “e,”-like Ti™* DOS in the p
band compared to the ¢, component of the Ti'®! DOS
is due to the reduced number of Ti—O bonds formed
by Tit*.

b) Partial charges and charge transfer

Table 4 displays the charge transfer, defined as the differ-
ence between the self-consistent LAPW charges and the
superposed (neutral) atomic charges, for the muffin-tin
spheres and in the interstitial region of TiO and TiOy ;5.

In both TiO and TiO, , there is a charge transfer
from the titanium to the oxygen sphere. In the series
TiIC—TiN—TiO and TiCy,5s—TiNg,5—TiOg .5 a
trend to less pronounced charge transfers is observed.
The gain of charge in the vacancy sphere during the
self-consistency cycle is slightly more pronounced in the
oxide than in the nitride, whereas a loss of charge occurs
for the carbide. These small effects illustrate the growing
strength of the Ti"—Ti™ bonds across the vacancy,
an effect more distinct between TiC, ,5 and TiN, - than
between TiN, ;5 and TiOg +5.

Table 4 also presents the local partial s, p and 4
charges for the occupied valence bands of TiO, 5 and
TiO. The charges are given in electrons per muffin-tin
sphere and, in order to facilitate the comparison with

Table 6. Partial charges (in percent) for the states involved in the
Ti*'— Ti'! bonding in TiCg ;5 [16], TiNg 55 [17] and TiOg. 5

Irr. rep. E(Ryd.) Ti"d,, Tit%,, Gout
Gy TiCoqs 0547 16.20 17.38 39.75
TiNy 45 0.630 10.04 20.20 36.00
TiOg.75 0.615 15.17 21.35 36.33
L. TiCo,s 0714 16.50 1777 19.79
TiNg 75 0.823 10.13 19.99 22.83
TiOg.75 0.816 10.93 21.58 20.71
X, TiCq 75 0.612 31.49 33.80 30.64
TiNg 75 0.695 24.12 39.96 33.85
TiOg 15 0.687 26.39 3942 31.06

TiO, refer to only a quarter of the interstitial volume
of the simple cubic unit cell for TiO, ;5. The most drastic
changes in TiO, ;5 as compared to TiO, i.e. the decrease
of Ti*! charge and interstitial charge in the p band and
an increase of those charges in the d band, are similar
to the corresponding effects in the carbide and nitride
and reflect the reduced number of titanium-non-metal
bonds and the higher number of titanium-titanium
bonds. The absolute figures also reveal the weakening
of titanium-non-metal bonds and the strengthening of
titanium-titanium bonds in the series from the carbide
to the oxide.

A split of the Ti 3d charges into the contributions
from the p and the d (+vacancy) bands (Table 5) pro-
vides further information on the bonding situation. Al-
though the charge components in the Ti'®! sphere are
very similar to those of Ti in TiO, the main effects occur
for the Ti*! 34 states in the d band where the vacancy
states of d,. (“e,”-like) symmetry appear which form
Ti"™—Ti*! bonds across the vacancy. The decrease of
“t,,"-like charge for Ti'* in the d band is mainly due
to the d,, states and is related to the weakening of the
Ti —Tif® bond compared with the Ti— Ti bond in TiO.

In this context it is interesting to compare the Ti!
—Til! bonds in the series TiCg 75— TiNg 75— TiOy 5.
If the local partial charges for a mesh of only four k
points (I', X, M, R) are taken, there are only three differ-
ent states which have Ti'*! 4., and Ti' t,, character.
Those states are listed in Table 6. In the carbide only
the two lowest states are below the Fermi energy, in
the nitride the state I 5. at 0.823 Ryd. is almost exactly



Fig.7. Valence electron densities in the (100) plane of
TIFITi®0, [y and TiO in units of 10~ 'e/A3. Left: TiO, 5, cut
1; centre: TiOq 45, cut 2; right: TiO

/ ////// ///,"’

Fig. 9. Difference between the valence electron densities of TiOyq -5
and TiO (omitting the 2s band) for the (111) plane in units of
10"2¢/A3

Fig. 8. Difference between the valence electron densities of TiOg ;5
and TiO (omitting the 2s band) for the two different cuts in the
(100) plane in units of 10 2¢/A3

at the Fermi level whereas in the oxide all three states
are below Ep. This means, in absolute terms, that the
strength of the Ti*!—Til®! bond increases from TiCq ;5
to TiOg 75.

¢) Electron densities

The valence electron densities of TiOq 75 for the two
inequivalent cuts in the (100) plane together with the
corresponding plot for TiO are presented in Fig. 7. The
two important features exhibited by these density plots
are the strengthening of the Ti™! — O bond and the weak-
ening of the Til*!—Ti'®! bond in TiO, ;s as compared
to TiO. A more detailed analysis of the changing bond
strength caused by the introduction of non-metal vacan-

Fig. 10. Electron density for the “vacancy band” state I3 of TiOg 45
in the (100) plane (cut 2) in units of 10~ 2¢/A3

cies can be obtained from density difference plots in the
(100) plane (Fig. 8) and in the (111) plane (Fig. 9), where
the valence electron density (without the contribution
from the s band) of TiO is subtracted from the corre-
sponding density of TiOq ;5. Apart from the already
mentioned strengthening of the Ti¥—O bond and the
weakening of the Ti*!—Til®! bond the following other
changes are noticed: (i) a weakening of the Tif*! - Tijl*!
bonds, (i) Ti*'— [, — Ti'*! bonds which are apparently
stronger than the Ti—O—Ti bonds in TiO and (iii) a
reduced electron density at the oxygen atom in direction
of the Til®! atom, thus leading to a weaker Ti!%— O bond
than in TiO.

While in the stoichiometric compound the principal
covalent bond types are the Ti—O d—p ¢ and d—p
7 as well as the Ti—Ti d—d ¢ bonds [23], Ti*— [,



Til6] 0 Tis]
Fig. 11. Electron density of the state Is. of TiOy ;5 in the (100)
plane {(cut 1) in units of 10~ %¢/A3

—Ti*! d—d ¢ bonds are formed by the introduction
of oxygen vacancies. They are illustrated in Fig. 10 by
the electron density of the vacancy state I7. To a lesser
extent also p— p ¢ bonds across the vacancy are formed
mainly by state R, (see Table 2).

The introduction of vacancies also influences the
bonds between the six Ti*! atoms octahedrally sur-
rounding the vacancy. These bonds are formed by (d,,,
d,.) states. An example for a bonding state of that type
is the state X; whose electron density is very similar
to the corresponding electron density in TiN, ;s which
can be found in Fig. 13 of [17]. In contrast to the carbide
and the nitride, however, these bonds are weaker in
TiOg -5 as compared to TiO, although-the absolute bond
strength increases both from TiC to TiO and from
TiCqy. 75 to TiOq.75-

A similar but more pronounced trend is found for
the Ti™—Ti!®! bond which is illustrated in Fig. 11 by
the electron density for the state I} 5. (at 0.615 Ryd.; see
Table 6). Also for this bond the absolute strength in-
creases from the carbide to the oxide, but, when consid-
ered relative to the stoichiometric compounds, it is
stronger only for the carbide but becomes increasingly
weaker for the nitride and for the oxide.

4. Conclusion

Although the present calculation is based only on a mod-
el structure which is not observed experimentally, it nev-
ertheless provides valuable, though more qualitative, in-
sight into the vacancy induced changes in the bonding
situation of titanium oxide and, together with the results
of previous calculations on TiC, ;5 [15, 16] and TiN, -5
[17], also for the series from titanium carbide to titanium
oxide.

By comparing the stoichiometric compounds TiC,
TiN and TiO, one notices pronounced changes in the
bonding mechanism. While in TiC the titanium-carbon
bonding is of predominant importance, the situation
changes when going to the nitride and the oxide, where
the titanium-titanium bonding becomes dominating. The
introduction of non-metal vacancies has a different influ-
ence on the relative bond strengths for the three com-
pounds. Generally speaking, the Til*!--Til®! bonds are
weaker than the Ti' — Ti'*! bonds in the substoichiomet-
ric compounds because in the crystal field of D,, symme-
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try the d,, states are shifted to higher energies (see Fig. 2
of Ref. 16) and are therefore not all occupied.

The loss of stabilization energy in the carbide by
the breaking up of the Ti—C bonds is compensated by
stronger Ti*—Ti*! and Ti"* —Til® bonds. A removal
of titanium atoms would have a destabilizing effect. The
same is still true for the nitride where the Til*!—Til®
bonds are weakened but where the covalent Ti''—N
bonding is still strong enough, so that no Ti vacancies
are found experimentally.

In the oxide, on the other hand, both the Tif*!—Ti*!
bonds and the Til*!—Tilé! bonds are weakened by the
introduction of vacancies. While the Ti**! atoms, despite
their loss of two oxygen neighbours, are stabilized by
forming stronger Ti— [, —Ti*! as well as Ti¥'—O
bonds, the Ti*® atoms neither form sufficiently strong
bonds to the Ti* nor to the oxygen atoms, so that a
structure with vacancies on both sublattices is more sta-
ble.
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