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Defects on TiOq (110) surfaces
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We present self-consistent ab-initio total-energy calculations on Ti02 (110)surfaces for which the
atomic geometry has been relaxed to equilibrium. For stoichiometric supercells we find no surface
states in the bulk band gap, in accord with experiment. Oxygen vacancies on the surface give rise
to Ti 3d-like surface states at the edge of the bulk conduction band. The relaxations of the atoms
at the surface were found to be substantial, and those induced by a vacancy were localized in its
vicinity. Bulk vacancies introduce states about 0.3 eV below the edge of the bulk conduction band.

I. INTRODUCTION

Ti02 is a wide band gap semiconductor with a rutile
structure. It is a catalyst for the photodissociation of
water, and is also used as a support for some transition
metal catalysts, where it exhibits a strong metal-support
interaction. 2 Hence there is technological motivation to
understand the electronic and chemisorption properties
of the surfaces of Ti02. In addition, there has been fun-
daxnental interest in understanding the nature of the sur-
faces of this material, as that of a prototypical transition
xnetal oxide, especially as stoichiometric and ordered sur-
faces of the (110), (100), and (001) orientations are rel-
atively easy to prepare. These have been studied using
a number of high vacuum, surface-sensitive experimen-
tal techniques, including low-energy electron diffraction
(LEED), electron energy loss spectroscopy (EELS), x-
ray photoelectron spectroscopy (XPS), ultraviolet photo-
electron spectroscopy (UPS), and inverse photoemission
spectroscopy (IPE). The level of understanding of this
and other transition metal oxide surfaces, as of 1985, has
been summarized by Henrich. The photoemission stud-
ies were conducted on slightly reduced samples, with de-
fect levels pinning the Fermi energy (Ey) just below the
bulk conduction band minixnum. For nearly perfect sur-
faces giving (1x1) LEED patterns, the dominant feature
seen in UPS (Refs. 4—6) is the intense photoemission from
the 6 eV broad valence band extending &om 3 eV below
Ef. The photoemission spectrum was found to be almost
independent of surface orientation. The exnission in the
bulk band gap was found to be negligible, indicating the
absence of any surface states with energies in this range.

Oxygen vacancies are induced on Ti02 (110) by means
of ion bombardment or controlled thermal annealing and
quenching. These have a marked effect on the electronic
properties of the surface, making the sample conducting.
A tail of defect states is found in the bulk band gap,
indicated by emission from states about 0.8 eV below
Ey in UPS, EELS, and IPE (Ref. 10) investigations.
The chemisorption of small molecules on the (110) sur-
face was found to be strongly affected by the presence
of defects. For low densities, the defects are believed
to be isolated oxygen vacancies with the defect-induced

electronic states localized on the neighboring Ti atoms.
Soxne support for this view comes &om XPS studies
of the oxygen-deficient surfaces, which indicate that a
fraction of the emission f'rom the Ti 2p and Ti 3p core
levels shifts to lower binding energies, relative to that
from stoichiometric Ti02 (110). For a small concentra-
tion of defects, the additional peak is shifted by 1.7 eV,
which is close to the experimental estimate for stoichio-
metric Ti203, where Ti is in the formal +3 oxidation
state. However, extensive experimental and theoretical
work on bulk Ti02 (Ref. 13) has indicated that isolated
vacancies in reduced rutile are eliminated for deviations
&om stoichiometry above 10 by the formation of crys-
tallographic shear planes. Thus, there is interest in a
theoretical investigation of models of stoichiometric and
defective Ti02 (110), to determine whether models with
isolated bulk or surface vacancies are sufficient to ex-
plain the experimental observations. Such an investiga-
tion would also set the stage for further work on the
chemisorption of metal layers and small molecules on this
surface to shed light on the catalytic properties of this
material.

Theoretical work on resolving this issue has so far been
limited. Previous work on Ti02 (110) in which the elec-
tronic calculation has been carried out to self-consistency,
has only been applied to stoichioxnetric supercells. The
forces on the atoms were not calculated, and the coordi-
nates of the atoxns were not relaxed to equilibrium. An
early investigation by Kasowski and Tait, i4 using the lin-
ear muffin-tin orbitals method, focused on the calculation
of the electronic density of states of a three-layer stoichio-
metric supercell with atoms in bulklike positions. They
found 0 2p states in the bulk band gap which were driven
below the bulk valence band edge when the topmost oxy-
gen atoms on the surface were relaxed inward by 0.2 A.
Podloucky et a/. have recently reported a calculation
of the electronic structure of three-layer slabs of clean
and hydrogenated Ti02 (110), using the full-potential
linearized augmented plane wave method. They relaxed
only the topmost oxygen atoms on the surface (by opti-
mizing the total energy of the slab), obtaining an inward
relaxation of 0.1 A and a band gap of 1.0 eV.

Work on the electronic structure of the defective sur-
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face has been based on cluster calculations or tight-
binding models. Tsukada et al. have carried out DV-
Xa calculations of clusters and find that removing a sur-
face bridging oxygen atom gives rise to a defect level 1.0
eV below the conduction band minimum. Munnix and
Schmeits used a tight-binding model to calculate the
density of states of stoichiometric and defective (110) su-
percells. For the stoichiometric supercells they found no
states in the band gap, while for the oxygen-deficient su-
percells they found states in the band gap when oxygen
vacancies were present at surface bridging and on sub-
surface sites. However, they had to adjust the positions
of the Ti atoms near the subsurface oxygen vacancy to
make the energies of the defect states correspond to those
of experimental data. Halley et al. calculated the elec-
tronic structure of finite blocks of Ti02, with the atoms in
their bulklike arrangements, and a random distribution
of oxygen vacancies. They represented the contribution
to the electrostatic potential from the defect states ap-
proximately by a Yukawa-like potential with a soft core
and found a tail of defect states in the band gap which
resulted &om vacancies on the surface and in the bulk.
However, in this work there were several parameters of
the approximate potential that were chosen arbitrarily.
Wang and Xu have studied stoichiometric and defec-
tive supercells of Ti02 (110) (with atoms in bulklike po-
sitions) using a tight-binding extended Huckel method.
They find defect states localized around surface Ti atoms
when one-half or all the surface bridging oxygen atoms
are removed, giving a tail of defect states in the band
gap, in rough correspondence with experiment.

In the last few years several advances in computa-
tional algorithms and pseudopotential calculations have
occurred, making it feasible to carry out first-principle
pseudopotential total-energy calculations of transition
metal oxide supercells of substantial size. It is of in-

terest to apply these techniques to a simple, nonmag-
netic, charge-transfer insulator like Ti02. Our calcula-
tions represent the first attempt to carry out ab initio
self-consistent total-energy calculations on this system,
using these novel approaches. We have studied a number
of structures, within the bounds imposed by limitations
of computer time and memory, to understand systemati-
cally the structural and electronic properties of stoichio-
metric and oxygen-deficient Ti02 (110). We find that
surface oxygen vacancies indeed give rise to defect states
close to the Fermi energy of the sample, and one needs
subsurface vacancies to explain some of the tail extend-
ing into the bulk band gap. While this was hinted at by
the earlier tight-binding calculations, the present work
was necessary to put these ideas on a sound footing. As
we shall show, the structural relaxations that occur on
the stoichiometric and defective surfaces are apprecia-
ble. Thus it was not clear a priori whether calculations
which neglected relaxations, or which put them in. by
hand, could be trusted.

The plan of the paper is as follows. Section II gives
a brief summary of the technique used to carry out the
calculations. In Sec. III we give our results for the lattice
parameters and vibrational frequencies of bulk TiOq. In
Sec. IV we give a description of the structure of the sto-

ichiometric Ti02 (110) surface. We follow this up with
a description of the structural relaxations of oxygen de-
ficient supercells of the surface and the bulk in Secs. V
and VI, respectively. In Sec. VII, we present the picture
we obtain for the one-electron spectrum of stoichiometric
and oxygen-deficient Ti02 (110) and compare our results
with experimental results. Finally in Sec. VIII we con-
clude our paper by indicating what light we think our
work has shed on the understanding of the properties of
this material.

II. CALCULATION METHOD

Self-consistent total-energy pseudopotential calcula-
tions were carried out with the electronic wave functions
expanded in a plane-wave basis. The core electrons were
kozen and the valence electron wave functions, for a given
geometry of the ions, were obtained by minimizing the
Kohn-Sham total-energy functional. A preconditioned
conjugate-gradient; minimization approach, based on
a modification of the approach of Teter, Payne, and
Allan, was used. The exchange and correlation contri-
bution to the total energy was treated using the local-
density approximation (LDA) with the Ceperley and
Alder form of the exchange correlation potential. The
forces on the ions were computed and the ious relaxed to-
wards their equilibrium positions using an iterative mod-
ified Broyden technique.

The pseudopotentials for titanium and oxygen were
developed using a technique pioneered by Vanderbilt,
which permitted the use of a modest cutofF of 25 Ry for
the electronic wave functions. The 3s, 3p, 4s, and 3d elec-
trons of titanium were treated as valence electrons, and
the pseudopotential was generated in the 3s 3p 4s23d
configuration. The core radius was taken to be 1.8 a.u.
For oxygen, 2s and 2p levels were treated as valence lev-
els. The reference configuration was 2s22p with a core
of radius 1.3 au. In both cases two reference energies
were used per angular momentum channel. This enabled
the logarithmic derivative of the pseudo-wave-functions
at the core radius to track that of the all-electron wave
function over an extensive range of energies. This greatly
improved the transferability of the pseudopotential.

III. TESTS ON BULK TiOg

The pseudopotentials for Ti and 0 were tested by com-
puting the lattice parameters of bulk rutile Ti02. The
unit cell of this structure is tetragonal and contains two
units of Ti02. The optimal values of the unit cell vol-

ume, the ratio of the lengths of the edges c/a and the
parameter u (which describes the positions of the oxygen
atoms within the unit cell) were obtained through a series
of one-dimensional minimizations of the total energies of
structures. These values were within 1'% of experimen-
tal estimates, as indicated in Table I. The accuracy
of these results is comparable to that obtained by Allan
and Teter, and Glassford and Chelikowsky. The pseu-
dopotentials used were identical to those used by King-
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TABLE I. Calculated values of bulk lattice parameters of
TiOq, compared arith experiment.

Property
cell vol. (A )
a (A)
e/a

Expt.
62.434

4.594
0.644
0.305

Theory

61.161
4.567
0.642
0.307

Theory

64.84
4.653
0.637
0.305

Theory'

62.220
4.584
0.646
0.304

Present calculation.
Glassford and Chelikowsky (Ref. 28).

'Allan and Teter (Ref. 27).

Smith and Vanderbilt in an investigation of the ferro-
electric properties of BaTiOq. Their calculations gave the
lattice constant of the cubic perovskite phase to within
1.5% of experiment. Our success in obtaining the lattice
parameters of rutile TiOz to high accuracy with these
pseudopotentials, with no further optimization, gives an
indication of their excellent transferability.

The &equencies of some high-symmetry phonon modes
were calculated. These phonon modes correspond to os-
cillations of the oxygen atoms within the unit cell, with
the titaniuin atoms fixed. The calculated frequencies are
given in Table II. The notation used for the vibrational
modes and the experimental values quoted were obtained
&om Traylor et al. The agreement of the calculations
with experiment is found to be excellent.

The one-electron Kohn-Sham eigenvalues were com-
puted at a number of high symmetry points in the bulk
Brillouin zone. A direct band gap of 2.0 eV was found at
the I' point. This underestimation of the band gap, by
about 33%, is characteristic of LDA. The details of the
band structure are almost identical to those obtained by
Glassford and Chelikowsky. They calculated the den-
sity of states of the valence and conduction bands and
found the widths and qualitative structure of these bands
to be in good agreement with experiment. Their work in-
dicates that, apart from the underestimation of the band
gap, the LDA gives a realistic picture of the one-electron
energy spectrum of bulk Ti02. Thus, we have made di-
rect comparison of the one-electron eigenvalues with the
published experimental spectra.

IV. THE STOICHIOMETRIC TiO (110)
SURFACE

The standard model of the stoichiometric Ti02 (110)
surface is given in Fig. 1. The surface has rows of

FIG. 1. The structure of the stolchiometric (110) surface
of TiO& ~ The different types of surface atoms are indicated
as follows: (a) bridging oxygen atoms; (b) coplanar oxygen
atoms; (c) and (d), surface titanium atoms. Atoms of type (a)
and (c) have one less nearest neighbor than in the bulk, while

(b) and (d) have the full complement of nearest neighbors.

fivefold- and sixfold-coordinated Ti atoms along the bulk
[001] direction. These are parallel to rows of threefold-
coordinated oxygen atoms lying in the plane of the sur-
face Ti atoms. Rows of twofold-coordinated oxygen
atoms (bridging oxygen atoms) are about 1.25 A above
this plane. In an ionic picture of the material, as made
up of Ti + and 02 ions, such a surface would be neu-
tral. From a more covalent point of view, such a cleavage
breaks the minimum possible number of bonds.

Three-layer and five-layer slabs of stoichiometric Ti02
(110), with all the bridging oxygen atoms on the sur-
face present, were relaxed to equilibrium. In the relaxed
structure, the force on each ion was smaller than 0.05
eV/A. The relaxation of the three-layer slab was found
to be in quantitative agreement with that of the five-layer
slab to within 10%. Convergence of the calculated relax-
ations and surface energies of the structures with respect
to vacu»m layer thickness was tested. Two special k
points, at the (0.25,0.125,0.25) and (0.25,0.375,0.25) po-
sitions in the (1x1) supercell Brillouin zone, were used in
the self-consistent total-energy calculation. The surface
energy of the three-layer slab diKered from that of the
five-layer slab by less than 5%.

The relaxed structure of the five-layer slab is given in
Fig. 2(a). The surface has a puckered arrangement of
atoms with the the sixfold-coordinated Ti atoms and the

TABLE II. Comparison of experimental and calculated
values of the frequencies of some zone-center phonon modes.

Label

r+
r+
r+
r,

Expt.
(10 Hz)

18.30+0.46
24.72+0.25
4.246+0.09

13.339+0.18

Traylor et al. (Ref. 31).

Theory
(10 Hz)

17.64
23.73
4.44

13.34 FIG. 2. Side view along the bulk [0011 direction of the re-
laxed five-layer slabs. (a) Relaxed stoichiometric slab; (b) un-
relaxed stoichiometric slab; (c) relaxed defective (1xl) slab.
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coplanar oxygen atoms moving outward by 0.1 A. The
fivefold-coordinated Ti atoms and the bridging oxygen
atoms move inward by approximately the same amount.
These relaxations are simply understood in terms of a
chemical bonding picture in which the undercoordinated
titanium and oxygen atoms on the surface move &om
their bulklike positions to be closer to their neighbors.

The surface energy of the (110) surface was calcu-
lated to be about 1.25 eV per (1x1) surface unit area.
This estimate is about two to three times larger than
the experimental values compiled in the review of Over-
bury et at. The experiments were conducted at tem-
peratures above 2500 K and the comparison with our
ground state calculations on ideal, ordered structures is
rather tenuous. An alternative model of the stoichiomet-
ric surface has, instead of bridging oxygen atoms, rows
of onefold-coordinated oxygen atoms about 2 A. above
rows of sixfold-coordinated Ti atoms. This model would
leave one-half of the surface Ti atoms only fourfold-
coordinated. Our calculations estimated the surface en-
ergy of this model was about 4.1 eV per (1x1) surface
unit, appreciably higher than that of the standard model.

V. OXY'GEN DEFICIENT TiOg {110)

As discussed in the Introduction, there have been ex-
tensive experimental investigations of the effect of oxygen
de6ciency on the electronic structure and chemical reac-
tivity of the surfaces of Ti02. This motivated our interest
in studying nonstoichiometric slabs of Ti02 (110). Slab
geometries composed of &om three to five layers, with
all or part of the bridging oxygen atoms removed from
the surface, were relaxed to equilibrium. It should be
emphasized that we removed neutral oxygen atoms from
the model surfaces, and not 0 ions. Thus, for each
oxygen atom removed, two electrons are found to remain
on the surface, occupying nonbonding, 3d-like levels lo-
calized primarily on the surface Ti atoms. (These levels
were not separated by a gap &om the conduction band
levels. ) Thus, the surfaces that we studied were all elec-
trically neutral.

The relaxed structure of the five-layer oxygen-deficient
(1xl) slab is given in Fig. 2(c). The surface contains
fivefold-coordinated Ti atoms which move inward by 0.05
A. and fourfold-coordinated Ti atoms which move in by
0.13 A. The coplanar oxygen atoms move dramatically
outward by 0.35 A, indicating a marked deviation of the
valence orbitals on these atoms &om the planar sp -like
hybridization present in bulk Ti02. Again, the relaxation
of the three-layer slab was found to be in quantitative
agreement with that of the five-layer slab to within 10'%.
Surface energies, too, were converged to within 5%.

Since the (1x1) structures with all surface bridging
oxygen atoms missing is not likely to be a realistic model
of the experimental sample, we endeavored to study su-
percells with a lower defect density. The choice of a high
defect density (to obtain a smaller surface unit cell) and
limited slab thickness was dictated by limitations of com-
putational time and memory. Our experience with the
stoichiometric and defective three and five-layer (1x1)

supercells indicated that structural relaxations and sur-
face energies were given rather accurately by three-layer
structures. Hence, we focused our attention on three-
layer (1x2) and (2x1) supercells, for which only one-
half of the bridging oxygen atoms are absent. There was
also some motivation for this study from experimental
literature, ' where there is mention of a (2x 1) struc-
ture seen on thermally annealed samples. The possibility
that this was a structure with an ordered array of sur-
face oxygen vacancies was worth testing. In addition,
the work of Eriksen and Egdell indicates that on creat-
ing oxygen de6cient surfaces of Ti02 by controlled elec-
tron bombardment, a limiting composition of Ti407 is
reached.

The (1x2) structure simulated had alternate bridging
oxygen atoms missing along each row, while the (2x1)
structure had alternate rows of bridging oxygen atoms
missing. The configuration of bonds on the two surfaces
is rather diferent. On the (2xl) surface all Ti atoms
below the row of oxygen vacancies are only fourfold-
coordinated, with the bonding of the other Ti atoms
on the surface unchanged. These fourfold-coordinated
Ti atoms relax inward by 0.2 A. For the (1x2) surface,
on the other hand, every Ti atom that is bonded to a
bridging oxygen atom is 6vefold coordinated. In the re-
laxed structure these are displaced along the [001 direc-
tion away &om the neighboring vacancy by 0.1,with
negligible relaxation along the surface normal. The re-
laxations of the other surface atoms on both of these
structures were found to be almost identical.

In the vicinity of the bridging oxygen atoms, the re-
laxations were nearly indistinguishable &om those of the
stoichiometric surface. Near a vacancy the relaxations
of the coplanar oxygen atoms was found to be outward
and of magnitude 0.3 A in both structures, rather close
to that on the defective (1xl) surface. This indicates
that the relaxation induced by surface oxygen vacancies is
rather localized. Of the two structures, the (1x2) struc-
ture was found to be lower in energy than the (2x1) by
about 0.13 eV per (1x1) surface unit area. This surface
energy difference is rather small compared to the total
surface energy of each of these structures. These calcu-
lations suggest that the (2xl) LEED pattern reported
occasionally in experimental literature might arise from
a more complex structure than the one we have studied.

The relative stability of surfaces of different stoichiom-
etry may be discussed using the grand thermodynamic
potential, defined as

0 = E —PONO —PT;NT;,
where E, No, and NT; are the total energy, number of
0 atoms, and number of Ti atoms, respectively, in the
surface slab geometry considered. As each surface is in
equilibrium with the bulk, the chemical potentials pT;
and po are constrained such that p,T;+ 2po is equal to
the energy of the bulk per Ti02 unit. The residual degree
of keedom, pT; —po, is constrained to lie in the range

O'Ti(bulk) + If PO(gas) + PTi PO
+ O'Ti(bulk)

1+ 2 + If PO(gas) r
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where pT;~b„~~~ and p~~g ~
are the energies per atom of

bulk Ti and molecular 02, respectively, and AHy is the
heat of formation of bulk Ti02. This follows &om the
condition that neither bulk Ti nor molecular 02 should
be precipitated. Such considerations have been discussed
in detail by gian et aLs and Northrup in their studies
of GaAs surfaces. In our calculations we have diKculty
fixing the limits accurately, as our codes are not currently
capable of the careful Fermi-surface sampling and spin
polarization needed for bulk Ti and 02, respectively. Us-

ing experimental values for pT;gb„~~y, p,o~z~, ~, and AHy,
we estimate that the stoichiometric surface should remain
stable with respect to the oxygen-deficient ones over the
entire accessible range of po. However, the uncertainties
are too large to be sure of this conclusion near the lower
limit of po.

Some stability considerations are independent of the
detailed knowledge of the range of chemical potentials,
as they involve comparing surfaces with the same density
of surface oxygen atoms. The stability of the (1x2) slab
over the (2x1) slab, discussed above, is one such case.
Another example is the stability of the (1x2) and (2x1)
structures individually against phase separation into two
domains of equal area, one with all the bridging oxygen
atoms present and the other with all the bridging oxygen
atoms missing. To answer this question we compare the
surface energy of each of the (1x 2) and (2 x 1) slabs with
the average of the surface energies of the stoichiometric
(1xl) and defective (1xl) surfaces. In both cases, we

find that the surface with only half of the bridging oxygen
atoms present is stable with respect to phase separation.

VI. OXY'GEN DEFICIENT BULK TiOg

To obtain further insight into the effects of oxygen va-
cancies on the electronic structure of the material, we
studied a bulklike defective supercell. A bulk supercell
with four units of Ti02 was set up. This was identical in
geometry with the (1x2) surface slab, but without the
vacuum layer, and with the top and bottom layers iden-
tified. The lattice vectors of this supercell were along
the bulk [110],[110],and. [001] directions with the length
doubled along the [001] direction. One oxygen atom in
the central layer of this supercell was removed, leaving
the three Ti atoms to which it was bonded five-fold co-
ordinated. Of these Ti atoms, the two along the [001]
direction relaxed in opposite directions by 0.1 A.. This
is almost identical to the relaxations near a vacancy in
the (1x2) surface slab. However, the relaxations of the
neighboring oxygen atoms were much less dramatic in
the bulk, as compared with those on the surface slabs.
In the former case, all the oxygen atoms are threefold
coordinated, while in the latter, the twofold-coordinated
bridging oxygen atoms on the surface are &ee to relax
outward substantially.

VII. ELECTRONIC BAND STRUCTURE
OF TiOz (110)

The electronic band structure of the stoichiometric and
the reduced five-layer slabs are given in Fig. 3. The bands

(a)
Y

10
r X Y r x

0 4

2
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FIG. 3. The electronic band structure of the relaxed (1x1)
slabs along the axes of the surface Brillouin zone. (a) Stoi-
chiometric; (b) reduced.

of the different slabs were aligned with respect to each
other using the average potential in a layer at the center
of each slab. A comparison of the energies of the Ti 3p
levels localized around each of the two Ti atoms in this re-
gion indicates the accuracy with which the potential dis-
tribution in this region is representative of the bulk. In an
infinitely thick slab, these energy levels should be iden-
tical. However, for the three-layer stoichiometric slab,
the average of the Ti 3p energies on these atoms is split
by 1.1 eV. In the five-layer stoichiometric slab, the split-
ting is reduced to 0.37 eV. For the reduced surface, the
corresponding values for the three-layer slab and five-

layer slabs are 0.42 and 0.16 eV, respectively. Thus, even
the thickest slabs that we have studied probably do not
have a completely bulklike potential distribution in the
central layer. This is bound to have an effect on the
electronic structure. An additional complication is that
the lowest conduction band levels of the stoichiometric
slab are bulklike, while those in the reduced slabs are
highly localized on the surface layer. Thus, these states
are affected differently in these two slabs. To reduce the
errors in comparing energy levels of valence and conduc-
tion bands &om different supercells, we have compared
the electronic structure of the surface slabs with each
other, on the one hand, and the electronic structure of
the bulk defective supercell with a perfect bulk supercell,
on the other.

In the reduced slab, there are occupied states at the
edge of the bulk conduction band, which are localized
mainly around the surface Ti atoms. There is no gap
between these states and the low-lying unoccupied Ti 3d
states. Also the gap between these defect levels and the
highest occupied 02p levels is significantly wider than
that of the bulk, owing both to a depletion of 0 2p bands
at the top of the valence band, and also to an upward
shift of the surface defect state energies on the reduced
surface, with respect to the bulk conduction band edge.
This indicates that our slabs are not thick enough to
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TABLE III. The valence and conduction band edges of the
various (110) supercells.

TABLE IV. The valence and conduction band edges of the
bulkhke supercells.

Stoichiometric (1x 1)
Stoichiometric (1xl)
Defective (1x1)
Defective (1x 1)
Defective (1x 2)
Defective (2 x 1)

Layers
3
5
3
5
3
3

Ev
5.63
5.31
5.01
5.10
4.90
5.49

Ec
7.11
7.10
7.43
7.38
7.38
7.41

Bulklike supercell
Defective supercell

Atoms
24
23

Ev
-5.15
-5.46

Ec
-3.34
-3.59

VIII. CONCLUSIONS

describe the bulk, as the widening of the gap of an infinite
slab is impossible. The electronic structure of the (1x2)
and (2 x 1) slabs has also been calculated along some high
symmetry directions. Table III gives the energies of the
highest 0 2p level and the lowest Ti Sd level (occupied in
a defective slab) for various (110) supercells. It is seen
that for all the defective slabs, the lowest occupied Ti 3d
level is shifted about 0.3 eV above the bulk conduction
band minimum.

When the electronic structure of the bulk supercell
containing an oxygen vacancy is aligned with the per-
fect bulk supercell, it is found that the defect states are
0.3 eV below the bulk conduction band minimum. Table
IV gives the energies of the highest 02p level and the
lowest Ti3d level (occupied in a defective slab). Once
again no gap is found between the defect levels and the
unoccupied conduction band levels.

The electronic levels of the stoichiometric and oxygen-
deficient structures indicate that the defect levels arising
from surface oxygen vacancies lie about 0.3 eV above the
bulk conduction band edge, while those due to bulk va-
cancies lie about 0.3 eV below it. Thus, on a disordered
Ti02 (110) surface comprising a mix of stoichiometric
and reduced regions, the Fermi level will be pinned at
diferent energy positions in the diferent regions. In or-
der to equilibrate the chemical potential throughout the
surface, there would be a Bow of electrons from the re-
duced surface patches to the adjoining bulk and stoichio-
metric surface regions, giving rise to dipole layers at the
interfaces between patches. Thus, levels detected in sur-
face spectroscopies up to 0.25 eV below Ef could be due
to occupied Ti 3d like conduction band states from stoi-
chiometric regions adjoining the reduced patches on the
surface.

Vacancies several layers below the surface may also
give rise to emission seen up to 0.5 eV below Ey, if they
are realistically modeled by our bulk vacancy calculation.
However, the tail of defect states seen 0.8 to 1.0 eV below

Ef in photoemission studies, may indicate the existence
of more complex defect configurations. Significant local
alterations of the structure around vacancy complexes
cannot be ruled out, given the fact that even small con-
centrations of vacancies in bulk Ti02 are eliminated by
the formation of crystallographic shear planes. It would
be worthwhile to look at defect configurations which re-
semble those found in the sheared substoichiometric bulk
material, to understand the energetics and the spectro-
scopic signature of such a dramatic transformation of the
surface from the ideal model of the surface.

We have studied a number of supercells to model sur-
face and subsurface oxygen vacancies on Ti02 (110). The
defect configurations that we have studied are rather
unrealistic from the experimental point of view, due to
memory and computational limitations. However, some
trends regarding the structural relaxations around an
oxygen vacancy seem to be common to a variety of struc-
tures that we have studied. While no direct experimental
data on the structure of stoichiometric or defective TiO~
(110) exists, the structural relaxations that we find in
our model structures are substantial. These are within
the limit of resolution of LEED and medium energy ion
scattering experiments. We find that surface oxygen va-
cancies give rise to defect states close to the Fermi energy,
while bulk vacancies appear to give rise to states within
0.5 eV of Ef.

Further work on larger supercells, combining bulk and
surface vacancies, is needed to accurately resolve the en-

ergy estimates given above. Supercells with seven or nine
layers of titanium atoms may give a potential distribu-
tion in the central layer that is more like that found in
the bulk material. This would make comparisons of the
band structure of di6'erent slabs using the average poten-
tial in the central layer of the slabs more accurate. Also
it would reduce the shifting and splitting of groups of
states owing to the reBection of Bloch-like states by the
surfaces of the slab. The use of supercells with larger sur-
face unit cells would enable a more accurate simulation
of a localized surface and of a subsurface vacancy.

The results presented here are likely to be of interest in
fundamental studies aimed at understanding the nature
of structural relaxations near oxygen vacancies in tran-
sition metal. oxides and of the defect levels which might
have a dramatic eKect on the transport properties and
chemical reactivity of the material. Studies of chemisorp-
tion of metals on Ti02 surfaces may also build on these
calculations.
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