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First-principles spin-polarized calculations on the reduced and reconstructed TiO2 „110… surface
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We have performed plane-wave pseudopotential density-functional theory calculations on the stoichiometric
and reduced TiO2 ~110! surface, the 231 and 132 reconstructions of the surface formed by the removal of
bridging-oxygen atoms, and on the oxygen vacancy in the bulk. The effect of including spin polarization is
investigated, and it is found to give a qualitatively different electronic structure compared with a spin-paired
description. In the spin-polarized solutions, the excess electrons generated by oxygen reduction occupy local-
ized band-gap states formed from Ti (3d) orbitals, in agreement with experimental findings. In addition, the
inclusion of spin polarization substantially lowers the energy of all the systems studied, when compared with
spin-paired solutions. However, spin-polarization does not change the relative stability of the two reconstruc-
tions, which remain energetically equivalent.@S0163-1829~97!02724-0#
er
b
t
o
e
m
d
er
c
an
m
la
an
u
,
t
th

c
-
ke
o
ce
te

n

n
i-
R

n
si

e of
ave

be
ngly

les.

be-
-

ich
h

re-

ture

d
p
gen

gap
cal,
y
eV
om
ess-
I. INTRODUCTION

Titanium dioxide is a near ideal white pigment in powd
form, and its manufacture and use constitute a huge glo
industry. TiO2 is a photocatalyst, and is also used as a ca
lyst support. Its behavior in all these applications depends
its surface properties. This provides a strong motive to inv
tigate the physical and electronic surface structure of the
terial. Scientifically this is challenging, and our understan
ing of oxide surfaces lags well behind that of oth
materials:1 experimental studies of oxide surfaces are mu
more difficult than those of metals and semiconductors,
theory has, until quite recently, relied upon insights fro
simple interaction models. However, first-principles simu
tions, in which the electrons are treated quantum mech
cally, are now being used to make very significant contrib
tions to the understanding of oxide surfaces, for example
MgO,2 Al2O3,

3 SnO2,
4 and TiO2.

5–11Our aim in the presen
paper is to use first-principles simulations to investigate
stoichiometric and reduced~110! surface of TiO2.

A familiar feature in experimental studies is the presen
of ‘‘Ti 31’’ ions in reduced TiO2. The evidence for this de
scription is discussed in Ref. 1 and we summarize the
features here. The ultraviolet photoemission spectrosc
~UPS! spectra contain a band-gap feature for redu
samples which is interpreted in terms of occupied sta
formed from Ti (3d) orbitals,1,12 a view supported by the
resonant behavior of UPS across the range of photon e
gies corresponding to the Ti 3p-3d excitation threshold. The
shift of the Ti (2p) core levels seen in x-ray photoelectro
spectroscopy13 and the lack of surface conductivity also ev
dence the localized nature of the additional electrons.
gardless of the location of the oxygen vacancies~i.e., in the
bulk or at a surface! the energy levels of the excess electro
lie in the upper half of the bulk band gap, though their po
550163-1829/97/55~23!/15919~9!/$10.00
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tion depends on the degree of reduction. The exact natur
these states, and their relation to the oxygen vacancy, h
not been established by experiment.

Measurements on the low-index surfaces of TiO2 reveal
complex reconstructions. For the~110! surface, scanning-
tunneling microscopy~STM! has shown that a 132 recon-
struction occurs after annealing in vacuum.14,15 In this con-
dition the surface is oxygen deficient, and it seems to
generally true that surface reconstructions depend stro
upon oxygen reduction, so that, for example, the~100! 1
33 reconstruction is observed only for reduced samp
The surface structure of the 132 reconstructed~110! surface
has not been established by experiment. This is partly
cause of the difficulty in interpreting STM images. The com
monly assumed model is a missing-row structure in wh
alternate rows of so-called ‘‘bridging-oxygen’’ ions, whic
run along@001#, are removed.

There have been previous theoretical studies of the
duced ~110! surface of TiO2. Most of these predict gap
states, but there is no accord on the surface defect struc
responsible for these states. Wang and Xu16 ~tight-binding
extended Hukel!, and Tzukada, Adachi, and Satoko17

(DV-Xa cluster methods! both find the states 0.7 eV below
the conduction-band minimum. However, Munnix an
Schmeits,18 using a tight-binding model, found that ga
states only occurred after the removal of sub-surface oxy
atoms.

Mackrodt, Simson, and Harrison19 used spin-unrestricted
Hartree-Fock methods to study the 131 surface, as well as
the reduced bulk. These authors found that in both cases
states were formed upon reduction, corresponding to lo
spin-polarized Ti (3d) configurations. For the surface, the
found that the gap states form a narrow band 0.4–2.4
above the valence-band maximum. The conclusion fr
these studies was that to properly describe the exc
15 919 © 1997 The American Physical Society
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15 920 55LINDAN, HARRISON, GILLAN, AND WHITE
electron gap states spin polarization must be included: s
restricted calculations gave no gap states. Ramamoo
King-Smith, and Vanderbilt6 have studied the reduced~110!
surface as well as oxygen-deficient bulk, using plane-w
pseudopotential techniques based on density-functio
theory ~DFT!. For the surface, they found Ti (3d)-like sur-
face states, but these lay in the conduction band. For
reduced bulk, however, these authors did find gap st
which were 0.3 eV below the conduction band. Ramamo
thy, King-Smith, and Vanderbilt also investigated the re
tive stability of the 132 and 231 reduced surfaces.20 Em-
ploying the missing-row model previously described, th
found that the 231 reconstruction was favored by a rath
small energy difference, in disagreement with experime
These authors employed the local-density approxima
~LDA !, and did not investigate the effects of spin polariz
tion in the material.

It seems that DFT calculations on reduced TiO2 must in-
clude spin polarization in order to properly describe the el
tronic structure@i.e., to give band-gap states for the reduc
~110! surface#, and this study addresses that task. The a
of the present work are as follows. First, we investigate
effect of spin polarization on the electronic structure, relax
geometry, and energetics of the reduced 131 ~110! surface
and the oxygen vacancy in the bulk. Our main interest her
in surface properties, but we include the oxygen vacanc
show the general nature of the changes due to spin pola
tion. Second, we present spin-polarized calculations on
132 and 231 reduced surfaces, in an attempt to underst
the structure of the experimentally observed reconstruct
To our knowledge, these are the first spin-polarized D
calculations on reduced TiO2.

II. TECHNIQUES

We have used a variant of theCETEPcode,21 the parallel
version ofCASTEP,22 running on the 512-node CRAY T3D a
the Edinburgh Parallel Computer Centre, to perform our c
culations. In this code the electronic ground state is fou
through conjugate-gradients minimization of the total ene
with respect to the plane-wave coefficients, with all ban
treated simultaneously. Spin-polarized calculations e
ployed the implementation described by White and Bird23

Relaxation of the ions to mechanical equilibrium, in whi
the ionic forces were generally less than 0.2 eV Å21, was
achieved by the conjugate-gradients minimization of the to
energy with respect to the ionic positions. Recent resu7

indicate that gradient corrections to the local-density
proximation can have a large effect on oxide surface en
gies, and accordingly we have employed the generaliz
gradient approximation~GGA! of Perdew and Wang24 in all
our calculations.

We have constructed norm-conserving pseudopoten
in the Kleinman-Bylander representation25 for Ti and O. The
core electrons were taken to be the 3p electrons and below
for Ti, and the 1s electrons for oxygen. The Ti pseudopote
tial was generated from the neutral atom fors andd compo-
nents, while forp we used the 4s0.754p0.253d2 configuration.
The core radii were 2.2 (s,d) and 2.7 (p) bohr, with thes
component taken to be local. Optimization, using the sche
of Lin et al.,26 was performed on thed component of the
n-
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pseudopotential. Optimization of the other components w
found to be unnecessary, with the convergence limited by
optimized d component. For oxygen we used the neut
atom for s and p ~local!, while d was generated from the
2s22p2.753d0.25 configuration. The core radius for all thre
components was 1.5 bohr, with thep component taken to be
local. Optimization of boths and p components was per
formed, after which the convergence of the total energy w
respect to plane-wave cutoff was limited by thep compo-
nent. We have used a 750-eV plane-wave cutoff for all sim
lations, which is sufficient to converge the total energy of t
six-ion TiO2 unit cell to within 0.07 eV. Using four
Monkhorst-Packk points27 to sample the Brillouin zone, the
calculated lattice parameters~experimental values28 are in
parentheses! are 4.69~4.594! and 2.99~2.959! Å for a and
c, respectively, while the internal coordinateu was 0.306
~0.305!. The slight overestimation of the lattice paramete
~2% for a! is typical for the GGA.

A. Simulation details

We have used periodically repeating slab geometry,
indicated in Fig. 1~a!. The slab may be viewed as consistin
of three layers containing O—Ti-O-Ti-O—O stoichiomet
units, with a repeat distance ofa/&. The surfaces of the
slabs are separated by a vacuum region corresponding to
layers. The~110! surface cell, shown in Fig. 1~b!, has dimen-
sions of c3&a. One titanium is fivefold-coordinated
~marked ‘‘5f ’’ !, and the other sixfold~‘‘6 f ’’ !. The so-called
bridging oxygens~marked ‘‘BO’’! sit above the sixfold tita-
niums. The simulation cell for stoichiometric 131 surface
calculations contains 18 ions.

Spin-polarized calculations were performed by fixing t
number of spin-up and spin-down electrons to be differ
during the ground-state minimization procedure. This w
found to be necessary because starting with equal numbe
up and down electrons rarely produced a spin-polari
ground state. Comparison of solutions with different sp
excesses was then made to determine the lowest-energ
lution. As an additional check we took the converged, sp
polarized solutions and removed the restriction on occup
cies, but in no case did we find spontaneous spin pairing.
have not attempted to investigate the magnetic ground s
for a given spin density, but as will be seen shortly the sm
energy differences expected for different magnetic states
insignificant compared to the energy difference betwe
spin-paired and spin-polarized solutions.

III. RESULTS AND DISCUSSION

A. The stoichiometric surface

We have performed calculations on two stoichiomet
systems, an 18-ion 131 slab, and a 36-ion slab which wa
twice the size of the 18-ion system along@001#. The bigger
calculation was performed mainly to allow comparisons w
the 231 reduced system, but we have also used the res
to calculate the stoichiometric surface energy. The lowe
order Monkhost-Pack set of twok points was used to sampl
the surface Brillouin zone in these calculations. The surf
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FIG. 1. The~110! surface of TiO2. Light and dark spheres indicate titanium and oxygen ions, respectively.~a! perspective view showing
the slab geometry used. The simulation cell is extended for display purposes. The fivefold- and sixfold-coordinated titanium site
bridging oxygen site are labeled 5f , 6f , and BO, respectively.~b! The 131 surface unit cell used in the simulations.~c! Side view of the
relaxed stoichiometric geometry.
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energy was calculated by subtracting from the energy of
slab the energy of the corresponding number of formula u
in the bulk crystal, and dividing the result by the total surfa
area. To ensure the cancellation of errors, the bulk cry
energy was obtained from a two-layer system having exa
the same surface cell as for the slab calculations, but with
vacuum width reduced to zero, and with Brillouin-zone sa
pling included along the surface normal. The surface en
gies before and after structural relaxation were found to
1.43 and 0.81 J m21, respectively, in reasonable agreeme
with previous first-principles calculations by Ramamoorth
Vanderbilt, and King-Smith5 on the same system: those a
e
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e
al
ly
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,

thors found unrelaxed and relaxed surface energies of 1
and 1.10 J m21 for the three-layer slab. Our energies a
lower because we have included gradient corrections to
exchange-correlation energy, which have been shown
lower calculated oxide surface energies.7 We note in passing
that Ramamoothyet al. demonstrated that the~110! surface
energy converges slowly with slab thickness, and oscilla
with odd and even numbers of layers. However, our cho
of system size is constrained by other considerations wh
we discuss below.

In Table I we report the relaxations of the ions in th
stoichiometric surface. The ion labels refer to Fig. 1~c!. We
TABLE I. Ionic displacements due to relaxation of the~110!131 surface. Labels refer to Fig. 1~c!. The
displacements are in Å, and are from the bulk terminated positions.~a! Stoichiometric surface,~b! reduced
surface without spin-polarization,~c! reduced spin-polarized surface.

(110)131 Reduced (110)131
~a! ~b! ~c!

Label @110# @1̄10# @110# @1̄10# @110# @1̄10# @001#

1 0.09 0.00 20.13 0.00 20.11 0.00 0.00
2 20.12 0.00 0.00 0.00 0.01 0.00 0.00
3 20.09 0.00
4 0.11 20.05 0.40 0.09 0.39 0.10 20.04
5 0.11 10.05 0.40 20.09 0.39 20.10 0.04
6 20.05 0.00 20.02 0.00 20.05 0.00 0.00
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15 922 55LINDAN, HARRISON, GILLAN, AND WHITE
find no relaxation along@001# for any of the ions, and only
the in-plane oxygens move significantly~by 0.05 Å! along
@1̄10#. All other relaxations are normal to the surface: t
sixfold- ~fivefold-! coordinated Ti ions move out~in! by 0.09
~0.12! Å, the in-plane oxygen ions move outward by 0.11
and the bridging oxygen moves into the surface by 0.09
This pattern of displacements is identical to that found
Ramamoorthyet al., though as in our previous study of th
~100! surface,9 we find somewhat smaller magnitudes. Th
displacement pattern is rather different than that found in
linear augmented plane-wave calculations by Vogtenhu
et al.29 Very recent surface x-ray-diffraction measurement30

show that the structure proposed by Ramamoorthyet al. is in
good agreement with experiment. Since we find essenti
the same structure, these conclusions may be extended t
results.

B. Reduced 131 surface

The reduced 131 surface is formed by removing all th
bridging-oxygen ions, giving a density of surface vacanc
of one monolayer. We have treated this surface both w
and without spin polarization, and we find that the two d
scriptions yield qualitatively different electronic structure
This has consequences for both the relaxed geometries
energetics. First we examine the relaxations which oc
when oxygen is removed from the surface. In Table I pa
~b! and~c! we report the ionic relaxations from the two ca
culations. Reduction of the surface produces very differ
relaxations compared with the stoichiometric case: the fi
fold Ti now remains at the bulk terminated position, the s
fold Ti relaxes into, rather than out of, the surface, and
in-plane oxygens move much further out of the surfa
Once again these results are in broad agreement with p
ous ~spin-paired! LDA calculations.6 Whilst essentially the
same pattern of relaxations is found in the two calculatio
note that the spin-polarized solution gives rise to small d
placements of the in-plane oxygens along@001#, thereby
lowering the symmetry of the surface. This surprising res
is a direct consequence of the nature of the excess-elec
states, about which we shall say more shortly.

The most striking difference in the two solutions is in t
energetics: for identical ionic configurations~the relaxed,
stoichiometric positions minus the two bridging-oxygen ion
a 16-ion system! we find that a spin-polarized solution wit
four more electrons spin up than spin down is 2.77
(1.1 J m22) lower in energy than the spin-paired solutio
After structural relaxation of both systems, the difference
energy is 3.98 eV (1.6 J m22). For the spin-polarized system
the energy gained by relaxing the ions was 2.8 eV. We
vestigated other spin excesses but did not find a low
energy solution.

The reason for these differences lies in the nature of
states occupied by the excess electrons. The removal
neutral oxygen ion leaves two electrons which previou
occupied O (2p) levels in the valence band. These states
no longer available, and the electrons must go into the c
duction band, the bottom of which is formed from Ti (3d)
orbitals. Our 131 slab has two oxygen vacancies and fo
excess electrons. In the fully relaxed, spin-paired soluti
examination of the charge density of the topmost-occup
,
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bands~not shown here! shows that the excess electrons o
cupy the surface Ti (3d) orbitals such that both the fivefold
and sixfold Ti ions receive an extra electron. Note that in t
solution the excess-electron states are forced to be do
occupied. The spin-polarized solution also has the exc
electrons occupying the surface Ti (3d) orbitals, and again
each surface Ti receives one electron. However, these e
trons are nowunpairedwhich is the origin of the large en
ergy difference between the two solutions. The occupation
spin-unpaired orbitals rather than the partial occupancy
spin-paired orbitals reduces the on-site exchange energy
increases the kinetic energy. In these narrowd bands it is
clear that the exchange term dominates, and therefore
ground state has spin-polarized electrons which are local
on the Ti sites.31 The energy gained lowers these states i
the band gap~see below!. A further consequence is that th
spin-unpaired orbitals contract closer to the ionic core, wh
is apparent through comparison of the excess-elec
charge-density distributions from the spin-paired and sp
polarized calculations.

The spin density is defined as the difference between
electron densities due to spin-up and spin-down electro
The spin density for the reduced 131 surface is shown in
Fig. 2, and as might be expected from the previous disc
sion, it corresponds very closely to the charge density du
the four excess electrons. The integratedmagnitudeof the
spin density yields 5.9 electrons. This is because, in addi
to the contribution from the four unpaired electrons in the
(3d) states there is some spin polarization of the other or
als. The symmetry-lowering displacement of the in-pla
oxygen ions along@001# is caused by the interaction of th
excess-electron states with the oxygen ions. As can be
in Fig. 2, the Ti (3d) orbitals rotate about@110# which, along
with the oxygen displacements, reduces the overlap of
charge density on the oxygen ions with that of the Ti (3d)
electrons.

Figure 3 shows the calculated density of states,g(E), for
the reduced, spin-polarized surface. This was calculated
the tetrahedron method32 with ten k points and 384 tetrahe

FIG. 2. Isovalue surface~gray! of the spin density calculated
from the spin-polarized simulation of the reduced 131 surface. As
in Fig. 1~b!, the surface is viewed from above, with light and da
spheres indicating titanium and oxygen ions, respectively. The
ovalue is 3.4331024, and the normalization is such that the su
over the cell of the spin density of a single electron equals un
The plot is extended for clarity, the dashed lines indicating
surface unit cell.
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55 15 923FIRST-PRINCIPLES SPIN-POLARIZED . . .
dra in the Brillouin zone. The gap states form a narrow ba
0.71–1.8 eV above the valence-band edge, which ha
maximum at about 1.2 eV. The lowest unoccupied states
about 1.9 eV above the valence-band edge, less than
experimental band gap~3.1 eV! ~Ref. 12! as is usual for DFT
eigenvalues. UPS measurements33,34 on the Ar-ion-
bombarded~110! surface show that at low defect concentr
tions, a band of gap states is centered at 2.3 eV above
valence-band maximum. The position of the gap sta
moves towardsEF as the defect concentration increases,
for all concentrations the states lie in the upper half of
gap. Scaling our results by the ratio of the real band gap
the calculated gap between occupied and unoccupied le
the gap states are 1.2–3.1 eV above the valence band,
the maximum at 2 eV. Thus our calculations yield states t
compared with experiment, are qualitatively correct b
somewhat too low in the band gap. We recall that pla
wave DFT calculations without spin polarization6 did not
yield band gap states for this system.

A natural question is whether the Ti (3d) localized gap
states which we find are peculiar to the reduced surface
TiO2, or if they are a general characteristic of oxygen de
ciency in the material. Intimately connected to this quest
is the defect structure of TiO22x , but this is surprisingly
complex. For example, a family of stable Magne´li phases35 is
found to occur between Ti2O3 and TiO2. It is outside the
scope of this work to calculate the most stable structure f
given stoichiometry: however, to investigate the predictio
of spin-polarized DFT for theelectronicstructure of the re-
duced bulk, we have performed calculations on bulk syste
containing an oxygen vacancy. We have used systems
sisting of one, two, and eight unit cells, each containing
single vacancy. In each case we find that the lowest-ene
state is spin polarized, with the two excess electrons occu
ing states formed from Ti (3d) orbitals. For all three defec
densities studied, these states are localized on the thre
ions nearest to the oxygen vacancy. The eigenvalues of t
states lie in the band gap: for the largest system they w
1.3–1.9 eV above the valence-band maximum, and occu
similar positions in the other systems. The energy gai
through spin polarization ranged from 0.2–0.5 eV. For
two unit-cell system we performed full structural relaxatio

FIG. 3. Densities-of-statesg(e) for spin-up (S↑) and spin-down
(S↓) electrons calculated for the reduced 131 surface after struc-
tural relaxation.
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This did not change the character of the excess-elec
states, but did raise their positions in the gap slightly. T
conclusion from these calculations is that the nature of
excess-electron states is very similar for reduced bulk
reduced surfaces.

C. Reduced 132 and 231 surfaces

The 231 surface cell in shown in Fig. 4~a!. Here we have
modeled the reduced surface by removing alternate bridg
oxygens, giving a vacancy density of half a monolayer. T
132 cell @Fig. 4~b!# has the same density of vacancies, b
they now form a complete missing row along the~001! di-
rection.

We have performed spin-paired and spin-polarized ca
lations on the 231 surface, and again we find large ener
differences. Taking the fully relaxed ionic positions from th
stoichiometric surface and removing two O atoms, we fin
spin-polarized solution for the electronic ground state to
2.1 eV lower than the spin-paired energy for the same ge
etry. Structural relaxation of both systems increases this
ference to 2.9 eV, and for the spin-polarized case the ene
gained by relaxation of the ions was 2.6 eV. For the 132
system the energy is 2.5 eV lower for the spin-polariz
ground state, and the structural relaxation yields another
eV, rather more than for the 231 surface. Despite this ther
is almost no energy difference between the two reconst
tions, which are separated by just 0.18 eV in favor of the
32 structure. This corresponds to a difference in surfa
energy of 0.04 J m21, which is at the limit of accuracy of
these calculations.

The distribution of spin density in the reconstructed s
faces has important consequences for their relaxed struct
It is also rather different from the 131 surface in which the
excess-electron states involve only surface Ti orbitals. Th
are common features for both reconstructed surfaces: the
cess electrons which give rise to the spin density occ
states which extend over surface and subsurface titan
ions; in both cases, the charge-density distribution for
excess electrons shows that two surface titanium ions~one
on each surface of the slab! have gained an electron, and th
other two excess electrons reside on titanium ions below
surface in the slab center; and neither has an excess ele
on those surface Ti ions which would be fivefold coordinat
on the stoichiometric surface.

We now describe in detail the surface states and io
relaxations of the two reconstructions, starting with the
31 surface. From Fig. 4~a! it can be seen that removin
alternate bridging-oxygen ions leaves two equivalent Ti io
which formerly were sixfold coordinated. We find that in th
geometry the electronic ground state breaks the symmetr
that only one of the sixfold Ti, receives an extra electro
Structural relaxation reflects this, as can be seen from
in-plane displacements@Fig. 4~a!#. The ‘‘31’’ Ti ion moves
far less towards the remaining bridging O, presumably
cause the undercoordination caused by the O vacanc
compensated by the reduction in overall charge on the ion
fact, the other in-plane O-ion displacements can also be
derstood in terms of increasing the screening of the unde
ordinated, ‘‘41’’ titanium. The latter moves by 0.17 Å to
wards the bridging O, which itself moves towards the 41 Ti.
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FIG. 4. Geometries of the reconstructed surfaces. Light and dark spheres indicate titanium and oxygen ions, respectivel
vacancies are shaded. The titanium ions on which electrons are localized in the spin-polarized calculations are labeled ‘‘31. ’’ ~a! 231
surface cell. In-plane displacements in Å from the bulk-terminated positions are shown, along with displacements along the surfac
~in parenthesis!. ~b! 132 surface cell, with the in-plane displacements.~c! Side view of the relaxed geometry calculated with sp
polarization.
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These symmetry-lowering movements associated with
different Ti (3d) occupancy on the two surface Ti ions a
evidently a Jahn-Teller-type distortion, and therefore diff
ent in origin to the displacements of the 131 surface ions
already mentioned. Displacements of the surface ions a
the surface normal~shown in parenthesis in the figure! also
reflect the lowered symmetry: relaxations of ions deepe
the slab are not shown for this system.
e

-
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The 132 surface also has two sixfold-coordinated
ions, but removal of a bridging oxygen means that the
become inequivalent, one retaining its six O neighbors,
the other losing all its bridging-oxygen neighbors to beco
fourfold coordinated@Fig. 4~b!#. The spin-polarized ground
state of this structure has an extra electron on the latte
these Ti ions: as for the 231 slab, the other two exces
electrons go to Ti ions below the surface in the center la
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~indicated in the figure!. The in-plane relaxations are show
in Fig. 4~b!. Near the ‘‘31’’ Ti the relaxations are very simi-
lar to those observed for the spin-polarized, reduced 131
surface, except that there are no displacements along@001#.
The other in-plane displacements have no direct analo
the stoichiometric 131 surface. In Table II we summariz
the ionic displacements including those along the surf
normal, and again we note that those near the bridg
oxygen vacancy are readily related to the pattern of displa
ments for the reduced 131 surface. The relaxed position
are shown in Fig. 4~c!, along with the ion labels referred t
in Table II.

For both reconstructed surfaces the spin-polarized gro
state has the eigenvalues of the excess-electron states
band gap. For the 132 system after full relaxation, the ga
states are 0.24–0.84 eV above the valence-band maxim
~0.62–1.19 eV before relaxation!, while for the 231 surface
they are 0.79–1.52 eV above the same reference p
~0.36–1.04 eV before relaxation!.

The behavior of the excess electrons in all the syste
studied here is rather similar. In all cases the lowest-ene
solution is insulating, and has the electrons localized on t
nium ions, with their eigenvalues in the band gap. The sp
polarized solutions are substantially lower in energy than
spin-paired ones, indicating that the effects of spin polari
tion must be taken into account when comparing the en
getics of reduced TiO2 systems. This is not withstanding th
present result that the 132 and 231 reconstructions have
equal surface energies both with and without spin polar
tion. In this case it seems that allowing spin-polarizati
shifts the energy of both surfaces down by about the sa
amount.

The localization of excess charge below the surface m
be thought to be unfavorable on electrostatic grounds alo
because in general the Madelung potential at a surface is
than at an equivalent site in the bulk. We have theref
performed some simple calculations to understand whe
this is true for the systems we have studied. We have ta
the ionic configurations which were used as starting po
for the calculations on reduced surfaces, and calculated

TABLE II. Ionic displacements due to relaxation of the reduc
(110)132 surface calculated with spin polarization. Labels refer
Fig. 4~c!. The displacements are in Å, and are from the bulk ter
nated positions.

Label @110# @1̄10#

1 20.13 0.00
2 20.09 20.03
3 0.11 0.00
4 20.09 0.03
5 20.06 0.00
6 0.36 0.10
7 0.36 20.10
8 0.22 20.14
9 0.22 0.14
10 20.03 0.00
11 0.01 0.00
12 0.12 0.06
13 0.12 20.06
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energies of point charges distributed on the ionic sites. T
formal charges of14 and22 were used for titanium and
oxygen, and the effect of localizing an excess electron at
site was modeled by changing the Ti charge to13. By
searching over all possible configurations of four Ti 31 ions
within the cation sublattice we determined the lowest-ene
arrangement of point charges. For the 131 system the low-
est energy is obtained by having two Ti 31 ions on each
surface, exactly as given by the first-principles calculatio
the lowest-energy arrangement with subsurface 31 ions is
some 9.4 eV higher in energy. For the 132 system the re-
sults are rather more surprising: the~degenerate! lowest en-
ergy was given by two arrangements of Ti31 ions, one of
which had a subsurface 31 ion as well as two surface
Ti31 ions on the same sites as the first-principles results.
231 system is rather more complex, because of the str
interplay between electronic and ionic structure: there
large, symmetry-lowering ionic displacements at the surfa
which will affect the Madelung potential. However, usin
the relaxed positions we find that the ionic arrangements
lowest energy have subsurface 31 ions. In contrast, and for
all the systems, if we use bulk-terminated positions in th
calculations, configurations in which the 31 ions are at the
surface are strongly favored.

Having established that the point-charge calculations a
good guide to whether the excess electrons in the fi
principles calculations will occupy subsurface sites, we ha
calculated the energy of a five-layer, 58-ion 132 slab of
point charges having two bridging-oxygen vacancies. Thi
necessary because for the three-layer slabs, the subsurfa
ions are in fact at the slab center, and it is unclear h
deeply the excess electrons would penetrate into the surf
Also, it was not possible to perform a full first-principle
calculation on this size of system. Since ionic relaxati
clearly affects the energy of the lattice of point charges,
took the ionic positions from a fully relaxed shell-model ca
culation of the surface, which should at least give the gen
features of the ionic displacements. We employed the sh
model potential proposed by Catlow, Freeman, and Roy36

and performed the relaxation using theTHBREL code.37 For
the relaxed ionic geometry we found the eight degene
lowest-energy arrangements had, for each side of the s
one surface 31 and one 31 on the first subsurface titanium
layer, but placing 31 ions in the slab center incurred a larg
energy penalty.

Several points emerge from this. The ionic positions c
strongly influence the difference in Coulomb energy betwe
excess-electron configurations. The inference from this
that in the first-principles calculations, the excess-elect
sites are determined by the ionic configurations chosen
starting points. Once an electron is localized on a Ti io
subsequent structural relaxation may not be enough to a
the electron to move to another site, and on general grou
we assume that these systems have multiple minima. H
ever, the use of an unbiased basis set means that for agiven
ionic geometry, the solution we find is likely to be very clo
the the true electronic ground state. It should also be reca
that the major change brought about by spin polarization
in the on-site energy. This means that the general feature
the solutions, i.e., localized excess-electron states lying
the band gap, are not affected by considerations of the lo
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tion of the excess electrons. This is supported by the fact
the nature of the states is basically the same for the th
bulk and three surface systems we have studied. The p
charge calculations also suggest that in first-principles ca
lations on thicker slabs, the excess electrons would not
cupy Ti sites deeper than the first subsurface layer.

IV. CONCLUSIONS

We have performed plane-wave pseudopotential DFT
culations on the stoichiometric and reduced TiO2 ~110! sur-
face. For the stoichiometric surface we find good agreem
with previous DFT calculations and experiment. We ha
investigated the effect of spin polarization on the energe
and electronic structure, and the interplay of electronic a
physical structure of the surfaces. We have also investig
the 132 and 231 reconstructions, modeled by the remov
of half a monolayer of bridging-oxygen ions, in an attempt
understand both the observed 132 reconstruction and the
failure of previous calculations to predict it. Several impo
tant conclusions may be drawn from our results.

Firstly, the electronic structure predicted by spi
polarized DFT for the reduced TiO2 is qualitatively correct.
The excess electrons occupy localized states formed from
(3d) orbitals, and their eigenvalues lie in the band gap.
the oxygen vacancy in the bulk, these electrons are local
around the vacancy on the nearest-neighbor Ti ions. The
cess electrons occupy surface Ti (3d) states on the reduce
131 surface, but for the two reconstructions the exce
electron states are formed from both surface and subsur
Ti orbitals. Simple arguments based on the Coulomb ene
of point-charge lattices indicate that~i! the ionic geometry
used as a starting point for spin-polarized calculations in
ences which Ti sites receive the excess electrons, and~ii !
subsurface Ti31 ions are not necessarily disfavored, even
very thick slabs. The first point is directly supported by fir
principles calculations on the reduced 133 reconstruction of
the ~100! surface, in which qualitatively different electron
structures were observed for different initial geometries.38

The ground-state energy for a fixed ionic configuration
strongly affected by the inclusion of spin polarization, and
all cases examined it is lowered. The difference in ene
ranged from a few tenths of an eV for an oxygen vacancy
the bulk, to 1.4 eV per oxygen vacancy on reduced surfa
~spin polarization made no difference to the energy or e
tronic structure of the stoichiometric material.! Subsequent
structural relaxation increased the energy difference betw
spin-paired and spin-polarized solutions, indicating that m
energy was gained through relaxation of the spin-polari
systems. However, the main part of the energy differe
between spin-paired and spin-polarized solutions was in
x-
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electronic energy, and is attributable to on-site Coulomb
fects. Despite the large effect that spin polarization has
energetics, the fully relaxed 231 and 132 reconstructions
were essentially energetically equivalent: this strongly in
cates that a more complex model than the bridging-oxy
missing-row structure studied here must be examined.

While gross features of the ionic relaxations were simi
for spin-paired and spin-polarized treatments of the redu
surfaces, there was an interplay between electronic
physical structure which resulted in subtle differences in
laxed geometries. For the 131 surface, displacements o
oxygen ions in the plane of the surface occurred in respo
to the excess-electrons on neighboring titanium ions. Th
31 surface exhibited a Jahn-Teller distortion of titaniu
ions made inequivalent through the excess-electron state
it is possible to prepare the surfaces experimentally, th
geometric features should be readily observable via x-
measurements.

We note that the behavior described is very different th
that of a non-transition-metal oxide, even SnO2 which has
the same rutile structure as TiO2. The differences arise from
the strong on-site effects on the energies of electrons wh
occupy the titaniumd orbitals. Spin-polarized DFT provide
a good description of the systems we have studied, which
characterized by the occupation of a single 3d orbital on
some of the ions. However, we expect that the absenc
self-interaction corrections will be more serious when thed
orbitals of an ion contain more electrons, for example,
reduced Ti2O3. Finally, it seems to us that calculated ST
images for reduced TiO2 surfaces

11 will be strongly affected
by the excess-electron states and therefore by the inclu
or omission of spin polarization.
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