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Oxygen vacancies on TiO , (110) from first principles calculations

J. Oviedo, M. A. San Miguel, and J. F. Sanz
Departamento de Qmica Fsica, Facultad de Qumica Universidad de Sevilla, c/Profesor GardBonzdez
s/n, 41012 Seville, Spain

(Received 9 June 2004; accepted 29 July 2004

We have carried out a systematic study of oxygen vacancy formation on thgTiQ surface by

means of plane-wave pseudopotential density-functional theory calculations. We have used models
with the mean number of vacancies per surface unit cell béin@.25 and#=0.5. The study
comprises several kind of vacancies within the outermost layers of the surface. The use of a suitable
set of technical parameter is often essential in order to get accurate results. We find that the presence
of bridging vacancies is energetically favored in accordance to experimental data, although the
formation of sub-bridging vacancies might be possible at moderate temperatures. Surprisingly, the
spin state of the vacancy has little influence on the results. Atomic displacements are also analyzed
and found to be strongly dependent on the particular arrangement of vacanci@®04cAmerican
Institute of Physics.[DOI: 10.1063/1.1796253

I. INTRODUCTION tion and also into the structure of the relaxed defective sur-
faces. In addition, we have tested the influence of some im-
There has been an increasing effort in studying transitiorportant technical parameters on the results. We shall show
metal oxides during the last decade because of their broathat the set of conditions used in a calculation may be crucial
technological applicability.Among these systems, titanium in order to get meaningful results. Despite the fact that cre-
dioxide has been one of the most investigated compoundstion of bridging vacancies has already been studied with
There are two important structures of TiQanatase and different methods and modéis!* there is little information
rutile 2 about other type of vacancies. In order to investigate several
Rutile has been extensively characterized both experikind of vacancies we have removed diverse oxygen atoms,
mentally*~* and theoretically:>~° Among the different low which are named in Fig. 1. As a consequence of this system-
index surfaces, th€l10) is the most stable and also the most atic study we shall establish some rules that could assist in
studied? This surface is readily and reproducibly prepared sathe process of choosing models to represent defective sur-
it has been considered a prototype of an oxide surfdte. faces.
structure can be described as formed by neutral layers. Each The rest of the paper is organized as follows. In the
layer is made of three planes of composition Q&%-O. For  second section we describe some technical details about the
instance, in Figl a three-layer TiQ (110 slab is shown. In  methodology applied. In the third section we discuss our
the surface, there are two kinds of titanium atoms, fivefoldresults. We start with some preliminary calculations on the
and sixfold coordinated, forming alternating rows. All oxy- bulk and the stoichiometric surface and follow with an analy-
gen atoms are threefold coordinated as in the bulk excesis of how the choice of a surface model and a set of param-
those ones in the outermost plane called bridging atomsgters affect the energetics of formation of defective surfaces.
which lose one bond when the upper layer is removed. Finally, we discuss the structure of relaxed surfaces. In the
The bridging oxygen atoms have attracted an enormoufourth section we establish the conclusions from our work.
interest because they can be easily removed by thermal an-
nealing leading to point defects that alterate the chemical
properties of the surface? Scanning tunneling microscopy Il. TECHNICAL METHODS
(STM) measurements quantify as 7%-10% the ratio
vacancies/oxygen atoms when annealing at 9G8®2 In the present work we use the implementation of DFT
The vast amount of experimental data has become with pseudopotentials and plane waéésVe use the gener-
challenge to theorists who have extensively studied the sumlized gradient approximatiotGGA) for the exchange-
face. However, the results are often in discrepancy, and areorrelation energy, which seems to describe better the forma-
difficult to compare because of the variety of methods andion and creation of bonds on surfacédlVe use the GGA
technical conditions. The periodic density functional theorydue to Perdevet al 262’
(DFT) method with pseudopotentials and plane waves have The calculations were performed with thesp (Vienna
been used successfully to model oxide surfaces in recemtb initio simulation packagecode?® 3! This is a particularly
years> 10:12-1517.18.2§ye have made use of it throughout this efficient and stable code, which searches for the self-
study. consistent ground state using residual minimization and
One of the main aims of the present work is to get acharge mixing. As in all pseudopotential plane-wave codes,
deeper insight into the energetics of oxygen vacancy formathe forces on the atoms are automatically calculated, and
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FIG. 1. Three layer slab to model a stoichiometric 7i(10) surface. 0.45 1 V
Several kind of vacancies discussed in the text are labeled. 0.40
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relaxation of all atoms in the system to their equilibrium Numbieroflaysts

position is also aUtomat'C' . FIG. 2. Surface energy vs number of layers in the slab fdr»&al) model in

In pseudopotential calculations, we must decide whichne singlet state. Energies from direct calculations are shown with circles
states are treated as core states and which as valence stateg.the average energy between slabs with odd and even number of layers
For oxygen, the core consists only of states whereas for '€ shown with triangles.
Ti, up to and including the B8 shells are frozen and the
reference state for pseudopoiential gene_ratlo_alcﬁ. We_ higher because they have an additional symmetry plane at
used the stantzjard ultrasoft pseudopotentials included in tr}:ﬁe slab centefi.e., in Fig. 1 so the atomic displacements on
VASP package. both sides of the slab are mirrored and tend to reinforce each
other. As a consequence, the energy for the slab increases
and the relaxation energy decreases. As we increase the num-
ber of layers, the interaction between both sides of the slab
. i become weaker and the surface energy converge to a limit
~Inorder to analyze some technical details, a set of preya e, although the convergence rate is faster for slabs with
liminary calculations have been performed. First, we madey, even number of layers. For comparison purposes we have
energy convergence tests for the FiQulk with energy cut-  jncjyded in Fig. 2 average values between odd and even

offs up to 495 eV. Fork-point sampling, we used the n,mper of layerdi.e., 3.5 layers is a mean value between 3
Monkhorst-Pack scherfféwith sets of several sizes. We_ CON- and 4 layer surface energjedt is quite evident from these
cluded that an energy cutoff of 396 eV anda4x4 kpoint  ympers that the average values converge much faster and

set including thel” point are enough to get energy conver- 5| the values from 4.5 layers are converged within 0.0%.J/m
gence within 0.002 eV/atom. The optimized lattice param-ye il show that the same behavior is observed for the
eters area=4.616A, c=2.974A, andu=0.304, which vacancy energy formation.

compares well with the experimental ones=4.594 A, ¢
=2.959 A, andu=0.305(Ref. 34] and previous theoretical
work.? The calculatedh andc values have been used for the
(110 surface throughout the present work. The main aim of this work is to study vacancy formation
In order to do calculations on the rutile surface we useenergies for rutile surfaces. When we create a vacancy on a
the traditional approach, that is, to employ a cell that in-surface we break the surface symmetry and, depending on
cludes a portion of vacuum, and replicate it in the three dithe vacancy coverage, different arrangements of vacancies
rections of space, so an array of slabs separated by vacuumase possible. It is expected that the interactions among va-
created. We must ensure that the slab thickness and tlwncies will be stronger when the vacancy density is high.
vacuum width are wide enough to obtain meaningful resultsWe have made calculations for several vacancy concentra-
We have checked that using a vacuum width of 5 A absolutéions and different arrangements of vacandiese Fig. 3.
energy values are converged within 0.001 eV/atom that i$Ve should keep in mind that in experimental conditions the
precise enough for the present work. The influence of slalvacancy concentration is usually loMess than 10%Ref.
thickness on the results is more critical. 20)]. Therefore, in order to do suitable comparisons we
The surface energjdefined in the usual wayRefs. 5  should use prohibitive large unit cells. In our work we have
and 23] versus the number of layers is plotted in Fig. 2 for considered two different vacancy concentratighs0.5 and
a (1x1) model in the singlet state. The converged surface9=0.25, wheref is the mean number of vacancies per sur-
energy is about 0.5 J/that is in agreement with previous face unit cell. For§=0.5 we have used two arrangements,
reported values for calculations using GGX We can see named(1x2) and(2x1) models. The unit cell we use in the
that the surface energy does not converge until a considegalculations is made of several primitive surface unit cells:
able number of layers is used. There is also an oscillatinghe first digit(i.e., 1X2) represents the number of primitive
odd-even behavior that has been noted previotSlyThe  surface unit cells, of sizex J2a, in the (001) direction and
surface energy for slabs with an odd number of layers ighe second digit represents the number of primitive unit cells

Ill. RESULTS

A. Preliminary tests: bulk and stoichiometric surfaces

B. Energetics of vacancy formation
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unit cells that contain defects are represented by crosses and stoichiometr .
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in the (1) direction. The largest unit cell used in this study Fi. 4. vacancy formation energy for bridging vacancies versus the number
is a (4x1) model that corresponds t=0.25 and contains of layers. Results for thélx2) and(2x 1) models in their singlet and triplet

vacancies separated by6 A. The energy from this calcula- states are included.
tion constitutes our best approximation to the formation en-

ergy of an isolated vacancy. The vacancy formation energy is defined as the energy

. It has pegn establlshed e?(pgrlmenﬁa?ﬂ/ that bridg- required to remove an oxygen atom from the surface and to
ing vacanciesi.e., removing bridging oxygen atomare the create molecular oxygen in the gas phase
most stable. However, comparisons among earlier theoreticaf '

reports, even using the same periodic DFT schemes, are dif- Evac=E 0, ,*7Eo,~E 0,
ficult because there are a considerable number of technicalh £ dE- the total . f the de-
parameters to set up suchlapoint sampling, energy cutoff, Wherekio,,, andkrio,, are the total energies ot the de
vacuum width, slab thickness, cell shape, vacancy concentr&€Ctive and stoichiometric slabs, respectively, & is the
tion, vacancy arrangement, spin polarization, etc. We catotal energy of an isolated Omolecule in its ground triplet
easily cope with the first three, however, the influence of thestate. We should emphasize that in order to get meaningful
rest of the parameters is more subtle and has been analyzegpults we have made calculationstaf o, andEy; o, in
in detail in this work. exactly the same technical conditions in order to get an ef-
An additional choice to set up when creating vacanciedective cancellation of errors.
is to remove the atom from only one of the slab sides or from  In Fig. 4 we have plotted the vacancy formation energy
both of them. Although both alternative ways should con-for bridging vacancies in their spin polarized singlet and trip-
verge to the same result at an infinite slab thickness, due tet states for=0.50. From the figure we can draw some
the limited slab size of our models some discrepancies magonclusions. First of all, the energy shows an oscillating be-
occur. We have chosen the first option because the creatidravior with the number of layers as we have noticed earlier.
of a couple of vacancies may introduce some difficulties inThis effect could originate an important disagreement, even
the electronic convergence to triplet states. We have madeigher than 1 eV, between energies taken from calculations
some tests and checked that this particular choice leads tnade with thin slabéi.e., three or less layerand those with
small differences in vacancy formation energies that becomslabs that are thick enough. The vacancy formation energy
smaller than 0.1 eV for slabs thicker than four layers. increasesdecreasedor slabs with an oddeven number of
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FIG. 6. Vacancy formation energy for several kind of vacancies vs the
551 number of layers. Results for tli2x 1) model in its singlet state are shown.
5.0
% 4.5 4 . . . .
™ ent kind of vacancies compared to the bridging ones. We
2 40 4 have extended our models to explore this possibility and con-
o . . . . . .
w sidered the creation of vacancies within the outermost layers
3.5 1 (see Fig. 1 for vacancy identificatipnin Fig. 5 we show
30 - vacancy formation energies versus number of layers. We
' have considered arix2) arrangement for two different spin
25 : . . . states. From the figure, we first notice the same oscillating
2 3 4 5 6 7 behavior for models with odd/even number of layers and a

Number of layers slow convergence, in particular, for vacancies in the outer-

. . . most layerd(i.e., bridging, in-plane and sub-bridging vacan-
FIG. 5. Vacancy formation energy for several kind of vacancies vs the . Tﬁ{ fS( ti Ig 9 p that h Idgbg ti
number of layers. Results for ti&Xx2) model in its singlet and triplet states cies. 'S_ ‘?‘C Isac ear warning a one shou ¢ cau_lous
are shown. when deriving conclusions from single model calculations
(i.e., in-plane vacancies are almost as stable as bridging va-

cancies for three layer slabd$n any case, it is clear from the
layers and a full convergence can only be reached for 3|ab&nverged energy values that it is easier to remove oxygen

with a considerable number of layers. It is worth noticing, asztoms from the first layer and, among the atoms in the same
we mentioned above, that the average values converge raRyer, the less demanding process is to create bridging and
idly, and only the energy for 3.5 layers is slightly lower than sp-pridging vacancies. This is in disagreement with results
the converged number. From these results we suggest the U$gm7-12 that concluded that an in-plane vacancy in the sec-
of averaged values higher than 4.5 layers to obtain represegng layer could be approximately as stable as a bridging one.
tative energy values. However, this conclusion was indirectly drawn from calcu-
Second, energies are remarkably independent from thgtions with four-layer slabs, partially relaxed, and/or in the

spin state. In an earlier study Lindahal.found a significant presence of adsorbed molecules. It may be possible that the
difference in energy vacancy formation between singlet and

triplet states. However, the same author has recently
claimed that they used a nonadequate pseudopotential whighg, g | Vacancy formation energy fop=0.25 using a(4x1) model.

led to unrealistic results’ Calculations were performed for four- and five-layer slabs in the singlet
Third, the formation energy is not sensitive to the two state for several kind of vacancies: bridging, sub-bridging, in plane within

different arrangements considered. Our results show a smadlle first layer, and bridging and in plane in the second lapee Fig. 1 for
energy differencé<0.2 e\) between thg2x1) and (1x2)  homenclaturk

reconstructipns .that agrees \(vell. with previous_ theore.ticahol lajers  Bridging  In-plane  Sub-bridging  Bridg2  In2
works.*® This might be an indication of a weak interaction

among vacancies. 3.77 5.14 4.16 532 493
: . 5 2.36 4.69 2.94 540  4.23
One aspect that has usually been neglected in previous ;5 3.07 4.92 355 536 458

calculations is a systematic study of the formation of differ
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TABLE Il. lonic displacements in defective surfaces with bridging vacancies. Calculations were performed for
four- and five-layer slabs in the singlet state. The displacements are computed as a differzncerdinate

respect to the equivalent ions in the relaxed stoichiometric surface. Only displacement for some selected ions
are includedsee text

(1x2) (2x1) (4x1)
Atom Four layers  Five layers  Four layers  Five layers  Four layers  Five layers
Ti —0.52 —0.47 —0.28 —0.20 —-0.37 -0.31
O in plane +0.24 +0.26 +0.11 +0.16 +0.04 +0.08
O sub-bridging -0.16 -0.09 +0.11 +0.32 +0.02 +0.07

presence of adsorbates could alter the relative stability ofhat if a thermodynamic equilibrium is reached at such tem-
vacancies. It can also be seen that plots look very similar foperatures, the distribution of vacancies would follow a Bolt-
both spin states as noted before. zmann distribution, and would be maintained at room tem-
In Fig. 6, we have included graphs fof2ax1) model in  perature, where transitions are not further possible. In that
the singlet statéresults for triplet states are similar and are case, we estimate the proportion of sub-bridging vacancies to
not shown. The numbers and behavior are comparable to thée about 1%. To the best of our knowledge there is no posi-
(1x2) model although the energy fluctuations for in-planetive experimental identification of subbridging vacancies.
oxygen atoms are smaller. However, this fact might be related to the low vacancy den-
In addition, we have performed calculations at a lowersity and/or a similarity with the properties of the bridging
vacancy densityi.e., #=0.25 using a(4x1) model. Table |  vacancies.
reports the energy values for this model using four- and five-
layer slabs in the s_mglet state. We have also.mcluded average poco iive surface relaxation
values that we think are more representative for compari-
sons. We did additional calculations in some selected cases We have also analyzed the ionic displacements in the
and checked that results for triplet states are again quite simglefective surfaces for the relaxed structures. Tables Il and IlI
lar to those presented here. We recall that these values refgport the displacements computed as a differenceciwor-
resent our best effort to reproduce experimental findings. Théinate respect to the equivalent ions in the relaxed stoichio-
vacancy formation energy valugés-3 eV) are higher than metric surface, and includes values taken for several models.
those found for thé110) surface in Sng(~2.3eV) > This  Positive values indicate that atoms move outwards and nega-
is expected since it has been determined experimentally th&ive values correspond to inward relaxation. We have only
the oxygen vacancy density is considerably higher in SnOconsidered the bridging and the sub-bridging vacancies
than in TiQ, (Ref. 35 what implies that the Ti-O bonds are since, as we discussed above, are the most stable and the
stronger than the Sn-O bonds. only ones that might be experimentally observed.
We must notice that the energy to create a sub-bridging L
vacancy is surprisingly similar to the energy of a bridging”" B/d9ing vacancy
vacancy, and the stability is even reversed for a three layers When a bridging oxygen atom is removed, the Ti atom
model. We estimate the energy difference between the twahich was previously bonded to it moves inwards in order to
kinds of vacancies to be about 0.1-0.2 eV #510.5 and the increase its coordination number and the oxygen atoms in
gap increases to about 0.4—0.5 eV #6+0.25. In experimen-  plane relax outwards. We find the same general trend using
tal conditions, vacancy formation is stimulated by annealingany model, but different displacements of the sub-bridging
at temperatures higher than 1000 K, followed by cooling tooxygen atoms, which move downwards (hx2) and up-
room temperature for measurements. Preliminary calculawards in(2x1) and(4x1). This discrepancy is not surprising
tions®® show that transitions barriers are low enough to allowbecause as can be seen from Fig. 3 the vacancy arrangement
vacancy transformations between bridging and sub-bridgingn the (1X2) model, is drastically distinct including alternat-
vacancies at typical annealing temperatures. We speculaieg whole rows of vacancies. This arrangement represents

TABLE lII. lonic displacements in defective surfaces with sub-bridging vacancies. Calculations were per-
formed for four- and five-layer slabs in the singlet state. The displacements are computed as a diffezence in
coordinate respect to the equivalent ions in the relaxed stoichiometric surface. Only displacement for some
selected ions are includddee text

(1x2) (2x1) (4x1)
Atom Four layers  Five layers  Four layers  Five layers  Four layers  Five layers
Ti +0.75 +0.97 +0.18 +0.23 +0.09 +0.10
Ti second layer -0.52 -0.43 —0.50 —0.38 —0.40 —0.43
O bridging +0.68 +0.91 —-0.08 —-0.08 -0.31 -0.36

O in plane +0.03 +0.12 +0.02 +0.06 0.00 +0.01
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ticular, energies are almost converged when using average
[110] values higher than 4.5. Energies from calculations with
T_Joou three-layer slabs could contain errors as high as 1 eV.
We have performed calculations with several arrange-
ments of vacancies. We have not found significant differ-
FIG. 7. Sideviews of relaxed sub-bridging oxygen defective surfaces usingenc_eS betwee_n singlet and triplet states. Furthermore’,the for-
(a) (1x2) and (b) (4x1) models. mation energies fo1x2) and (2X1) models are similar,
which could imply a weak interaction among vacancies.
Among the several vacancies we have tested, we find
quite an unrealistic model of real surfaces since the low denthat the most stable is the bridging vacancy that agrees with
sity of vacancies on them makes rather improbable such experimental data. However, the formation of subbridging
vacancy alignment. vacancies might be possible at moderate temperatures.
Absolute numbers are similar for tHgx1) and (4Xx1) Regarding atomic displacements caused by surface re-
models. However, a=0.25, the Ti atoms move inwards laxations, we find that one has to be specially cautious when
more significantly than a#=0.5, while the in-plane and sub- deriving conclusions. For example, (4X2) model repro-
bridging O atoms move out more appreciablyfat0.5. In  duces well the formation energy of a bridging vacancy but
general, at a lower vacancy concentration we have got a lesould lead to quite an unrealistic structure of the reduced
strained surface and the relaxation is mainly restricted to theurface. Since surface stress is a long range effect, in order to
vacancy surroundings. reproduce realistic displacements around a vacancy, the use
of very large unit cells might be necessary.

B. Sub-bridging vacancy
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