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The electronic structure of an isolated oxygen vacancy in Srfig® been investigated with a varietyaif
initio quantum mechanical approaches. In particular we compared pure density functional (IE®yyap-
proaches with the Hartree-Fock method, and with hybrid methods where the exchange term is treated in a
mixed way. Both local cluster models and periodic calculations with large supercells containing up to 80 atoms
have been performed. Both diamagngsinglet statg and paramagneti@riplet state solutions have been
considered. We found that the formation of an O vacancy is accompanied by the transfer of two electrons to the
3d(z?) orbitals of the two Ti atoms along the Ti-Vac-Ti axis. The two electrons are spin coupled and the
ground state is diamagnetic. New states associated with the defect center appear in the gap just below the
conduction band edge. The formation energy computed with respect to an isolated oxygen atom in the triplet
state is 9.4 eV.
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[. INTRODUCTION Nearly all ab initio studies reported on the electronic struc-
ture of an O vacancy in perovskites are based on
Point defects often determine the performance and th®FT%1011:13
chemical stability and activity of oxide materidisdence, However, there are some aspects of the nature of point
the study of point defects is of fundamental importance indefects, in particular related to their magnetic behavior, that
the design of microelectronic devices, optical fibres, sensorsyre difficult to treat at the DFT levéf~2° One recent and
transparent conductors, ferroelectrics, catalysts, etc. In thiustrative example is that of the spin localization in an Al
past decades the knowledge about defects has grown to tisabstitutional impurity in SiQ. Because of the self-
point that their nature and concentration is controlled in anteraction problem, DFT calculations predict that the hole
fine way, leading to the birth of a new discipline, defectassociated with a neutrfhlO,]° center is delocalized over
engineering. Defect engineering is aimed at manipulating théour oxygen atoms, contrary to accurate EPR experimiénts
nature and the concentration of defects in a material so as #@nd Hartree-Fock calculations that indicate full localization
tune its properties in a desired manner or to generate conof the hole on a single bridging oxygéhA similar problem
pletely new and unexpected behaviors. For instance, bgan be found every time the electrons associated with a de-
changing the defect concentration one can turn a colorledect can be localized or delocalized on a given state of the
insulator into a black material with metallic conductivity or system.
an ordinary copper oxide into a high temperature supercon- Depending on the material, the structure and properties of
ductor. This is for instance the case of SrfjG band insu- oxygen vacancies can vary substantially. In MgO, a highly
lator with a gap of 3.2 e¥,well known as a ferroelectric ionic compound, a missing O atom results in two trapped
material. By doping SrTiQwith La atoms and/or by creation electrons localized in the cavity; the driving force for the
of oxygen vacancies the system undergoes an insulator-tdecalization is the Madelung potential of the ionic crystal.
metal transition and even becomes a superconductor at veiiyhe removal of a neutral O atom from MgO results in a very
low temperaturesT,<0.3 K).2 It is not surprising that the small local relaxatiorithe crystalline potential is only mod-
nature of the oxygen vacancy in SrE@nd in general in erately perturbed and the distances around the vacancy
perovskites has attracted the attention of theorists in thehange by less than 1)%The defect center gives rise to
past: 13 typical excitations in the visible and UV regions of the spec-
An essential contribution to the knowledge of the geometirum and is known as F center, from Farbe, the German word
ric and electronic structure of intrinsic and extrinsic defectsfor color. The situation is completely different in SiQa
comes from theoretical approaches. The rudiments of thesslid characterized by covalent polar bonds. In Sike re-
theories has been laid in the 1930s with the methods of mamoval of an O atom froma =Si—O-Si= linkage (neutral
lecular orbital theory? the theories of Thomas and Fertii, oxygen vacancyresults in two Si dangling bonds=Si,
and Mott and Littletort® The advent of modern density func- which recombine to forma =Si—SE covalent bond with
tional theory (DFT) based on the Kohn-Sham equatithhs two electrons occupying a localized state with Si-Si bonding
and the Hellman-Feynman theorem has established a coroharactef® The process is accompanied by a strong geo-
pletely new basis to elucidate the nature of defects in solidanetrical relaxation around the defect. The associated optical
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transition involves localized excitations from a bonding to an Y
antibonding state in the g&p The nature of the oxygen va- ECP N~y
cancy in the two oxides, therefore, is completely different as \ g i
the result of the different electronic structure and bonding in Ti epe— Sr jgsve ) .
the two materials, highly ionic in MgO, covalent polar in \ o P — l ; i L 111 - .
SiO,. Less investigated are transition metal oxides with a ’fn‘ ,14,' v Aty 1

. .. . . . . Pt [P A, e, Jgm) o T aANl NS, im
degree of ionicity intermediate between fully ionic and fully QY == == and o dol AT -
covalent. Here an additional complication comes from the I~ sl | i
presence ofl orbitals on the metal ion. This opens in fact S [4r ,i‘; a8 1
new possibilities to redistribute the electrons involved in the - l

bonding with the oxygen atom which has been removed. A
characteristic of most of the transition metal oxides is the 5 1 cluster models of an oxygen vacancy in bulk SETIO

possibility to change the oxidation state of the metal. In| ef: 5r.Ti;0,,. Right: Si,Ti;,0s5. The clusters are surrounded by
TiO,, a model system for transition metal oxides, the elec-rj ang Sr atoms treated with an ECP and by a large array of point
trons of an oxygen vacancy are neither trapped in the cavit¥harges(not shown. The missing O atom at the center has been
nor lead to the formation of a metal-metal bond. Rather, theYemoved to form an O vacancy.

are transferred to the emptyd3evels at the bottom of the

. . . . '26
conduction band belonging to the adjacent Ti atSfrs: A Cluster calculations
Since the 8 states are rather localized, this corresponds to a o o o
change of the formal oxidation state, from"fito Ti*3. The SrTiO; is a largely ionic crystal, and the description of an

resulting ground state is magnefteiplet). 2425 The three ex- 0XYgen vacancy in the material using a finite number of at-

amples illustrated here, MgO, SiQand TiQ,, are paradig- ©MS requires the inclusion of the effect of the long-range

matic of the great variety of behaviors of oxygen vacanciedladelung potential of the extended crystal. This has been
in simple binary oxides. done following a widely used approach. A cluster of ions is

The complexity of the situation reflects also in the analy-embedded into a large matrix of classical ions represented by
sis of the literature data on the oxygen vacancy in SgTiO Point chargesPC of nominal values, i.e+ 2 for Sr, + 4 for
Strontium titanate has a cubic structure and comprises highl-g'! and —2 for O. To this end, an array of 6655 PC's has
ionic bonds(Sr-O) and more covalent bonddi-O). Thus, een constructed. With this grid of PC’s the Madelung field,
SITIO; presents the characteristics of both an ionic oxide and™1.7487 a.u., is well converged and is reasonably homoge-
a transition metal oxide, and some ambiguity exists about thB€0US in a region of about 40 A centered around the vacancy.
nature of an oxygen vacancy. While most studies suggest an 1he local region where the defect is created has been
involvement of the Ti 8 empty states in the formation of the treated quantum-mechanical@M). In particular, we used
oxygen vacanc§,:>** some point to a partial or total local- WO stoichiometric QM clusters, §FigOy5 and SgTi1Os,
ization of the electrons in the cavify*> some studies show Fig. 1. Stoichiometry is essential to avoid the artificial as-
the formation of impurity levels in the gap of the material Signment of extra charges to the QM cluster in order to re-
near the conduction band edgehile others found a shift of SPect the formal oxidation number of the constituent ions. An
the Fermi level inside the conduction band by creating ohterface between the QM cluster and the classical ions is
vacancie$:” needed in order to prevent an artificial spreading of elec-

Scope of this paper is to provide a general description offonic states outside the QM cluster. The interface includes

the structure of an oxygen vacancy in SriiBased on the Sf and Ti atoms only; theseﬂare represented by semilocal
two most commonly used solid state physics approadbes effective core potentlfcll(sECPb._ The mterfape atoms inter-

cal cluster models and periodic band structure methatis ~ &Ct quantum mechanically with the atoms in the QM cluster
ferent DFT methods based on various expressions of th@nd classically with PC's in the external region. The ECP
exchange-correlation functionals, as well as on pure Hartregtoms do not have basis functions associated and provide a
Fock calculations. Particular attention will be given to theSimple representation of the finite size of the ion core.

possible existence of magnetic ground states and to spin lo- 1he wave function of the QM cluster has been con-
calization phenomena. structed by means of atomic Gaussian type orbital basis sets.

We used two sets of basis functions that we denote in the
following as basis set A and B, respectively. In basis set A the
O atoms are described with the all electron 6-31G Wsis.
The Ti atoms are treated with a large core ECP which in-
SITiO; at room temperature has the cubic structure ofcludes in the valence thed34s? electrons only; the basis set
perovkites with a cubic cell of 3.9051 A, while below 105 K is of double-zetdaDZ) quality, (3s2p5d/2s2p2d).?° For the
is present in a tetragonal phase. Here we considered the c8f atoms we used a large core ECP which includes in the
bic phase. For the description of an O vacancy in SgTi@®@  valence only the & electrons; the DZ basis set is
used two different approaches, one based on cluster mode(8s2p/2s2p).2° In the more accurate basis set B the O atoms
and the other on periodic supercell band structure calculaare treated with the all electron 6-835G* basis(including
tions. In the following we describe the main features of theboth diffuse andl polarization functions The Ti atoms are
two approaches. described with a small core ECP which includes in the va-

Il. DETAILS OF CALCULATIONS
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lence the 323p®3d24s? electrons; the corresponding basis
set is (&5p5d/3s3p3d).?° For the Sr atoms we used an
ECP which includes in the valence the?4p®5s? electrons
and a (&6p/3s3p) basis set®
A problem in the study of vacancies with atomic basis
functions is that these are associated with the atomic nuclei.
When an atom is removed, the space is not filled by basis
functions. A way to circumvent the problem is to place
“ghost” atomic orbitals in the cavity? In particular, we left
the functions associated with the O atom in the center of the FIG. 2. Supercells used for the periodic calculations. Left: 40
vacancy. This provides an higher flexibility to the basis setatoms supercell; the minimum distance between two vacancies is
for the description of the localizatiofif any) of the trapped 7.86 A; right: 80 atoms supercell; the minimum distance between
electrons in the vacancy. two vacancies along theaxis is 15.72 A. A small sphere indicates
The calculations were carried using two different theoret-the position of the missing O atom.
ical approaches. Hartree-Fo¢KF) calculations have been
performed in the spirit of determining the wave function of first considered the properties of the id@ah3m lattice. The
the system. The HF method offers the advantage of an exaghiculations were performed using five atoms per unit cell,
treatment of the nonlocal exchange interactions and of they, Ti and three O atoms.
Spin states, but suffers from the limitation that correlation Large Superce”s of 40 and 80 atoms have been used to
effects are completely neglected. Previous experience hagmulate an isolated oxygen vacancy, Fig. 2. This corre-
shown that the HF method tends to prOduce solids with %ponds to stoichiometries of the material Sra'&% and
large charge separatidistrong ionic contributions a wide  S¢TiQ, g5, or SITiO;_ 5, With 5=0.125 ands=0.0625, re-
band gap(2-3 times larger than in the experimgnand  gspectively. The electronic structure has been determined for
strongly localized spin states. However, there are examplgsoth diamagnetic closed shelingley and spin polarized
where the HF method provides the correct physical picture oppen shell (triplet) solutions. The states considered in
the Spin distribution in a defect Center, at variance with thqlnrestricted_HF or Spin po'arized DFT are not pure tr|p|et
DFT methods which give delocalized stafés. states, but the spin contamination is very small. A recent
The HF calculations have been compared to the DFT aPstudy on a Fe impurity in SrTiQhas shown that defect-
proach. Here we used the gradient corrected Becke’s thregefect interactions can be quite considerable even for super-
parameters hybrid exchange functichiéh combination with  cells containing 160 atoms, in particular at the DFT I&¥el.
the correlation functional of Lee, Yang, and Parf’5 |n our models the distance between two vacancies along the
(B3LYP). This method offers the best results in terms of; axis is 7.86 A and 15.72 A, respectively, for 40- and 80-
bond strengths in molecules and solids, and in general progstoms supercells. Going from the small to the large cell we
vides a very accurate description of several properties at thgo not observe major changes in the defect electronic struc-
molecular levef® It also provides a reasonable description ofture (atomic charges, defect bandwidth, gtdletherveless, it
the band gap in ionic solid8:** _ ~is clear that even at these dimensions the tails of the wave
Most of the calculations have been done without optimiz-fynction can extend beyond the limits of the supercell. This
ing the cluster geometry. LMTO calculations on KNPO can affect to some extent the computed quantities. On the
have shown an energy gain of 0.5 eV by relaxing the strucpther hand, the focus here is on the qualitative nature of the
ture accompanied by a partial electron density redistributior@round state in an oxygen vacancy in SrTiCrhe limit of
between the O vacancy and the nearest two Nb afori®s. infinite dilution is represented by the cluster mockse pre-
On the other hand, previous LDA calculations have showrigys paragraph where no interaction among defects is
that the atomic relaxation around the vacancy consists in Bresent. From this point of view, the comparison of super-
small shifting of the neighboring atoms away from the va-ce||s of medium size and local cluster models should provide
cancy site’? It is also known experimentally that the crystal a firm basis for our conclusions.
structure and lattice parameters do not vary significantly The supercell calculations have been performed using a
even for small dopings of SrTiD* The small relaxation massive parallel version of the CRYSTAL packd§e, peri-
around this point defect is confirmed by a partial optimiza-odic program using atomic Gaussian type orbital basis sets.
tion of the structure with the oxygen vacancy with the The pasis set is clog@lthough not identicalto that used in
SnpTi1,056 Cluster which shows a small displacement of thethe cluster calculations, making a direct comparison of clus-
Ti ions nearest to the vacancy by 0.1 A and away from itter and periodic results possible. The Sr ions have been de-
Therefore, in the following, only ideal bulk structures are scribed with a small core EC#:the Sr basis set has been

considered. _ _ taken from Ref. 41. The Ti atoms have been described at the
The cluster calculations have been performed using thgj| electron level using a 86-41d31)G basis set optimized
Gaussian98 program packate. on TiO,;*? the O basis set, 8-411G, is also of all electron

type and has been used in several studies on oxide cr{stals.
The Crystal calculations have been done at the HF and
The study of regular and defective SrEi®as been per- DFT levels usig 6 K points. The LDA, B3LYP and PW91

formed also by means of a periodic supercell approach. Wexpressions of the exchange-correlation functionals have

B. Periodic calculations
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TABLE I. Computed properties of bulk SrTiOwith various  with the nearly full ionic character of the Sr ions. The va-
approaches. lence band is dominated by the  2evels with same ad-
mixture of the Ti 3 states(partial covalent characterThe
Method &, A Bulk mod., Kbar Eg, eV AEg, eV pottom of the conduction band is dominated by empty di 3

HE 3931 2026 28.2 11.50 states, With very small contributions from the O ligands. _
DET-LDA 3.871 1984 39.2 271 The Ia:‘ttéce.constar?t, thg bullgI modli]lus and thhe goheswe
DET-B3LYP  3.947 1791 30.7 438 energy of SrTiQ are given in Table I. The HF method gives

a good lattice constant, a large bulk modulus, and, not sur-
prisingly, a too smalE_ ; the LDA approach is slightly better
for the bulk modulus while largely overestimates the cohe-
sive energy as expected from the self-interaction energy
1problem associated with LDA. Gradient-corrected function-
als provide a considerable improvement. This is true in par-
ticular for the DFT-B3LYP approach, which provides the
best overall agreement, Table I. The GGA-PW91 approach
fails in giving an accurate description of the bulk modulus.

DFT-PW91  3.944 1725 33.9 2.59
Experimental  3.903 1830 31.7 3.2

been used in DFT calculations. Notice that the definition o
the hybrid B3LYP functional implemented in the Crystal
code is slightly different from that of Gaussian98.

Il. RESULTS
A. Electronic structure of bulk SrTiO 4 B. The O vacancy in SrTiO;: cluster calculations
The fundamental properties of bulk SrEQdensity of The removal of an O atom from the 3i;O;5 and the

states, lattice parametead), bulk modulus, cohesive energy Sr;5Ti1,03¢ Clusters results in the formation of an impurity
(Ec), and energy gapAEg), have been computed using state in the band gap. At the HF level the state is about 5 eV
various methods with the Crystal code. The bottom of theabove the top of the valence batduster HOMQ and only
lowest conduction band lines at tfiepoint, but is close in 2.7 eV below the conduction band ed@tuster LUMO); at
energy to theX point. The system presents an optical bandthe DFT-B3LYP level the state is 2.4 eV above the top of the
gap at thd” point of 4.38 eM(B3LYP resul}, to be compared valence band, hence very close to the empty states contrib-
with the experimental band gap of 3.2 84 much larger uting to the conduction band which lies at about 0.4 eV
energy gap is found at the HF level, 12.50 eV, while theabove it. Two possible solutions have been considered for the
PW91 and the LDA calculations give a band gap of 2.6—2.7lectronic ground state, an open shell triplet and a closed
eV, Table I. This is in line with the general tendency of HF to shell singlet. In the triplet state the electrons involved in the
give very high energy gaps and of DFT to slightly underes-bonding with the missing O atorfor in an ionic picture
timate this quantity®>*The mixing of the HF exchange with formally associated with the QO lattice ion can redistribute
the DFT one as in the B3LYP method results in a band ga@nd localize into the & levels of the nearest Ti atoms; the
which is too high by about 1 eV. electrons can occupyd{zz)—eg type levels pointing along

A crude estimate of the band gap can be obtained alsthe Ti-Vac-Ti axis, assuming that theaxis corresponds to
from cluster calculations. In this case the gap is defined athe Ti-Vac-Ti direction, or enter in one ofd3t,, levels of
the energy difference between the highest occupied and thtee Ti atom. For the singlet state there are at least two pos-
lowest unoccupied energy levels in the nondefective clustesible physical situations{1) the two electrons associated
The results are qualitatively similar to those obtained withwith the vacancy are trapped by the Madelung potential in
periodic calculations, indicating a gap of 7.9 eV in HF and ofthe cavity giving rise to an electron distribution which is
2.8 eV in DFT-B3LYP (Sy,Ti1,03¢ Cluster with basis set)A  reminiscent of the F centers in ionic crysta(®) the two
The absolute values, however, are considerably lower thaalectrons are localized on th@lezz)-eg orbitals on two dif-
those of the periodic approach. ferent Ti atoms but these orbitals are partially overlapping so

An important aspect of the electronic structure is thethat the two electrons are singlet-coupled. At this point one
amount of charge separation in the nondefective materiahas to add that a third possibility exists, namely an open-
With the large basis set B, the Mulliken analysis carried outshell singlet which differs from the triplet solution only in
on the HF cluster wave function indicates a charge on Ti othe spin coupling; i.e., the two possible spin coupling states
+2.7, Sr+1.9 (averagg and O —1.5 (averagg at the arising from well separated unpaired electrons. This open-
B3LYP level the values are 2.3, Sr+ 1.9 (averagg, and  shell singlet will have an energy very close to that of the
O —1.4 (average The Crystal B3LYP results are similar, triplet state. In the following we will provide evidence that
+2.6 for Ti, +1.9 for Sr and— 1.5 for O. Thus, while the the electronic ground state of the oxygen vacancy is nonmag-
formal charge on the Sr ion is close to the nominal one, fonetic and, hence, the open-shell singlet does not need to be
the Ti and the O ions there is a significant deviation from thefurther considered.
nominal ionicity. A similar result has been reported by other In the cluster calculations the triplet is lower in energy in
authors*3 most but not in all cases. In fact, the singlet-triplet energy

The density of states of SrTi) computed at the B3LYP separation AE(T-S), depends critically on the size of the
level, has been projected on the atomic orbitals of the coneluster and on the completeness of the basis set. With the
stituent atoms. It turns out that the Sr levels do not contributemaller SgTigO,g clusterAE(T-S) decreases from 2.41 eV
to the valence band nor to the conduction band, in agreementith basis A to 1.48 eV with basis Ba positiveAE corre-

224105-4



ELECTRONIC STRUCTURE OF A NEUTRAL OXYGEN.. .. PHYSICAL REVIEW B8, 224105 (2003

TABLE II. Properties of an isolated O vacancy in Sri@s derived from embedded cluster calculations.

HF B3LYP HF B3LYP
Basis set A B A B A A
AEgyp, €V® 9.14 8.91 1.80 1.96 7.91 2.79
Ground state triplet triplet triplet singlet triplet triplet
AE(T-9), eV 241 1.48 1.42 —0.05 1.78 0.67
Er, eV 4.99 5.66 7.16 8.79 5.20 7.36

dComputed as the HOMU-LUMO difference on the nondefective cluster.

sponds to a triplet ground statehe effect is even more The above discussion on the relative stability of the
pronounced at the DFT level sindeE(T-S) is 1.42 eV with  closed-shell singlet and triplet states suggests that the two
basis set A, while with the large basis B the situation isstates have a different degree of localization. In fact, the
reversed and the singlet becomes slightly more stable, bgnergy of the singlet is lowered with respect to the triplet by
0.05 eV, Table II. This clearly shows that by increasing thelncreasing the size of the basis set and of the cluster, as one
basis set size, in particular by including diffuse functions, thevould expect if the singlet state is more delocalized. In the
singlet state becomes more stabilized. This effect is observe@llowing we consider and discuss the nature of the two
also by increasing the size of the cluster. At the HF levelStates based on electron density maps and a population

: . . lysis.
going from SgTigOyg to Sh,Ti10s5 AE(T-S) decreases by 2N . . g
0.6 eV, Table Il; also in this case, the effect is more pro- For the triplet state we report the spin denspg,— p”,

: which provides a direct view of the distribution of the un-
EOl:jT)Cueb?ir?t :E: Sft;rolfe;/r% cvl\:Jhset(raer itshgfrg O;?ggﬁfgc'j;ﬂonpaired electrons in the system. Less direct is the visualization
y ) ' : of the charge density associated with the singlet state. This

of the Sg,Ti1,056 Cluster with the large basis set B is outside 4 he ghtained as the difference of the total density for the
our present computational possibilities, but the trends disgndefective system minus the density of the defective sys-
cussed above strongly suggest that this should result in @m and that of an O atom. As an alternative, we report the
singlet ground state. _ _ plot of the molecular orbital]MO) corresponding to the im-
The formation energy, defined with respect to a free, gaspyrity state in the gap associated with the vacancy. In com-
phase O atom, is 7.16 eV at the B3LYP level with theparing the plots of the singlet and triplet states, Figs. 3 and 4,
SrsTigOqg Cluster, basis A, and of 7.36 eV with the sameone has to be aware that different quantities are reported.
basis set but with the larger $Ti;,034 cluster. This shows Still, very useful information about the charge distribution
that the formation energy is relatively well converged with can be obtained in this way.
respect to the cluster size. However, the increase of the basis We restrict the analysis to the ;$Fi;,034 Cluster. At the
set from A to B using the $TigO,g cluster results in a fur- HF level, the triplet state is characterized by two electrons
ther increase of, to 8.8 eV, Table Il, indicating that this occupying the 8(z?)-e, orbitals on the Ti atoms directly
quantity is not fully converged with respect to the basis segbove and below the vacancy, FigaB There is virtually no

size. Therefore, the value of about 9 eV for the formationresidual spin density on the other Ti atoms, indicating a
energy is likely to be slightly underestimated. strong degree of localization. At the B3LYP level the result is

similar but we observe a tendency to distribute the unpaired
electrons also on the other Ti atoms along the Ti-Vac-Ti axis,
Fig. 3b). As a result, 84% of the spin density is around the

vacancy, and only the remaining 16% is delocalized over the
Ti atoms of the cluster, Table IlI.

For the singlet state, Fig. 4, we concentrate our attention
on the shape of the doubly occupied MO in the band gap. At
the HF level we observe a considerable electron density at
the center of the vacancy, Figa¥; the effect is found also at
the DFT-B3LYP level, Fig. &). The contour of the MO is

TABLE lll. Spin distribution in an oxygen vacancy in the bulk
SrTiO; (triplet state and B3LYP results

Sr,Ti15036 40 atoms 80 atoms
) ) ] ) cluster supercell supercell
FIG. 3. Spin density plot for the triplet state of an O vacancy in
SrTiO; obtained with the SpTi;,Os6 cluster and basis Acutoff Tiyo 0.84 0.79 0.83
0.01 a.u). Left: HF. Right: B3LYP. A small sphere at the center  Ti (averagg 0.05 0.08 0.02

indicates the position of the missing O atom.
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Ti T is found for the two states where the spin are singlet or triplet
S"ug_ 4 0 = .Y coupled. By extending the size of both the QM region and of
4] T:H:/ ) ’} > the basis set, there is a clear tendency to favor the singlet

1] 1 l_!_' || state, more delocalized, with respect to the triplet one.

LI

- ‘
— o — - — ) . L. .
1 | [ I C. The neutral O vacancy in SrTiO;: Periodic calculations

To describe the formation of an O vacancy in the bulk of
SrTiO; we have used two supercells. The first one, contain-
= A TG L A ing 40 atoms, Fig. 2, corresponds to a rather high density of

"t%l;ﬁ- defects, SrTiQ_ ;5 with §=0.125. One every two oxygen at-
P4 oms along the Ti-O-Tt axis has been removed. This could
result in the interaction of the wave functions of the indi-

FIG. 4. Plot of the doubly occupied MO corresponding to the vidual vacancies. In order to remove this problem, the size of
impurity state in the band gap associated with an O vacancy ithe cell has been doubled along thexis (80-atoms super-
SrTiO; obtained with the SpTi;, 054 cluster and basis Acutoff  cell). In this way the Ti atoms nearest to the vacancy are
0.06 a.u). Left: HF. Right: B3LYP. properly coordinated and sufficiently distant from the next

defect. With the 40-atoms unit cell the electronic structure of
due to the overlap of thed«‘(zz)—eg orbitals on the two Ti the vacancy has been determined at four theoretical levels:
atoms with the functions centered in the vacancy. In thisHF, LDA, B3LYP and PW91. For the larger 80-atoms cell
respect, the charge distribution associated with the O vawe restricted the analysis to the HF and B3LYP methods.
cancy is quite different from that of a classical F center in The DOS curves, Fig. 5, show that by creating the va-
alkali halides or alkaline-earth oxides. In this latter case incancy, a new occupied state appears in the gap, at 3.4 eV
fact the maximum of the electron density is at the center ofibove the top of the valence band and 0.8 eV below the
the vacancy and the distribution is isotropic. In the case obottom of the conduction bardinglet statg This is consis-
SrTiO;, on the contrary, the maximum of the electron den-tent with experimental estimates which indicated an ioniza-
sity is near the Ti atoms and the charge distribution is elontion energy for the neutral oxygen vacancy of the order of
gated along the direction of the Ti-Vac-Ti axis. This will be 0.4 eV?* and with optical measurements which suggest the
clearer in another view of the charge density obtained withpresence vacancies-induced states slightly below the conduc-
the periodic calculation and discussed in the next sectiortion band edgé® A second empty state is very close to the
The charge distribution is consistent with the position of thefirst one, Fig. 5. It should be mentioned however that the
defect level which is close to the conduction band, in parinterpretation of these experiments is far from being unam-
ticular at the B3LYP level, indicating a substantial contribu-biguous: in fact, along with F centers many other defects or
tion from the Ti 3 states. defect complexes can contribute to the observed states. Other

To summarize this section, the cluster calculations shovexperiments indicate that F-type centers have optical absorp-
that the removal of an O atom from the lattice has an higtions around 2.7 eV, thus suggesting that the F center corre-
energy cost9 eV or more. Two electrons are transferred sponds to a deep state in the gép.
from the valence of the central O atom to the empdysBates These levels have a significant contribution from the Ti
of the Ti nearest neighbors; the wave functions of the twa3d orbitals but are mixed-in with the orbitals placed at the
electrons do overlap to a certain extent so that a competitionenter of the vacancy. The two levels can be seen as a bond-

150} —

FIG. 5. Total and Ti-projecteddark) density
of stategDOY) for an O vacancy in SrTiQ(sin-
glet stat¢ as obtained at the B3LYP level on a 80
atoms supercell. The contribution of the vacancy
states in the gap are shown by an arrow.

Density of States (arb. units)

20 15 10 5 0 5 10 15 20 25 30
E-Efermi (eV)
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TABLE IV. Properties of an isolated O vacancy in Srii@s derived from periodic calculations.

SrgTigO,, (40 atom$ Sri6Ti1604g (80 atom$
HF LDA B3LYP PWo1 HF B3LYP
Ground state triplet singlet singlet singlet singlet singlet
AE(T-9), eV 0.13 —0.28 —0.53 -0.27 —1.03 —0.63
Eg, eV 7.73 10.90 9.94 9.75 7.79 9.42

4n this case we were unable to converge the calculations ond(szeg which is likely to be the lowest
triplet configuration; see text.

ing and antibonding combinations ofi&?) orbitals on the 6, show that the two electrons are largely localized on the Ti
two Ti atoms directly above and below the vacancy. Thesé;d(zz)—eg orbitals with substantial extension of the electron
states are separated from the conduction band, showing thelbud towards the center of the vacancy. This is true at both
the defect states have a distinct character from those contrittdF and B3LYP levels, Fig. 6. It is important to note that the
uting to the conduction ban@nainly Ti 3d empty levels. charge distribution obtained with a periodic approach is

The first question of interest is the nature of the groundqualitatively similar to that obtained from the cluster calcu-
state. With the 40-atoms supercell we found that the tripletations, see Fig. 4. The chemical reduction of the Ti ions
configuration is slightly preferreby 0.13 eVf only at the  adjacent to the vacancy from“Ti to Ti¥* should result in a
HF level. At the DFT level the singlet state is always lower shift of the Ti core levels.
in energy, with energy differences between triplet and singlet The situation is somewhat more complex when we ana-
that go from 0.3 to 0.5 eV, Table IV. The preference for alyze the spin distribution in the triplet state. We restrict the
triplet state in HF is not too surprising if we consider the analysis to the B3LYP results which give the same lowest
already mentioned general tendency of this method to localtiplet configuration with the 40-atoms and the 80-atoms su-
ize spins and favor open shell structures. The preference fqrercell. In B3LYP the spin is partially delocalized over many
a closed shell singlet ground state is confirmed by the calcuti centers, although the largest contribution is from the two
lations done with the larger, 80-atoms supercell. Here thdi atoms nearest to the vacancy. A semiquantitative evalua-
singlet state is preferred not only in B3LYP, but also at thetion of the degree of delocalization is provided by the results
HF level. The HF calculation has not converged on the low-of the spin population which show that about 80% of the
est triplet configuration but on a state where the unpairedinpaired electrons is on the Ti atoms above and below the
electrons are localized ontg, combination of 3 orbitals.  vacancy, while the rest is more or less equally divided among
Unfortunately we were unable to obtain proper convergencéhe remaining Ti atoms of the supercell, Table Ill. Also this
on the 31(22)—eg triplet state in HF which is the lowest result is qualitatively similar to that obtained with cluster
triplet in the other calculationgéin general we observed a models, indicating a substantial equivalence of the two
very slow convergence of the periodic calculations for thephysical situations.
open shell solutions Finally we consider the formation energy of the oxygen

From the periodic calculations it emerges quite clearlyvacancy. In this respect the most accurate values are those
that the singlet state is the most stable one; this result isbtained using gradient corrected B3LYP and PW91 func-
obtained at the DFT level with various exchange-correlatiortionals. The HF and the LDA values obtained with the 40-
functionals, even including a contribution from the exact HFatoms supercell, 7.73 and 10.90 eV, respectively, are lower
exchange as in B3LYP. We have seen above that with clusteand upper bounds to the actual energy cost. Both the B3LYP
models the singlet is also the most stable state provided thaid the PW91 methods predict a formation energy close to
sufficiently large clusters and basis sets are used. The fact
that the closed-shell singlet state is lower than the open-shef -
triplet state is a strong proof of the non-magnetic character of
the electronic ground state. In fact, for a magnetic state one
will have the triplet(ferromagnetit and open-shell singlet
(antiferromagnetic states near degenerate and well below
the close-shell singlet. Having established that the nature o
the ground state is nonmagnetic, we move now to the analy;
sis of the charge distribution in the vacancy, Table V.

We begin from the analysis of the charge distribution in
the singlet ground state of the O vacancy. We have plottec
the charge density of the system for an energy range corre-
sponding to the electronic statikohn-Sham eigenvalues- FIG. 6. Charge density plot of the doubly occupied impurity
sociated with the vacancy in the gdgee Fig. %, in this  state in the gap of the material associated with the oxygen vacancy
energy range only one doubly occupied level is present anginglet ground stajein the plane containing the Ti-Vac-Ti axis.
the charge density integrates to two electrons. The plots, Fig.eft: HF. Right: B3LYP.
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10 eV, Table IV. Our best estimate obtained at the B3LYPthe two Ti atoms directly above and below the vacancy. The
level with the 80-atoms supercell is 9.4 eV. This is verystates are considerably mixed in with teeype orbitals at
similar to that estimated for an O vacancy in the bulk ofthe center of the cavity, giving rise to a substantial overlap of
MgO, 9.5 eV It is interesting to note that the formation the wave functions. The localization of the electrons on Ti is
energy computed with a periodic approach, 9.4 eV, is aboutonsistent with photoemission studies on the surface of
0.6 eV larger than that obtained from cluster calculati@®8  SrTiO; which indicate the formation of i ions when sur-

eV with basis set B and the SiisO,5 cluster, Table I\. This  face defects are created by Aion bombardment’

is probably due to the incompleteness of the basis set in the (3) The ground state of the system is nonmagnetic since
cluster calculations but could also arise in part from the electhe two electrons are singlet couplésinglet closed-shell
trostatic potential at the vacancy site provided by the embedground state While the exact singlet-triplet separation may

ding in formal point charges. depend on the size of the supercell used for the calculations,
the qualitative result is not, suggesting that this conclusion is
IV. CONCLUSIONS not dependent on this aspect of the calculation. The triplet

] . solution is slightly lower in energy only at the HF level. A
The nature of the_?zxygen vacancy in Sri@as been ginglet ground state is what one expects for F centers in ionic
addressed previousfy, although 6%”1|3/Mfew studies have crystals, but differs from what has been found in Ti@here
been performed at aab initio level.”™™In this paper we  he formation of an O vacancy results in a triplet ground state
have considered for the first time the competition betweeriih spins localized on two different Ti atord&In SrTiO;
magnetic and non-magnetic coupling of the two extra eleCye singlet ground state is the result of the coupling of the
trons associated with the vacancy. In order to do this, varioug,, electrons which occupy &z?) levels on the two Ti

methods and computational approaches have been adoptegoms. The charge distribution is similar to that found for the
In fact, it has been shown that the use of pure DFT methods;me kind of defect in other perovskites like PbJj

may result in misleading results when spin localization ProBaTiO,, ™! and KNbQ,. %
cesses are involved. The main features of our study can be :

; (4) The formation energy of the isolated vacancy, com-
summarized as follows.

1 Diff ¢ kinds of bond it in SITIO The Sr-O puted with respect to an GR) atom, is close to 10 e\9.4
(1) Different kinds of bonds exist in SrTiD The Sr-O a5 our best estimateSince the strength of the,(ond is

interactions are very ionic,. as for binary alka}ling—earth OX-correctly reproduced in B3LYP, 5.2 eV, this corresponds to a
ides, while the Ti-O bonding has a mixed |on|c-covalentforrmmOn energy of 6.8 eV with respect to 1/20
character. This leads in principle to a competition between

the tendency to trap the electrons associated with the missing
oxygen in the vacanc{F centey or to localize them on the

3d levels of the transition metal ion. The results show that The work has been supported by thalian Ministry of
the electrons are not localized in the vacancy. In this respectniversity and ResearctMIUR) through a Cofin project.
the notation of F center for an O vacancy in Srfi® not  Computer time was provided by theenter de Supercom-
fully justified. The creation of a neutral O vacancy results inputacio de Catalunya CESCA, and theCenter Europeu de
new states in the band gap, below the conduction band. Thigaral.lelisme de BarcelonaCEPBA through the European
is consistent with previous theoretical studiesd with ex-  Community Improving Human PotentiélHP) program un-
perimental estimates which indicated a very small ionizatiorder contract HPRI-CT-1999-00071 held by the CESCA/
energy for the oxygen vacancy, of the order of 0.4*€V. CEBPA; CRYSTAL calculations have been carried out on
Optical measurements suggest that the presence of oxygéme SP3 parallel machine of the CEPBA-IBM-Research-
vacancies induce states slightly below the conduction banthstitute of Barcelona. D.R. is grateful to the European Com-
edge’® although these assignments are not unambigtfbus. munity and to the Italian-Spain Integrated Action for financ-

(2) These states are mainly composed d{ &) levels of ing his stay in Barcelona.
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