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First-principles study of point defects in rutile TiO,_,
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We report our first-principles results on point defects in TiO, in the rutile phase. Both the oxygen vacancy
and titanium interstitial are considered. The size effect of the supercell has been examined and the localized
state associated with the oxygen vacancy turns out to be sensitive to the supercell size. We find that the oxygen

vacancy does not give rise to a defect level within the energy gap while the titanium interstitial creates a
localized state 0.2 eV below the conduction edge that can be related to the infrared absorption data. The charge
accumulation around the oxygen vacancy is attributed to polarization of valence bands.
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Titanium dioxide (TiO,) is a material of wide applications
ranging from a substance for white pigment to photocatalysts
and nanoscale electronic devices. There are two important
phases of TiO,, anatase and rutile. While the surface of the
anatase phase is well known for efficient photocatalytic ef-
fects, the high dielectric constants of the rutile phase (e
=30-80) have made it a candidate material as a nanoscale
insulator such as an ultrathin gate oxide in field-effect
transistors'? or a dielectric layer in capacitors for dynamic
random access memory.”

Under the usual growth conditions, an oxygen-deficient
phase of rutile TiO,_, is found with x typically less than
0.008. For larger values of x, the phase diagram of TiO,
indicates that the Magneli phase is more stable.* To explain
the conductivity behavior of the reduced rutile with respect
to varying temperatures and oxygen partial pressures, defect
models considering three types of point defects were pro-
posed; a Ti** interstitial, a Ti** interstitial, and a doubly ion-
ized oxygen vacancy.’ Tracer-diffusion experiments favor an
interstitial mechanism of Ti diffusion. The electronic and op-
tical properties of the nonstochiometric oxides critically de-
pend on defect structures existing within the material. For
example, leakage currents in the TiO, insulator are often
explained on the basis of gap states originating from various
point defects.! Another example is that oxygen vacancies at
the TiO, surface influence the adsorption of molecules.®
Therefore, the study of the electronic structure in the pres-
ence of point defects is very important to understand the
material properties of oxides. While there have been many
theoretical investigations of point defects in TiO, surface,”?
relatively few attempts have been made to investigate the
electronic structures associated with point defects in the bulk
phase.’!! The empirical nature of the methods used in the
literature™!! necessitates a first-principles investigation of
point defects in TiO,, which will serve as a firm basis to
understand defect-related phenomena. In this paper, we carry
out first-principles calculations to study the oxygen vacancy
and titanium interstitial, two elemental point defects in
TiO,_,. We carefully examine atomic relaxations around the
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point defects and related features in the electronic structure.

The density functional calculations are performed using a
computational code, the Vienna ab initio simulation package
(vASP).!> To check any effect of different implementation of
first-principles method, some results are repeated using an-
other code based on similar methods.'> We employ a plane-
wave basis set with an energy cutoff of 400 eV to describe
the electronic wave function. The ionic potentials are de-
scribed by projector augmented-wave pseudopotentials'* and
the exchange-correlation energy of the electrons is approxi-
mated by a local density functional presented in Ref. 15. 3d
and 4s (2s and 2p) states are treated as valence electrons for
Ti (O) atoms. For the k-point integration, we use a 4 X4
X 6 mesh for the primitive cell (shown in Fig. 1) and the I
point for 3 X3 X5 supercells. The atomic positions are re-
laxed until the Hellmann-Feynman force on each atom is
reduced to within 0.01 eV/A. To obtain the equilibrium lat-
tice parameters and bulk modulus of the crystalline phase,
we additionally relax the cell shape and volume to match
with external pressures.

Figure 1 shows the unit cell of TiO, in the rutile phase.
Computational results for structural parameters are summa-
rized in Table I. The structural parameters agree well with

FIG. 1. Tetragonal unit cell of rutile TiO,. The relative ionic
positions are (0,0,0) and (1/2,1/2,1/2) for Ti atoms, and (u,u,0),
(1-u,1-u,0),(1/2+u,1/2-u,1/2), and (1/2—u,1/2+u,1/2) for
O atoms.
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TABLE 1. Structural parameters, bulk modulus, and energy gap (E
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sap) Of TiO, in comparison with

experimental data and other theoretical results. Theoretical value of direct band gap is measured at I" point.

a (A) c (A) u B (GPa) Egyp (€V)
Experiment® 4.587 2.954 0.305 216 3.0
This work 4.536 2914 0.304 265 1.7
Theory® 4.653 2.965 0.305 240 2.0
Theory® 4.536 2915 0.304 N/A 1.87

“Burdett ef al. (Ref. 16).
bGlassford et al. (Ref. 17).
“Lee et al. (Ref. 18).

the experimental values within 2%. The underestimation of
the energy gap is due to the local density approximation.
From the analysis of the partial density of states, we find that
the conduction bands are mostly Ti 3d states while the va-
lence bands have mainly O 2p character, confirming that
TiO, is a charge-transfer insulator.

Due to the periodic boundary condition imposed by the
plane-wave basis, defects are repeated in a crystalline struc-
ture. It is an important step to confirm whether the compu-
tational results are affected by the supercell dimension. In
previous first-principles work, 48 atoms in eight unit cells
(2 X2 X2 supercell) were typical sizes adopted for studying
defect properties in bulk rutile.”® The shortest defect-defect
distances in these supercells are ~6 A which may not be
enough to neglect the interaction between defects. To inves-
tigate the size effect, we compare in Fig. 2 the band struc-
tures of a supercell with and without one oxygen vacancy in
2X2X2 and 3 X3 X5 supercells. The 3 X3 X5 supercell is
the largest supercell we could try within our computational
resources. The band structures around the Fermi level are
shown since defect states in this range will influence the
electronic and optical properties of TiO, substantially. The
relatively flat band in Fig. 2(b) (see the arrow) corresponds
to the localized defect states with the energy level close to
the conduction band edge. This state has most of its weight
in three Ti atoms surrounding the oxygen vacancy. On the
other hand, for a larger 3 X3 X5 supercell containing 90
cations and 180 (or 179) anions [Figs. 2(c) and 2(d)], the
defect level indicated by an arrow is found to shift up sub-
stantially and be almost unoccupied. This indicates that posi-
tive charges at the vacancy site are not strong enough to hold
electrons locally or create an F' center within the band gap.
This is in part due to the ionic displacements (see below),
especially those of nearby Ti atoms. In fact, when atoms are
fixed at the bulk position, we find that the oxygen vacancy
creates a defect state within the energy gap. The outward
relaxation of Ti atoms effectively screens the positive charge
of the oxygen vacancy. The shift of localized defect levels
with increasing supercell size is similar to the case of an
oxygen vacancy in SrTiO; as recently reported.'*?° The dis-
persion in the defect state for the 3 X3 X35 supercell indi-
cates that one still needs a larger supercell to accurately char-
acterize the localized level. However, the qualitative nature
of the defect state, such as the relative position from the
conduction minimum, is well addressed in the 3 X3 X5 su-
percell. Therefore, we use larger 3 X3 X5 supercells

throughout the rest of the calculation for point defects, to
make sure that the computed defect properties are free from
the supercell size effect as much as possible.

We first study an oxygen vacancy in rutile TiO,, which is
the most important point defect in the reduced TiO, sample.
It is well known that ionized oxygen vacancies effectively
dope TiO, with electrons, resulting in a n-type transport be-
havior. In our calculations, the oxygen vacancy is created
simply by taking out one oxygen atom from the supercell.
After relaxation, the total energy is lowered by 1.69 eV from
the initial energy and surrounding Ti atoms are displaced by
0.27-0.30 A outward from the vacancy site. This is due to
the effectively positive charges of the vacancy site which
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FIG. 2. Comparison of band structures of TiO, supercells with
or without single oxygen vacancy. (a) is for perfect 2 X2 X 2 super-
cell and (b) is for the same supercell including one oxygen vacancy.
(c) and (d) are similar to (a) and (b) except that they are results for
3 X3 X5 supercells. The Fermi levels, indicated by dashed lines,
are set to zero.
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FIG. 3. (a) Total density of states for TiO, with the oxygen
vacancy compared with that of the perfect crystal. The Fermi levels
(Ep) are shown as vertical lines. (b) Partial density of states for the
supercell containing the oxygen vacancy. Ti,., indicates one of
three Ti atoms neighboring the vacancy site and Tig,, is the Ti atom
furthest from the vacancy site.

interact repulsively with nearby cations. We calculate the
electronic population at each atomic site by integrating the
total electronic charges inside a sphere centered on each
atom with effective ionic radii, the so-called Shannon-
Prewitt radii.?! They are 0.61 and 1.36 A for Ti and O atoms,
respectively. We find that the electron population of three Ti
atoms surrounding the oxygen vacancy substantially in-
creases from the bulk value of 0.968¢ to 1.021e while those
at other Ti atoms change less than 0.02e, consistent with the
positive character of the vacancy charge.

In Fig. 3(a), the total density of states (TDOS) is com-
pared between supercells with and without the oxygen va-
cancy. The Fermi level is just above the conduction band,
leading to n-type doping of TiO,. As can be seen in Fig. 2(d),
the dispersion of occupied states in the conduction bands
indicates that they are distributed over the whole supercell.
This raises a question whether extra electrons occupying Ti
atoms near the vacancy site originate from the conduction
band or not. The analysis of the occupied states in the con-
duction band indicates that they are uniformly distributed
with Ti d character. In other words, the additional electrons
at nearby Ti atoms are contributed by valence states. To con-
firm this, we carry out a calculation with two fewer electrons.
This shifts down the Fermi level to be within the original
band gap. However, the charge accumulation at Ti atoms
around the vacancy is almost unchanged, indicating that ex-
tra electrons mainly originate from the small polarization of
the valence states.

Figure 3(b) shows the partial density of states (PDOS) of
one of three nearby Ti atoms in comparison with that of a Ti
atom furthest from the vacancy site. It can be seen that the
two PDOS curves behave in a similar way near the Fermi
level. To investigate whether vacancy clustering leads to cre-
ation of localized gap states, we also calculate divacancies by
removing two oxygen atoms from 3 X3 X5 supercells in
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FIG. 4. (a) The relaxed geometry around the Ti interstitial. Dark
and light grayspheres indicate O and Ti atoms, respectively. The
atoms within circles are under largest relaxations. (b) Total density
of states of TiO, with the Ti interstitial. (c) Partial density of states
for the interstitial Ti atom (Tij,) and the Ti atom furthest from the
interstitial site.

nearest-neighbor or apical positions around a specific Ti
atom. The internal coordinates of all atoms within the super-
cells are fully relaxed. We identify an in-gap state only for an
apical divacancy. The defect level is located about 0.2 eV
below the conduction minimum. The spatial distribution of
this localized state shows a d character at the Ti site between
two oxygen vacancies. However, the total energy of the api-
cal divacancy is higher by 0.58 eV compared to the nearest-
neighbor divacancy, indicating that the apical one is rather
unstable.

Next we calculate a Ti interstitial, another possible point
defect in nonstoichiometric TiO,_,. The initial position of an
interstitial Ti atom is chosen to be the empty octahedral site,
i.e., the center of the (010) face [or equivalently the (100)
face] in Fig. 1. In Fig. 4(a), an interstitial Ti atom and the
nearby atoms are shown at relaxed positions. We also change
the starting position of the interstitial Ti atoms along the z
axis and confirm that octahedral sites are the most stable
position of Ti interstitials. Due to the open structure of the
rutile phase along the [001] direction, relatively small relax-
ations are found around the Ti interstitial compared to the
case of the oxygen vacancy. As can be seen in Fig. 4(a), the
closest Ti atoms (dashed circles) relax outward from the in-
terstitial site by 0.26 A while the nearest four O atoms (solid
circles) are pulled in toward the cation interstitial by 0.21 A.
The partial charges inside ionic radii are 1.103e for the Ti
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interstitial and (1.00-1.04)e for six neighboring Ti atoms.
(The bulk value is 0.968¢.) These values are similar to the
case of the oxygen vacancy. The relatively large effective
charge of the Ti interstitial is related to the localized level.
(See below.)

The TDOS in the presence of Ti interstitial is shown in
Fig. 4(b). Two electrons are occupying the conduction bands
that are certainly donated by the Ti interstitial. Figure 4(c)
shows the PDOS around the Ti interstitial. One can find that
the PDOS of the interstitial Ti atom is quite different from
those of the other Ti atoms, with a pronounced peak appear-
ing just below the Fermi level. This is a localized state
around the Ti interstitial with the energy level approximately
0.2 eV below the conduction minimum of TiO,. Inspection
of the wave function of this in-gap state shows that the or-
bital character is mainly the 3d(x>—y?) orbital of the Ti in-
terstitial slightly mixed with the 3d(3z°>~r?) component. To
confirm the localized nature of this band-gap state, we cal-
culate the band dispersion along I" to Z and I" to X. The
bandwidth of the localized state is less than 0.02 eV while
those of extended Ti 3d states are always bigger than 0.1 eV.
The occupation of the localized level at the Ti interstitial
indicates that only two electrons are transferred to conduc-
tion bands as free carriers, a number that can increase with
the temperature.

To determine the relative stability between point defects,
we compare defect formation energies (Ej,) of two point
defects using the following formula:

Egor = Epi(defect) — npyur — nopo, (1)
where E,(defect) is the total energy of the supercell contain-
ing a defect. n; and w; are the number and chemical potential
of the constituent atoms, respectively, satisfying the relation
it 2o =E(bulk)/2. Assuming u, is half the total energy
of an oxygen molecule, the formation energies are 7.09 and
4.44 eV for the Ti interstitial and oxygen vacancy, respec-
tively, indicating that formation of the oxygen vacancy is
energetically favored. However, the relative stability is re-
versed at puo=FE,(0,)/2-2.64 eV, corresponding to a Ti-
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richer environment, where the formation energies of the two
defects are equally 1.8 eV. It is noted that the defect level for
the Ti interstitial is of a localized d character and unphysical
self-interactions of occupied electrons may influence the for-
mation energy of the Ti interstitial unfavorably. We also add
that our calculations are for neutral defects in the sense that
charge neutrality is maintained without uniform background
charges. However, the delocalized characters of doped elec-
trons imply that charge states of point defects are more con-
sistent with +2 for both the oxygen vacancy and Ti intersti-
tial. The Ti** interstitial found in our calculation is rather at
variance with the traditional picture of this defect, i.e., Ti**
or Ti**. There are several possible causes for the discrepancy,
such as the defect clustering or the accuracy of the local
density approximation (LDA).

The transition from this localized state to the conduction
band may account for an absorption peak around 0.75 eV
found in the literature.?” The discrepancy of 0.55 eV could
be attributed to the localized nature of d electrons, which
could be addressed by the LDA+ U formalism.?? In passing,
it is worthwhile to mention that spin density functional cal-
culations for the oxygen vacancy and Ti interstitial are per-
formed as well but the spin moments are close to zero.
Therefore, the computational results are essentially the same
as those in spin-paired calculations. This is because the elec-
tronic states are either delocalized or, if localized, doubly
occupied.

In summary, we perform first-principles density functional
calculations on the oxygen vacancy and Ti interstitial in
rutile TiO,. The defect level associated with the oxygen va-
cancy is not identified within the energy gap while the Ti
interstitial gives rise to a defect level that can be related to
the infrared experiment.
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