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First-principles study of defect energetics in titanium-doped alumina
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First-principles plane-wave pseudopotential calculations were performed to study electronic structures,
structural relaxation, and energetics of point defects in Ti-doped Al2O3 . Substitutional and interstitial Ti ions
with charge compensating intrinsic defects were considered, and their formation energies were evaluated under
various atomic chemical potentials. It was found that substitutional Ti41 ions with charge compensating Al
vacancies were most stable in the oxidized condition. In contrast, as oxygen chemical potentials decreased, the
formation energy of substitutional Ti31 decreased to have the smallest value in the relatively reduced condi-
tions. However, in the intermediate range of oxygen potentials, substitutional Ti31 and Ti41 exhibited similar
formation energies, indicating that these Ti defects can coexist in a particular reduction environment.
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I. INTRODUCTION

Dopants and impurities in Al2O3 have a great influence in
the high temperature properties such as plastic deforma
and creep resistance.1–4 This is because mass transport pro
erties of Al2O3 are altered, as a result of a change in t
point defect chemistry and its relevant diffusion propert
by the presence of dopants.5,6 In particular, since concentra
tions of intrinsic point defects in undoped Al2O3 are ex-
pected to be quite small due to their relatively high format
energies, stable point defect structures in Al2O3 can be con-
trolled by adding a small amount of dopants.7–9 Therefore, it
is of great importance to understand the point-defect ch
istry and the dopant effects in Al2O3 .

Among dopants often encountered in Al2O3 , titanium~Ti!
is known to have important effects on mechanical and e
trical properties of Al2O3 . For example, Pletkaet al. studied
the high-temperature deformation behavior and the resu
dislocation structures of Ti-doped Al2O3 single crystals
~sapphire!.1 They found that Ti31-doped Al2O3 exhibited a
deformation behavior and dislocation substructures simila
those in undoped Al2O3 , whereas Ti41-doped Al2O3 showed
significant increases in the flow stresses and work-harde
rates. The difference in the results were attributed to the
ference in bulk or pipe diffusion rates between Ti31- and
Ti41-doped Al2O3 , which is closely related to the kind o
point defects formed in these two crystals.

In order to investigate the defect structure in Al2O3 doped
with Ti, Monapatraet al. performed electrical conductivity
measurements at high temperatures under different oxy
partial pressures.7 They concluded that Ti41 ions in Al2O3
are substituted for Al31 (TiAl

11), and Al vacancies (VAl
32)

are also introduced as charge compensating defects, na
$3TiAl

11:VAl
32%. Additionally, they reported that a certai

proportion of Ti41 ions was reduced to Ti31, to increase the
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electronic conductivity, as oxygen partial pressures for
Ti-doped Al2O3 system were lowered. Since Ti31 ions have
an electronic configuration of@Ar#3d1 and are isovalent with
Al31, it is expected that the Ti31 ions in Al2O3 (5TiAl

0)
formed in the reduced atmosphere can induce donorlike
els in the band gap without any charge compensating defe
which can contribute to the electronic conduction. In o
recent study, it was also found that Ti nanowires were s
cessfully produced using dislocations in deformed Al2O3 ,
and they exhibited an extremely high electronic conductiv
even at room temperature.10 From the experimental electro
energy loss spectra, the Ti nanowires were mainly compo
of substitutional Ti41 ions dissolving at the vicinity of dis-
locations in Al2O3 . However, the Ti nanowires are expecte
to contain a certain amount of Ti31 ions as well as Ti41,
which can give rise to the unusual electric conductivity o
served. It can be said, therefore, that the stable defect s
ture in Ti-doped Al2O3 is very sensitive to chemical environ
ment of the system, and plays a crucial role for t
interesting mechanical and electrical properties.

Because of the importance of the defect structure in
doped Al2O3 , a number of researches have focused on
energetics of point defects in undoped and Ti-doped Al2O3 ,
mainly using atomistic simulations based on empirical
semiempirical ionic potentials.9,11,12Although the researche
provided detailed information on theoretical defect energ
and stable defect structures such as clustering of dopant
and intrinsic defects, they did not explicitly take account t
chemical environment that the system actually undergoes
mentioned before, the Ti-doped Al2O3 system exhibits dif-
ferent properties depending on valence states of Ti ions
vary with the atmosphere surrounding the system. In suc
case, it is required to study the point defect chemistry
Ti-doped Al2O3 under various chemical environments in d
tail.
©2003 The American Physical Society02-1
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The purpose of this study is to perform first-principl
pseudopotential calculations for understanding point de
structures in Ti-doped Al2O3 . In the calculations, electroni
and atomic structures of possible defect species in Ti-do
Al2O3 were calculated, using large supercells. In additi
the dependence of defect formation energies on ato
chemical potentials in Ti-doped Al2O3 was investigated, ap
plying the well-established formalism for point defect en
getics from total energy calculations.13 The obtained results
were discussed with previous experimental results regar
the defect structures and its related properties in Ti-do
Al2O3 .

II. COMPUTATIONAL PROCEDURE

First-principles pseudopotential calculations were p
formed within the generalized gradient approximati
~GGA! using the Perdew-Wang exchange-correlat
potential,14 as implemented in theVASP code.15,16 In the
present bulk and supercell calculations, wave functions w
expanded in a plane-wave basis set with a plane-wave cu
energy (Ecut) of 500 eV, and it was confirmed that the tot
energies of aluminum and titanium oxides were conver
within 1.2 meV/atom for the total energies obtained at 7
eV. For structure optimization, atoms were allowed to rel
using a conjugate gradient technique, until their resid
forces were less than 0.1 eV/Å.

A. Pseudopotentials and bulk calculations

For Ti and O, ultrasoft Vanderbilt-type pseudopotenti
were used, as supplied by the authors of Refs. 17 and 18.
O pseudopotential was generated from the 2s22p4 electronic
configuration with a core radius of 1.55 a.u. The referen
configuration for the Ti pseudopotential was@Ar#3d34s1,
with a core radius of 2.79 a.u. and the 3d and 4s electrons
were considered as valence states. In contrast, the soft n
conserving pseudopotential by the Rappe-Rabe-Kaxi
Joannopoulos scheme19 was used for Al, which was gene
ated in the 3s23p1 configuration and a core radius was tak
to be 1.82 a.u. Partial core correction was included in th
Ti and Al pseudopotentials.

Using the above pseudopotentials, bulk structures rele
to the Ti-Al2O3 system were calculated to ensure applicab
ity and accuracy of the pseudopotentials. In this case,
following crystals were considered: Al~fcc, Fm3m), Al2O3

~corundum,R3̄c), Al2TiO5 ~pseudobrookite,Bbmmm!, TiO2

~rutile, P42 /mnm), Ti2O3 ~corundum,R3̄c), TiO ~rocksalt,
Fm3m and monoclinic, A2/m), and metallic Ti ~hcp,
P63 /mmc).20–26It is noted here that in addition to the usu
rocksalt structure of TiO, the monoclinic phase of TiO, e
perimentally found at a high temperature, was taken i
account, in which cation and anion vacancies are ordere
the underlying rocksalt lattice, keeping the stoichiometry25

This phase contains five TiO molecules in the primitive ce
Leunget al. previously carried out first-principles pseudop
tential calculations of a number of possible TiO structur
and showed that this monoclinic phase was most stable, e
compared to the rocksalt structure.27 Using a sufficient num-
21410
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ber ofk points generated by the Monkhorst-Pack scheme
Brillouin-zone integrations, stable structural parameters
respective crystals were obtained by optimization of unit-c
volumes and internal atomic positions. Table I shows
calculated lattice parameters and internal coordinates for
spective crystals, together with available experimental d
It can be seen that the calculated lattice parameters rea
ably agreed with experiment, within an error of63.5%.

Moreover, heats of formation (DH f) for metal oxides
containing Al and/or Ti (MxNyOz , M andN5Al or Ti ! were
calculated from the total energies per molecular u
(Etot,mol) by

DH f
MxNyOz5Etot,mol~MxNyOz!2xEtot,mol~M !

2yEtot,mol~N!2
z

2
Etot,mol~O2!. ~1!

HereEtot,mol(O2) indicates the total energy of molecular ox
gen, which was obtained from the supercell calculation at
G point for an isolated O2 molecule in a cubic cell with the
dimension of 15315315 Å3. Table II lists the calculated
DH f values for the metal oxides and their experimental v
ues at 298 K.28,29Among these oxides, Al2O3 was found to
be most stable, and the relative stability of the metal oxid
obtained in this study was in good agreement with the tre
of the experimental data. For TiO, the calculatedDH f value
for the monoclinic phase was smaller than that for the ro
salt phase, which is more comparable with the experime
value. This result is also consistent with the previous fir
principles calculations of TiO by Leunget al.27 Therefore,
the monoclinic phase of TiO was selected to determ
atomic chemical potentials in an equilibrium condition of t
Al-Ti-O system that are necessary to calculate formation
ergies of defects, as will be shown below.

B. Supercells and defect formation energies

In order to calculate formation energies of Ti ions a
their related point defects in Al2O3 , 120-atom supercells o
Al2O3 with a hexagonal shape were constructed using
optimized structure of the unit cell~see Table I!, with dimen-
sions ofa059.58 Å andc0513.08 Å. The Al2O3 supercell
is almost the same as that used in our previous study,8 but the
cell dimensions are slightly different, due to the different s
of pseudopotentials used. For calculations of substitutio
Ti ions, an Al atom at around the center of the supercell w
replaced by a Ti atom, while a Ti atom was put into t
supercell in the case of Ti interstitial, where the norma
vacant octahedral site in the Al sublattice of the corund
structure was considered as a possible interstitial site. In
supercell calculations, atoms located within a radius of 3.4
from a defect were allowed to relax. In this radius for rela
ation, atoms within third nearest neighbor~3rdNN! sites are
present for substitutional Ti, while those within 4thNN sit
for Ti interstitial. Numerical integrations over Brillouin zon
were performed only at theG point because of the large siz
of supercells. Intrinsic vacancies and interstitials of Al and
were also calculated using supercells in a similar manne
2-2
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TABLE I. Calculated structural parameters of materials related to the Al-Ti-O system and their com
son with experimental results. The definitions of the parameters for these materials are given in the res
references.

Oxide Space group Calculation Experiment Referen

Al Fm3m a54.032 Å a54.05 Å 20
Al2O3 R3̄c a54.790 Å, c513.076 Å a54.765 Å, c513.011 Å 21

u(Al) 50.352,u(O)50.306 u(Al) 50.352,u(O)50.306
Al2TiO3 Bbmm a59.442 Å, b59.794 Å a59.429 Å, b59.636 Å 22

c53.600 Å c53.591 Å
x(Ti) 50.183 x(Ti) 50.1852
x(Al) 50.140,y(Al) 50.555 x(Al) 50.1346,y(Al) 50.5616
x1(O)50.765 x1(O)50.7575
x2(O)50.043,y2(O)50.116 x2(O)50.0484,y2(O)50.1170
x3(O)50.312,y3(O)50.066 x3(O)50.3133,y3(O)50.0719

TiO2 P42 /mnm a54.657 Å, c52.980 Å a54.594 Å, c52.958 Å 23
u(O)50.305 u(O)50.305

Ti2O3 R3̄c a55.105 Å, c514.094 Å a55.158 Å, c513.611 Å 24

u(Al) 50.345,u(O)50.316 u(Al) 50.345,u(O)50.311
TiO Fm3m a54.287 Å a54.177 Å 25
TiO A2/m a55.872 Å, b59.367 Å a55.855 Å, b59.340 Å 26

c54.154 Å, g5107°.5 c54.142 Å, g5107°.32
@x1(Ti),y1(Ti) #5(0.168,0.335) @x1(Ti),y1(Ti) #5(0.170,0.340)
@x2(Ti),y2(Ti) #5(0.677,0.349) @x2(Ti),y2(Ti) #5(0.669,0.342)
@x3(O),y3(O)#5(0.346,0.170) @x3(O),y3(O)#5(0.343,0.175)
@x4(O),y4(O)#5(0.829,0.170) @x4(O),y4(O)#5(0.833,0.179)

Ti P6/mmc a52.938 Å, c54.612 Å a52.95 Å, c54.68 Å 20
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Formation energies of Ti solutes and intrinsic defects
Al2O3 were calculated from total energies of the perfect a
defective Al2O3 supercells, based on the standard formali
by Zhang and Northrup.13 The detailed formulation for in-
trinsic defects in Al2O3 can also be seen in our previou
study,8 and thus only the formulation for the case of Ti d
fects is shown here.

For an isolated Ti defect with a charge state ofq ~includ-
ing its sign!, its formation energy (H f) is represented using
the Fermi level (EF) as

H f5Etot~defect;q!2$Etot~perfect!2nAlmAl1mTi%1qEF ,
~2!

TABLE II. Experimental and calculated heats of formation f
oxides in eV/atom.

Oxide system Experiment Calculation

Al2O3 23.47a 23.44
Al2TiO3 23.41b 23.41

TiO2 23.24a 23.38
Ti2O3 23.15a 23.26

TiO~rocksalt! 22.81a 22.65
TiO~monoclinic! 22.83

aReference 28.
bReference 29.
21410
n
d
whereEtot(defect;q) andEtot(perfect) mean total energies o
the defective and defect-free supercells, andma (a5Al and
Ti! is the atomic chemical potential. In this equation,nAl is
equal to 1 for substitutional Ti, whereasnAl50 for intersti-
tial Ti. The situation that Ti21, Ti31, and Ti41 ions dissolve
in Al2O3 was considered in this study, and thus defect cha
states ofq521;11 were treated for substitutional T
while q512;14 for interstitial Ti. In the case of intrinsic
vacancies and interstitials in Al2O3 , it was found in our pre-
vious study that the fully ionized charge states of the resp
tive defect species are most stable in the entire range
chemical potentials where Al2O3 is stable.8 Therefore, the
fully ionized intrinsic defects ofVAl

32, VO
21, Al i

31, and
Oi

22 were only taken into account as defects compensa
the substitutional or interstitial Ti ions with effective charge
Considering the charge compensating defect reactions,
trality of the whole system is maintained, so that it is n
necessary to explicitly calculate the last term of Eq.~2!.

As can be seen in Eq.~2!, the formation energies depen
on the atomic chemical potentials. In the ternary Al-Ti-
system studied here, however, the chemical potentials
constituent atoms vary depending on equilibrium conditio
between Al-Ti-O related phases. Figure 1 shows a schem
phase diagram of the Al-Ti-O system. In the present study
solutes in Al2O3 in the dilute limit were treated, andma
values of the three elements were evaluated at the four po
A–D, which are close to the vertices of the three pha
regions around Al2O3 . Here, it was assumed that Al2O3 is
2-3
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always stable, so that formation of metallic Al and Ti-A
phases was not taken into account. In addition, the exp
mental Al-Ti-O phase diagram30,31 showed the presence o
magneli phases, Ti3O2 and Ti2O phases, but, for simplicity
these were not explicitly treated in this study.

From the stability of Al2O3 , mAl andmO are always con-
strained in the following manner:

2mAl13mO5mAl2O3~bulk!. ~3!

HeremAl2O3(bulk) is a total energy per molecule of perfe
Al2O3 . mAl andmO can vary over a range given by the he
of formation of Al2O3 shown in Table II. Upper bounds o
mAl and mO can be obtained by assuming the precipitat
limits of metallic Al and O2 gas phases, i.e.,mAl
<mAl(bulk) and mO<mO(bulk), where mAl(bulk) and
mO(bulk) are total energies per atom of metallic Al and m
lecular O2 , respectively.

At point A in Fig. 1, for example, Al2O3 is in equilibrium
with O2 gas and Al2TiO5 , and thus the chemical potentia
of the three elements are also constrained as

2mAl1mTi15mO5mAl2TiO5~bulk!, mO5mO~bulk!.
~4!

Since mO @5mO(bulk)# is constant through the system
this equilibrium state,mAl and mTi can be determined by
coupling Eqs.~3! and ~4! as follows:

mAl5
1

2
mAl2O3~bulk!2

2

3
mO~bulk!, ~5!

mTi5mAl2TiO5~bulk!2mAl2O3~bulk!22mO~bulk!. ~6!

By using Eqs.~5! and~6!, the formation energy of a Ti solut
at the equilibrium pointA is obtained from Eq.~2!.

In a similar way, thema values can be determined at th
respective points under the following correlations, toget
with Eq. ~3!:

Point B: 2mAl1mTi15mO5mAl2TiO5~bulk!,

FIG. 1. Schematic illustration of the Al-Ti-O phase diagra
The pointsA–D denoted by arrows correspond to the vertices
the three-phase region around Al2O3 .
21410
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2mTi13mO5mTi2O3~bulk!. ~7!

Point C: mTi1mO5mTiO~bulk!,

2mTi13mO5mTi2O3~bulk!. ~8!

Point D: mTi1mO5mTiO~bulk!, mTi5mTi~bulk!. ~9!

It is noted that them~bulk! values of the reference materia
were total energies obtained after structural optimizati
which was described in Sec. II A.

III. RESULTS AND DISCUSSION

A. Electronic structures of Ti solutes

Figure 2 shows schematic illustrations of the highe
occupied and/or lowest-unoccupied one-electron sta
within the band gap for substitutional (TiAl

q) and interstitial
Ti ions (Tii

q) with various charge states. In this figure, th
band-gap width (Eg) corresponds to a theoretical value~6.04
eV! for perfect Al2O3 obtained in the present supercell ca
culation. The theoreticalEg value is underestimated as com
pared to experimental values~8.7 eV for Al2O3),32,33but this
is a common feature of GGA calculations used in this stu
Numerical values depicted in parentheses indicate energy
sitions of the bands measured from the valence band m
mum ~VBM !.

It can be seen from Fig. 2 that for TiAl
q and Tii

q defects,
extra levels are present in the band gap. In the case of
stitutional Ti ions (TiAl

q), the extra levels are located almo
beyondEg/2. The extra level at 4.66 eV for TiAl

0 (5Ti31 at
the Al site! is occupied by one electron, while that at 5.84 e
for TiAl

12 (5Ti21 at the Al site! has two electrons. Fo
example, a contour plot of squares of the wave function
TiAl

0 on the$112̄0% plane of the corundum structure is ind

f
FIG. 2. One-electron energy level diagrams around the band

(Eg) for substitutional and interstitial Ti ions obtained by th
present supercell calculations. Solid circles indicate electrons o
pying the levels, while open circles holes. The valence band m
mum is set at 0 eV, and the theoreticalEg value ~6.04 eV! is em-
ployed.
2-4
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cated in Fig. 3~a!. The wave function is mainly composed o
Ti-3d orbitals, and is strongly localized at the TiAl site. It can
be said, therefore, that this level is induced by the prese
of TiAl

0, and corresponds to a ‘‘defect level.’’ Mohapat
et al.experimentally studied the energy position of the def
level for TiAl

0 from the optical data, and showed that t
defect level was located at 4.25 eV from the conduction b
minimum of Al2O3 .7 If the Eg value of perfect Al2O3 is
taken to be an experimental value of 8.7 eV,34–35 the energy
position of the defect level can be estimated to be 4.45
from the VBM, which agrees well with the energy positio
for TiAl

0 obtained in this study~4.66 eV!. Although the the-
oretical Eg value for Al2O3 is smaller by about 3 eV than
experimental data, therefore, it is thought that the ene
positions of the defect levels for TiAl

q are well reproduced by
the present calculations.

In the cases of Tii
q defects, extra levels appeared in t

lower part ofEg . The Tii
31 defect has the extra level at 1.5

FIG. 3. Contour maps of the wave functions of Ti-induced d

fect levels on an$112̄0% plane of the corundum structure. The co
tour lines are from 0.04 to 0.2 with an interval of 0.01 in the unit
electrons/Å3. Solid and open circles indicate positions of Al and
ions, respectively. The position of Ti is represented byX.
21410
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eV occupied by one electron, and two electrons occupy
level at 3.02 eV for Tii

21. From the wave function for Tii
31

shown in Fig. 3~b!, this level is also mainly composed o
Ti-3d orbitals and is localized at the interstitial site, indica
ing the interstitial-induced defect level. It is noted that t
energies of the defect levels are increased, as the ch
statesq of Ti interstitial decrease and more electrons occu
these levels. This tendency is the same as the case of su
tutional Ti ions, and is likely due to electronic repulsions
these levels localized at the defect sites.

Since the TiAl and Tii defects relax surrounding ions du
to their different ionic sizes and charges from Al and
distances from a Ti defect to neighboring ions are chang
The distances after structural optimization are listed in Ta
III. It is noted here that atoms in a certain coordination sh
from a defect are not always located at the same distanc
Al2O3 , because of the low symmetry of the corundum stru
ture. In such a case, average values in the respective at
coordination shells are shown in this table. Together with
results for Ti defects, this table contains the results for fu
charged intrinsic vacancies and interstitials in Al2O3 . Details
on the structural relaxations for intrinsic vacancies and in
stitials can also be seen in our previous paper.8 Thus, only
relaxed structures around Ti defects will be discussed in
tail below.

For TiAl
q, the 1stNN O ions exhibit outward relaxation

of more than 1.5%. This can be understood from the lar
ionic sizes of Ti ions than Al ions.34 The 2ndNN Al ions also
tend to slightly move away from the TiAl

11 defect, due to the
electrostatic repulsion between them. However, in the ca
of q521 and 0, the distances between TiAl

q and 2ndNN Al
ions are almost the same with that between Al ions in
perfect lattice.

The interstitial site of the prefect Al2O3 lattice is twofold
coordinated by Al ions at the 1stNN sites. In the presence
Ti i

q, however, it was found that the two Al ions underg

-

sitions
shown
TABLE III. Structural relaxation around each defect species. Average distances from the defect po
to neighboring atoms are listed. Neighboring atomic species and their coordination numbers are also
in parentheses.

Distance in Å~atomic species; coordination number!

1stNN 2ndNN 3rdNN 4thNN

Al site in bulk Al2O3 1.93~O;6! 2.78~Al;4! 3.24~Al;3!, 3.24~O;3!

TiAl
12 2.05~O;6! 2.77~Al;4! 3.25~Al;3!, 3.24~O;3!

TiAl
0 2.01~O;6! 2.80~Al;4! 3.26~Al;3!, 3.23~O;3!

TiAl
11 1.96~O;6! 2.84~Al;4! 3.29~Al;3!, 3.22~O;3!

VAl
32 2.06~O;6! 2.58~Al;4! 3.15~Al;3!, 3.27~O;3!

O site in bulk Al2O3 1.93~Al;4! 2.74~O;12! 3.24~Al;2!

VO
21 2.11~Al;4! 2.66~O;12! 3.25~Al;2!

Interstitial site in bulk Al2O3 1.93~Al;2! 1.99~O;6! 2.78~Al;6! 3.31~O;6!

Ti i
21 2.03~O;6! 2.21~Al;2! 2.88~Al;6! 3.30~O;6!

Ti i
31 1.97~O;6! 2.26~Al;2! 2.89~Al;6! 3.28~O;6!

Ti i
41 1.93~O;6! 2.30~Al;2! 2.91~Al;6! 3.26~O;6!

Al i
31 1.86~O;6! 2.25~Al;2! 2.87~Al;6! 3.28~O;6!

Oi
22 1.71~Al;2! 2.26~O;6! 2.76~Al;6! 3.31~O;6!
2-5
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FIG. 4. Formation energies pe
defect of~a! substitutional and~b!
interstitial Ti defects against oxy
gen chemical potentials (mO). For
comparison, energies of intrinsi
Schottky, Al Frenkel and O Fren
kel defects are also depicted. Th
shaded area indicates themO

range where Al2O3 is always
stable. The symbols ofA–D cor-
respond to the equilibrium points
shown in Fig. 1.
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significant outward relaxations of more than 14%. Inste
the six O ions at the 2ndNN sites of the perfect lattice mo
toward Tii

q, and become 1stNN ions for the Tii
q ions. The

distances of Tii
q and the 1stNN O ions decrease with risin

defect chargeq, while those from Tii
q to 2ndNN and 3rdNN

Al ions increase. Such a trend in the distances from thei
q

defects can be understood by electrostatic interactions
tween ions. The O22 ions at the 1stNN sites are electrosta
cally attracted by the more positively charged Tii

q, and the
Al31 ions at the 2ndNN and 3rdNN sites move away fro
Ti i

q due to their electrostatic repulsions.
It is noted that for all defect species studied here, ato

relaxations in the outermost coordination shells are at m
about 1.5%. Although only atoms within a relaxation cuto
of 3.4 Å were allowed to relax in this study, it is likely tha
formation energies of Ti and its related defects are not
fected significantly by the relaxation cutoff. In fact, it wa
confirmed in our previous study that the formation energ
of intrinsic defects in Al2O3 converged to be less than 0.1 e
per defect when the cutoff radius was 3.4 Å, as compare
those obtained with a larger cutoff radius~3.6 Å!.8

B. Defect formation energies

Figure 4 shows the calculated formation energies aga
oxygen chemical potentials determined from the phase e
librium conditions in Fig. 1. Figure 4~a! indicates the forma-
tion energies of TiAl

q-related defects, while those o
Ti i

q-related defects are plotted in Fig. 4~b!. In these figures,
formation energies of intrinsic Schottky$2VAl

32:3VO
21%,

Al Frenkel $Al i
31:VAl

32% and O Frenkel$Oi
22:VO

21% de-
fects are also depicted, for comparison. In the oxi
tion limit @at the point A, mO5mO(bulk)524.46 eV],
$3TiAl

11:VAl
32% was found to exhibit the smallest energ

~1.44 eV!, which indicates that Ti ions in Al2O3 have a
charge state of Ti41 at the Al sites with charge compensatin
VAl

32 under oxidation condition. This can be imagined fro
the compound such as Al2TiO5 , where Ti ions have a forma
charge of14, are in equilibrium with Al2O3 in the oxidation
atmosphere. It can also be seen from Fig. 4~b! that Ti41 ions
21410
,
e

e-

ic
st

f-

s

to
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at the interstitial sites with charge compensatingVAl
32 and

Oi
22 have larger formation energies, indicating that Ti41

ions favorably dissolve at the Al sites in Al2O3 .
Previous experimental and atomistic-simulation stud

pointed out the possibility of clustering of TiAl
11 and

VAl
32.9,11 This may be due to electrostatic and elastic int

actions between the two defect species. In order to add
this issue, separate calculations using supercells contai
$TiAl

11:VAl
32%22 complexes were also carried out. In th

case, two defect configurations were considered;VAl
32 is

located at the 2ndNN or 3rdNN Al site from substitution
Ti41. As can be seen from Table II, distances between TiAl

11

andVAl
32 in the two defect configurations are 2.78 and 3.

Å before atomic relaxation, respectively. In the similar w
to the calculations for isolated defects, atoms located wit
3.4 Å from each defect species were allowed to relax. It w
found that a total energy difference o
Etot(2ndNN configuration)2Etot(3rdNN configuration) is
20.85 eV. This indicates that TiAl

12 and VAl
32 tend to be

located more close to each other, resulting in the cluste
of these defects.

When themO values decrease frommO(bulk) in Fig. 4, a
number of defect formation energies tend to decrease
should be noted here that TiAl

0 becomes more stable wit
decreasingmO, and the formation energy at pointB is as
small as that of$3TiAl

11:VAl
32%. Moreover, the TiAl

0 de-
fects become most stable in the further reduction conditi
such as pointsC andD. Since Ti2O3 is in equilibrium with
Al2O3 at these reduction conditions~see Fig. 1!, Ti ions in
Al2O3 are considered to also have a charge state of13 in the
reduction atmosphere. As can be seen from Fig. 4~b!, inter-
stitial Ti31 ions with charge compensatingVAl

32 and Oi
22

defects exhibit much larger energies than TiAl
0, and thus

Ti31 ions at the interstitial sites are not energetically fav
able.

In the case of Ti21-related defects, their formation ene
gies are much higher over the entire range ofmO, as com-
pared to those of Ti31- and Ti41-related defects. It can be
said that Ti ions in Al2O3 have charge states of13 or 14,
2-6
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TABLE IV. Concentrations of substitutional Ti31 and Ti41 ions at each equilibrium point of the phas
diagram~Fig. 1!, calculated at 1600 K.

Equilibrium point @TiAl
0# ~cm23! @TiAl

11# ~cm23! @TiAl
0#/(@TiAl

0#1@TiAl
11#)

A 1.0531012 1.0031018 1.0531026

B 1.2431018 1.0031018 5.5331021

C 1.2431018 4.6731016 9.6431021

D 1.0531017 1.1531015 9.8931021
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and can stably dissolve at the Al sites. It is also noted that
formation energies of the substitutional Ti31 and Ti41 de-
fects are much smaller than those of the intrinsic defects,
thus the stable defect structures in Al2O3 are greatly affected
by the presence of Ti ions, which was also pointed out
Lagerlöf et al.9

In the reduction conditions of the pointsB, C, andD, the
formation energy of TiAl

0 is the smallest, and yet is still clos
to that of $3TiAl

11:VAl
32%. This suggests that a certa

amount of Ti ions in Al2O3 may have a charge state of14
even in the reduction conditions. Based on the results of
formation energies shown in Fig. 4, therefore, equilibriu
defect concentrations~@D#! of TiAl

0 and TiAl
11 ions in Al2O3

were estimated using the formalism by Zhanget al.13 and
Van de Walleet al.,35 as follows:

@D#5NsitesexpS 2
H f

kBTD . ~10!

Here, Nsites is the number of sites per unit volume of th
Al2O3 crystal where defects can be present. In this ca
TiAl

0, TiAl
11, andVAl

32 defects are situated at the Al site
so thatNsite corresponds to the number of Al sites (54.62
31022 cm23) in Al2O3 . kB is the Boltzmann constant, andT
is the temperature. In general, the energy term in Eq.~10!
should be given by a Gibbs free energy, which includ
terms of changes in vibrational entropy and volume due
introduction of defects. It is likely, however, that the chang
in entropy for different defects are of the same order, a
thus the entropy term will be negligibly small, comparin
with different defects.36 In addition, the contribution from
volume change is expected to be relatively small in the c
of dilute defects in solids. In Eq.~10!, therefore, only the
formation entalpy term was taken into account to calcul
@D# values.

Considering the charge-compensating defects
$3TiAl

11:VAl
32%, concentrations of the two defect speci

are also correlated by the relation@TiAl
11#53@VAl

32#, due
to charge-neutrality requirement of the whole system. Co
bining this relation with the total defect concentration f
$3TiAl

11:VAl
32% from Eq. ~10!, @TiAl

11# values can be ob
tained. The@TiAl

0# and @TiAl
12# values and the resultan

@TiAl
0# ratios thus obtained are listed in Table IV, where t

temperature was selected at 1600 K. It is noted here tha
concentrations of@TiAl

0# and @TiAl
12# varied with different

temperatures, but the@TiAl
0# ratios were confirmed to be

almost unchanged. As can be seen, in the oxidation-l
condition~point A!, the concentration of TiAl

0 is quite small,
while TiAl

0 are abundant at pointsC and D ~the reduced
21410
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conditions!. However, @TiAl
0# and @TiAl

11# exhibit similar
values at pointB, indicating the mixture of substitutiona
Ti31 and Ti41 defects in the intermediatemO condition.

Mohapatraet al. studied the optical absorption and ele
trical conductivity of Ti-doped Al2O3 , and found that the
electronic conductivity increased with decreasing oxyg
partial pressure, while the ionic conductivity gradua
decreased.7 This was attributed to the formation of TiAl

0 re-
duced from TiAl

11, which can act as a donor-like defe
having an electron within the band gap of Al2O3 , as shown
in Fig. 2. It can be said, therefore, that Al2O3 doped with Ti
contains both Ti31 and Ti41 ions under a moderately low
oxygen partial pressure, which is consistent with our res
shown in Fig. 4 and Table IV.

In contrast, Phillipset al. and their co-workers discusse
defect structures in Ti41-doped Al2O3 from observations of
the dislocation structures and motion at hig
temperatures.37–39Their samples contained TiO2 ~rutile! pre-
cipitates with a needlelike shape, and dislocation loops w
found to be formed from the Al2O3 /TiO2 interfaces. They
suggested that the growth of the dislocation loops into
Al2O3 region were due to diffusion of oxygen interstitia
accompanied with Ti41 in Al2O3 . It can be clearly seen from
Fig. 4~a!, however, that the formation energy o
$2TiAl

11:Oi
22% is much larger than that of$3TiAl

11:VAl
32%.

Thus it is not plausible that O interstitials are present
charge-compensating defects for Ti41 in bulk Al2O3 . It
should be mentioned here that there is a possibility t
stable defect structures around dislocations may be diffe
from those in the bulk, which is probably due to the partic
lar chemical environment at the vicinity of dislocations. It
well known that elastic fields of dislocations coming fro
their lattice discontinuity can bring about segregation of s
ute atoms and rapid pipe diffusion. This suggests that
point defect chemistry will also be affected by the presen
of dislocations, which should be taken into account in futu
work.

The present results showed that the stable defect st
tures are different in Ti-doped Al2O3 , depending on chemi-
cal environment, due to variations of valence states of
ions. In order to control high-temperature properties of
ramics, significant experimental efforts for optimizing pr
cessing parameters such as temperatures, types and am
of dopants have been made so far. For effective mater
design, however, it is necessary to fully understand de
structures due to dopants in ceramics. In this regard,
present results demonstrate the applicability of the fi
principles method to obtain a detailed knowledge of the po
defect chemistry in ceramic materials.
2-7
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IV. SUMMARY

First-principles pseudopotential calculations were p
formed to study electronic structures and formation energ
of point defects in Ti-doped Al2O3 . The results obtained in
this study can be summarized as follows.

~1! When Ti ions were present at the Al site or the inte
stitial site, extra bands appeared within the band gap
Al2O3 . The extra bands were mainly composed of Ti-3d
orbitals, and were strongly localized around the Ti sites.

~2! Various charge states for TiAl
q ~substitutional! and Tii

q

~interstitial! were considered, and their formation energ
were systematically calculated. It was found that Tii

q defects
with any charge compensating intrinsic defects exhibi
much higher formation energies than TiAl

q-related defects,
indicating that substitutional Ti defects are energetically
vorable in Al2O3 .
os

.

y

Y

.

R

los

21410
r-
s

-
of

s

d

-

~3! In the oxidation condition, TiAl
11 with charge com-

pensatingVAl
32 was most stable. In contrast, the formatio

energy of TiAl
0 decreased with decreasing oxygen chemi

potentials (mO). As a result, the formation energies of TiAl
0

and TiAl
11 with VAl

32 were almost the same in the interm
diate mO condition. It can be thus said that both substit
tional Ti31 and Ti41 ions can coexist in Al2O3 under a par-
ticular reduced chemical environment.
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