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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-dope®-Al 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 substitutiorfal Tns with charge compensating Al
vacancies were most stable in the oxidized condition. In contrast, as oxygen chemical potentials decreased, the
formation energy of substitutional °ri decreased to have the smallest value in the relatively reduced condi-
tions. However, in the intermediate range of oxygen potentials, substitutiohakfid T exhibited similar
formation energies, indicating that these Ti defects can coexist in a particular reduction environment.
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I. INTRODUCTION electronic conductivity, as oxygen partial pressures for the
Ti-doped ALO; system were lowered. Since®Tiions have

Dopants and impurities in AD; have a great influence in an electronic configuration ¢fAr]3d* and are isovalent with
the high temperature properties such as plastic deformatioa|®* | it is expected that the 1 ions in ALO; (=TixO)
and creep resistance? This is because mass transport prop-formed in the reduced atmosphere can induce donorlike lev-
erties of ALO; are altered, as a result of a change in theels in the band gap without any charge compensating defects,
point defect chemistry and its relevant diffusion propertieswhich can contribute to the electronic conduction. In our
by the presence of dopat§.In particular, since concentra- recent study, it was also found that Ti nanowires were suc-
tions of intrinsic point defects in undoped A); are ex- cessfully produced using dislocations in deformed@Qy,
pected to be quite small due to their relatively high formationand they exhibited an extremely high electronic conductivity
energies, stable point defect structures i@ can be con-  even at room temperatut® From the experimental electron
trolled by adding a small amount of dopaftS Therefore, it energy loss spectra, the Ti nanowires were mainly composed
is of great importance to understand the point-defect chemof substitutional Ti" ions dissolving at the vicinity of dis-
istry and the dopant effects in £D;. locations in ALbO;. However, the Ti nanowires are expected

Among dopants often encountered i@k, titanium(Ti)  to contain a certain amount of i ions as well as Ti',
is known to have important effects on mechanical and elecwhich can give rise to the unusual electric conductivity ob-
trical properties of AJO;. For example, Pletkat al. studied  served. It can be said, therefore, that the stable defect struc-
the high-temperature deformation behavior and the resultanure in Ti-doped AJO; is very sensitive to chemical environ-
dislocation structures of Ti-doped AD; single crystals ment of the system, and plays a crucial role for the
(sapphirg.! They found that Ti*-doped ALO; exhibited a interesting mechanical and electrical properties.
deformation behavior and dislocation substructures similarto  Because of the importance of the defect structure in Ti-
those in undoped AD;, whereas Ti"-doped ALO; showed  doped AbO;, a number of researches have focused on the
significant increases in the flow stresses and work-hardeningnergetics of point defects in undoped and Ti-dopesD4|
rates. The difference in the results were attributed to the difmainly using atomistic simulations based on empirical or
ference in bulk or pipe diffusion rates betweerf"Fiand  semiempirical ionic potentiafs'''?Although the researches
Ti**-doped ALO;, which is closely related to the kind of provided detailed information on theoretical defect energies
point defects formed in these two crystals. and stable defect structures such as clustering of dopant ions

In order to investigate the defect structure in®@4 doped  and intrinsic defects, they did not explicitly take account the
with Ti, Monapatraet al. performed electrical conductivity chemical environment that the system actually undergoes. As
measurements at high temperatures under different oxyganentioned before, the Ti-doped /&3 system exhibits dif-
partial pressure§They concluded that Ti ions in ALO;  ferent properties depending on valence states of Ti ions that
are substituted for A" (Ti,'"), and Al vacancies\(4°”)  vary with the atmosphere surrounding the system. In such a
are also introduced as charge compensating defects, namalgse, it is required to study the point defect chemistry in
{3Tint":Va®}. Additionally, they reported that a certain Ti-doped ALO; under various chemical environments in de-
proportion of Tf* jons was reduced to 31, to increase the tail.
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The purpose of this study is to perform first-principles ber ofk points generated by the Monkhorst-Pack scheme for
pseudopotential calculations for understanding point defedBrillouin-zone integrations, stable structural parameters for
structures in Ti-doped AD;. In the calculations, electronic respective crystals were obtained by optimization of unit-cell
and atomic structures of possible defect species in Ti-dopedolumes and internal atomic positions. Table | shows the
Al,O; were calculated, using large supercells. In additioncalculated lattice parameters and internal coordinates for re-
the dependence of defect formation energies on atomispective crystals, together with available experimental data.
chemical potentials in Ti-doped #D; was investigated, ap- It can be seen that the calculated lattice parameters reason-
plying the well-established formalism for point defect ener-ably agreed with experiment, within an error ©13.5%.
getics from total energy calculatioh$The obtained results Moreover, heats of formationAH;) for metal oxides
were discussed with previous experimental results regardingontaining Al and/or Ti M,N,O,, M andN=Al or Ti) were
the defect structures and its related properties in Ti-dopedalculated from the total energies per molecular unit

Al,0;. (Etotmod DY
Il. COMPUTATIONAL PROCEDURE AHPNO =B o M Ny O,) = XEqgr mof M)
First-principles pseudopotential calculations were per- z
formed within the generalized gradient approximation ~YEtotmoN) = 5 Etotmof O2)- 1)

(GGA) using the Perdew-Wang exchange-correlation

Fa114 H H 15,16
potential,” as implemented in theasp code:™"" In the  erep  (0,) indicates the total energy of molecular oxy-

present bulk and supercell calculations, wave functions wergep, '\ hich was obtained from the supercell calculation at the
expanded in a plane-wave basis set with a plane-wave cut

X . point for an isolated @ molecule in a cubic cell with the
energy Ec,) of 500 eV, and it was confirmed that the total yimension of 1515x15 A% Table Il lists the calculated

\?vri]tirigielszo;zlvgigzquo?nt%etitt?)r'ggljrgn(;)r(;(]ilgs (‘;‘ﬁ;’nggr‘;’te%eou H values for the metal oxides and their experimental val-
. 8,29 ;
eV. For structure optimization, atoms were allowed to relax es at 298 K% Among these OXIdeS-’-QQ was found to_

; . ) ’ . ) . - ““be most stable, and the relative stability of the metal oxides
using a conjugate gradient technique, until their residua btained in this study was in good agreement with the trend
forces were less than 0.1 eV/A. of the experimental data. For TiO, the calculated; value

for the monoclinic phase was smaller than that for the rock-
A. Pseudopotentials and bulk calculations salt phase, which is more comparable with the experimental

For Ti and O, ultrasoft Vanderbilt-type pseudopotentialsvalue' This result is also consistent with the previous first-
were used, as SL;pp"ed by the authors of Refs. 17 and 18. Tr;ginciples calculations of TiO by Leungt al”” Therefore,

O pseudopotential was generated from ts82* electronic the monoclinic phase of TiO was selected to determine

configuration with a core radius of 1.55 a.u. The referencé@tomic chemical potentials in an equilibrium condition of the

configuration for the Ti pseudopotential waar]3d34s?, AlTI-O ?yjtfmtthat are_”ngceshsary tg clalculate formation en-
with a core radius of 2.79 a.u. and thd and 4s electrons ~ €'9!€S OF GEIECLS, as Wil be shown below.

were considered as valence states. In contrast, the soft norm-

conserving pseudopotential by the Rappe-Rabe-Kaxiras- B. Supercells and defect formation energies
Joannopoulos schertiewas used for Al, which was gener- In order to calculate formation energies of Ti ions and

. 2 l . . .
ated in the 3°3p~ configuration and a core radius was takentheir related point defects in AD;, 120-atom supercells of

to be 1.82 a.u. Partial core correction was included in thesg‘I O, with a hexagonal shape were constructed using the
203

T anq Al pseudopotentials. . optimized structure of the unit celéee Table), with dimen-
Using the above pseudopotentials, bulk structures relevarg.OnS ofay=9.58 A andc,=13.08 A. The AyO, supercell

to the Ti-AlL,O5; system were calculated to ensure appllcabll-iS almost the same as that used in our previous <tbay,the

Iftc))/II(?er% até(r:ur?cly of the psggdop(;tentlalls:. Ig th|sA::age, th8el| dimensions are slightly different, due to the different set
9 ys_aswerg considere NCC m3my, 2~3  of pseudopotentials used. For calculations of substitutional
(corundum,R3c), Al,TiOs (pseudobrookiteBommm, TiO,  Tj jons, an Al atom at around the center of the supercell was
(rutile, P4,/mnm), Ti,O3 (corundum,R3c), TiO (rocksalt, replaced by a Ti atom, while a Ti atom was put into the
Fm3m and monoclinic, A2/m), and metallic Ti (hcp, supercell in the case of Ti interstitial, where the normally
P63/mma.2°~?°It is noted here that in addition to the usual vacant octahedral site in the Al sublattice of the corundum
rocksalt structure of TiO, the monoclinic phase of TiO, ex-structure was considered as a possible interstitial site. In the
perimentally found at a high temperature, was taken intesupercell calculations, atoms located within a radius of 3.4 A
account, in which cation and anion vacancies are ordered ifftom a defect were allowed to relax. In this radius for relax-
the underlying rocksalt lattice, keeping the stoichiométry. ation, atoms within third nearest neighb@rdNN) sites are
This phase contains five TiO molecules in the primitive cell.present for substitutional Ti, while those within 4thNN sites
Leunget al. previously carried out first-principles pseudopo- for Ti interstitial. Numerical integrations over Brillouin zone
tential calculations of a number of possible TiO structureswere performed only at thE point because of the large size
and showed that this monoclinic phase was most stable, eveaf supercells. Intrinsic vacancies and interstitials of Al and O
compared to the rocksalt structiffeUsing a sufficient num-  were also calculated using supercells in a similar manner.
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TABLE |. Calculated structural parameters of materials related to the Al-Ti-O system and their compari-
son with experimental results. The definitions of the parameters for these materials are given in the respective

references.
Oxide Space group Calculation Experiment Reference
Al Fm3m a=4.032 A a=4.05A 20
Al,O4 R3¢ a=4.790 A, c=13.076 A a=4.765A,c=13.011 A 21
u(Al) =0.352,u(0)=0.306 u(Al) =0.352,u(0)=0.306
Al,TiO,4 Bbmm a=9.442 A, b=9.794 A a=9.429 A, b=9.636 A 22
c=3.600 A c=3.591 A
x(Ti)=0.183 x(Ti)=0.1852
x(Al) =0.140,y(Al) =0.555 x(Al) =0.1346,y(Al) =0.5616
x1(0)=0.765 x1(0)=0.7575
X(0)=0.043,y,(0)=0.116  x,(0)=0.0484,y,(0)=0.1170
x3(0)=0.312,y5(0)=0.066  x3(0)=0.3133,y,(0)=0.0719
TiO, P4,/mnm a=4.657A,c=2.980A a=4.594 A c=2.958 A 23
u(0)=0.305 u(0)=0.305
Ti, 04 R3¢ a=5.105A,c=14.094 A a=5.158 A, c=13.611 A 24
u(Al) =0.345,u(0)=0.316 u(Al) =0.345,u(0)=0.311
TiO Fm3m a=4.287 A a=4.177 A 25
TiO A2/m a=5.872A,b=9.367 A a=5.855A,b=9.340 A 26
c=4.154 A, y=107°.5 c=4.142 A, y=107°.32
[x1(Ti),y1(Ti)]=(0.168,0.335) [x,(Ti),y;(Ti)]=(0.170,0.340)
[X,(Ti),yo(Ti) ]=(0.677,0.349) [x,(Ti),y,(Ti)]=(0.669,0.342)
[x3(0),y3(0)]=(0.346,0.170) [X3(O),y3(0)]=(0.343,0.175)
[X4(0),y4(0)]=(0.829,0.170) [X4(O),y4(0)]=(0.833,0.179)
Ti P6/mmc  a=2.938A,c=4.612A a=295A, c=468A 20

Formation energies of Ti solutes and intrinsic defects inwhereE,,(defectn) andE,,(perfect) mean total energies of
Al,O3; were calculated from total energies of the perfect andhe defective and defect-free supercells, and(a=Al and
defective ALO; supercells, based on the standard formalisnTTi) is the atomic chemical potential. In this equation, is

by Zhang and Northrup® The detailed formulation for in-

equal to 1 for substitutional Ti, whereag, =0 for intersti-

trinsic defects in AJO; can also be seen in our previous tjg| Ti. The situation that Fi*, Ti*, and TF** ions dissolve
study? and thus only the formulation for the case of Ti de- iy Al,0, was considered in this study, and thus defect charge

fects is shown here.

For an isolated Ti defect with a charge stategafnclud-
ing its sign, its formation energyKl;) is represented using
the Fermi level Eg) as

states ofq=—1~+1 were treated for substitutional Ti,
while g= +2~ +4 for interstitial Ti. In the case of intrinsic
vacancies and interstitials in &D5, it was found in our pre-
vious study that the fully ionized charge states of the respec-

tive defect species are most stable in the entire range of

H=E(defectn) —{E perfect —naua + urif+9 EF(-Z)

chemical potentials where 4D, is stablé® Therefore, the
fully ionized intrinsic defects oV,°~, V2™, Al®T, and

0,2~ were only taken into account as defects compensating
the substitutional or interstitial Ti ions with effective charges.

TABLE Il. Experimental and calculated heats of formation for
oxides in eV/atom.

Considering the charge compensating defect reactions, neu-
trality of the whole system is maintained, so that it is not
necessary to explicitly calculate the last term of E2).

Oxide system Experiment Calculation As can be seen in E¢2), the formation energies depend
Al,O4 —3.47 —3.44 on the atomic chemical potentials. In the ternary Al-Ti-O
Al,TiO; —3.47 —3.41 system studied here, however, the chemical potentials of

Tio, —3.24 ~3.38 constituent atoms vary depending on equilibrium conditions
Ti, 05 —318 ~3.26 between Al-Ti-O related phases. Figure 1 shows a schematic
TiO(rocksaly _287 —265 phase di.agram of the AI-Ti-O system. In the present study, Ti
Tio(monoclinid 283 solutes in Ab)O; in the dilute limit were treated, ang,,

values of the three elements were evaluated at the four points
A-D, which are close to the vertices of the three phase
regions around AlO;. Here, it was assumed that & is

8Reference 28.
bReference 29.
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FIG. 1. Schematic illustration of the Al-Ti-O phase diagram. Defects
The pointsA—D denoted by arrows correspond to the vertices of
the three-phase region around,®b. FIG. 2. One-electron energy level diagrams around the band gap

(Ey) for substitutional and interstitial Ti ions obtained by the

always stable, so that formation of metallic Al and Ti-Al Present supercell calculations. Solid circles indicate electrons occu-
phases was not taken into account. In addition, the experf-’yi”g _the levels, while open circles k_\oles. The valence pand maxi-
mental Al-Ti-O phase diagra 31 showed the presence of mum is set at 0 eV, and the theoreti&] value (6.04 eV} is em-
magneli phases, 0, and T,O phases, but, for simplicity, P'°Yed
these were not explicitly treated in this study.

From the stability of AJO3, wa andug are always con- 2u1it 3po= pti203(bUlK). 7
strained in the following manner: .

Point C: i+ no= mrio(bulk),

2uat 3mo= mapos(bulk). ©)

) 2u1it 3uo= prizoz(bulk). (8)

Here uappo3(bulk) is a total energy per molecule of perfect Hat Sfto™ Hrizos
Al;0;. ua andug can vary over a range given by the heat  point D uq+ uo= urio(bulk),  wr=pun(bulk). (9)
of formation of ALO; shown in Table Il. Upper bounds of T rem e e .
wua and ug can be obtained by assuming the precipitationlt is noted that theu(bulk) values of the reference materials
limits of metallic Al and Q gas phases, i.e.un were total energies obtained after structural optimization,
<pup(bulk) and po<pup(bulk), where ux(bulk) and which was described in Sec. Il A.
ro(bulk) are total energies per atom of metallic Al and mo-
lecular G, respectively. Ill. RESULTS AND DISCUSSION

At point Ain Fig. 1, for example, AlO; is in equilibrium

with O, gas and AJTiOg, and thus the chemical potentials A. Electronic structures of Ti solutes

of the three elements are also constrained as Figure 2 shows schematic illustrations of the highest-
occupied and/or lowest-unoccupied one-electron states
2ppnt prit Spuo= pmartios(buUlk),  wo= mo(bulk). within the band gap for substitutional (J%) and interstitial

(4)  Tiions (Ti9) with various charge states. In this figure, the

Since o [ = uo(bulk)] is constant through the system in band-gap width ) corres.pond.s to a theoretical val(6&04
this equilibrium stateg, and ur can be determined by eV) for perfect ALO; obtained in the present supercell cal-
coupling Egs(3) and (4) as follows: culation. The theoreticdty value is underestimated as com-
pared to experimental valué.7 eV for Al,O5),**3but this
1 2 is a common feature of GGA calculations used in this study.
mai=7 rarzos(bulk) = z uo(bulk), (50 Numerical values depicted in parentheses indicate energy po-
sitions of the bands measured from the valence band maxi-
= ) _ _ mum (VBM).
#i= peizmos(DUIK) = paiz05(bUIK) =2 o(bulk).  (6) It can be seen from Fig. 2 that for J% and Tj% defects,
By using Eqgs(5) and(6), the formation energy of a Ti solute €xtra levels are present in the band gap. In the case of sub-
at the equilibrium poin® is obtained from Eq(2). stitutional Ti ions (T %), the extra levels are located almost
In a similar way, theu,, values can be determined at the beyondE/2. The extra level at 4.66 eV for g (=Ti*" at
respective points under the following correlations, togethethe Al site is occupied by one electron, while that at 5.84 eV

with Eq. (3): for Tiyt™ (=Ti%" at the Al sit¢ has two electrons. For
example, a contour plot of squares of the wave function for
Point B: 2u+ p1it5180= papTios(bulk), Tis? on the{1120} plane of the corundum structure is indi-
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=y () TP eV occupied by one electron, and two electrons occupy the
@) Tia o ‘ . level at 3.02 eV for TF". From the wave function for "
shown in Fig. 8b), this level is also mainly composed of
Ti-3d orbitals and is localized at the interstitial site, indicat-
ing the interstitial-induced defect level. It is noted that the
energies of the defect levels are increased, as the charge
statesq of Ti interstitial decrease and more electrons occupy
these levels. This tendency is the same as the case of substi-
o o o o tutional Ti ions, and is likely due to electronic repulsions in

° ° these levels localized at the defect sites.

Since the T4, and Tj defects relax surrounding ions due
to their different ionic sizes and charges from Al and O,

FIG. 3. Contour maps of the wave functions of Ti-induced de-distances from a Ti defect to neighboring ions are changed.
fect levels on af1120} plane of the corundum structure. The con- The distances after structural optimization are listed in Table
tour lines are from 0.04 to 0.2 with an interval of 0.01 in the unit of IlI. It is noted here that atoms in a certain coordination shell
electrons/A&. Solid and open circles indicate positions of Al and O from a defect are not always located at the same distance in
ions, respectively. The position of Ti is representedXy Al,O5, because of the low symmetry of the corundum struc-

ture. In such a case, average values in the respective atomic

cated in Fig. 8a). The wave function is mainly composed of coordination shells are shown in this table. Together with the
Ti-3d orbitals, and is strongly localized at theyTsite. It can  results for Ti defects, this table contains the results for fully
be said, therefore, that this level is induced by the presenceharged intrinsic vacancies and interstitials in@®4. Details
of Tin® and corresponds to a “defect level.” Mohapatra on the structural relaxations for intrinsic vacancies and inter-
et al. experimentally studied the energy position of the defecstitials can also be seen in our previous p&pehus, only
level for Tiy° from the optical data, and showed that the relaxed structures around Ti defects will be discussed in de-
defect level was located at 4.25 eV from the conduction bandail below.
minimum of ALO;.” If the E4 value of perfect AJO; is For Tiy 9, the 1stNN O ions exhibit outward relaxations
taken to be an experimental value of 8.7%V°the energy  of more than 1.5%. This can be understood from the larger
position of the defect level can be estimated to be 4.45 e\onic sizes of Ti ions than Al ion& The 2ndNN Al ions also
from the VBM, which agrees well with the energy position tend to slightly move away from the Jt* defect, due to the
for Ti° obtained in this study4.66 e\j. Although the the- electrostatic repulsion between them. However, in the cases
oretical E4 value for ALO; is smaller by about 3 eV than of g=—1 and 0, the distances between,Tiand 2ndNN Al
experimental data, therefore, it is thought that the energyons are almost the same with that between Al ions in the
positions of the defect levels for g1 are well reproduced by perfect lattice.
the present calculations. The interstitial site of the prefect AD; lattice is twofold

In the cases of T1 defects, extra levels appeared in the coordinated by Al ions at the 1stNN sites. In the presence of
lower part ofEy. The Ti®* defect has the extra level at 1.59 Ti;9, however, it was found that the two Al ions undergo

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

Distance in A(atomic species; coordination number

1stNN 2ndNN 3rdNN 4thNN
Al site in bulk Al,O4 1.930;6) 2.78Al;4) 3.24Al;3), 3.240;3
Tigt™ 2.050;6) 2.77Al4) 3.25Al:3), 3.240;3)
Tip® 2.01(0;6) 2.80Al:4) 3.26A1;3), 3.230;3)
Tigtt 1.960:6) 2.84Al:4) 3.29Al;3), 3.220;3
(e 2.060:6) 2.58Al:4) 3.15Al;3), 3.2710;3
O site in bulk ALO4 1.93Al;4) 2.740;12 3.24Al;2)
Vo2t 2.11(Al;4) 2.660;12 3.25Al;2)
Interstitial site in bulk A}O4 1.93Al;2) 1.990;6) 2.78Al;6) 3.31(0;6)
Tij?* 2.030:6) 2.21(Al:2) 2.89Al:6) 3.300:6)
Ti;3* 1.970;6) 2.26Al;2) 2.89Al:6) 3.280:6)
Tiy* 1.930:6) 2.30Al;2) 2.91(Al:6) 3.260:6)
Al3* 1.860:;6) 2.25Al:2) 2.87Al;6) 3.280:6)
02" 1.71(Al:2) 2.2600:6) 2.76Al;6) 3.31(0;6)
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FIG. 4. Formation energies per
defect of(a) substitutional andb)
interstitial Ti defects against oxy-
gen chemical potentialsu(). For
comparison, energies of intrinsic
Schottky, Al Frenkel and O Fren-
kel defects are also depicted. The
shaded area indicates thgg
range where AlO; is always
stable. The symbols o&A—-D cor-
respond to the equilibrium points
shown in Fig. 1.

%~ and

the six O ions at the 2ndNN sites of the perfect lattice mOV®i27 have |arger formation energieS, indicating thaf*"n

toward Tj9, and become 1stNN ions for the;Tions. The
distances of Ti and the 1stNN O ions decrease with rising
defect charge, while those from T to 2ndNN and 3rdNN
Al ions increase. Such a trend in the distances from tHe Ti
defects can be understood by electrostatic interactions b%’étl
tween ions. The & ions at the 1stNN sites are electrostati-
cally attracted by the more positively chargegTiand the
AI®" jons at the 2ndNN and 3rdNN sites move away from

Ti;% due to their electrostatic repulsions.

It is noted that for all defect species studied here, atomi
relaxations in the outermost coordination shells are at mos
about 1.5%. Although only atoms within a relaxation cutoff
of 3.4 A were allowed to relax in this study, it is likely that
formation energies of Ti and its related defects are not a
fected significantly by the relaxation cutoff. In fact, it was
confirmed in our previous study that the formation energie
of intrinsic defects in AJO; converged to be less than 0.1 eV
per defect when the cutoff radius was 3.4 A, as compared t

those obtained with a larger cutoff radi(&6 A).2

librium conditions in Fig. 1. Figure (4) indicates the forma-

B. Defect formation energies

gound that a

ions favorably dissolve at the Al sites in As.

Previous experimental and atomistic-simulation studies
pointed out the possibility of clustering of Jt* and
Va2 % This may be due to electrostatic and elastic inter-
ions between the two defect species. In order to address
this issue, separate calculations using supercells containing
{Tiat":Va2 12" complexes were also carried out. In this
case, two defect configurations were consideMg®™ is
ocated at the 2ndNN or 3rdNN Al site from substitutional
é{i‘”. As can be seen from Table II, distances betwegt Ti
andV,2~ in the two defect configurations are 2.78 and 3.24
A before atomic relaxation, respectively. In the similar way
fto the calculations for isolated defects, atoms located within
3.4 A from each defect species were allowed to relax. It was

energy  difference of

Eoi(2ndNN configurationy- E;,(3rdNN configuration) is
—0.85 eV. This indicates that gt~ and V>~ tend to be

ocated more close to each other, resulting in the clustering

of these defects.

When theu values decrease fromg(bulk) in Fig. 4, a
number of defect formation energies tend to decrease. It
Figure 4 shows the calculated formation energies againsthould be noted here that,Ji becomes more stable with

oxygen chemical potentials determined from the phase equidecreasingup, and the formation energy at poil is as

small as that off3Tiy":V,37}. Moreover, the Ti° de-

tion energies of Tj9related defects, while those of fects become most stable in the further reduction conditions

Ti;%related defects are plotted in Fig(b4 In these figures,
formation energies of intrinsic Schottk§2V 2 :3Va2 1,
Al Frenkel {Al;3*:V,37) and O FrenkefO,2 :Vo2*} de-

such as point€ andD. Since TyO; is in equilibrium with
Al,O; at these reduction conditiorisee Fig. 1, Ti ions in
Al,O5 are considered to also have a charge statedin the

fects are also depicted, for comparison. In the oxidateduction atmosphere. As can be seen from F{b),4nter-

tion limit [at the point A, wo=uo(bulk)=—4.46 eV],

stitial Ti®* ions with charge compensating,®~ and Q?~

{3Tip " : Va2 ) was found to exhibit the smallest energy defects exhibit much larger energies than,®i and thus

(1.44 eV}, which indicates that Ti ions in AD; have a

charge state of Ti" at the Al sites with charge compensating able.

Va2~ under oxidation condition. This can be imagined from
the compound such as AliO5, where Ti ions have a formal
charge of+4, are in equilibrium with AJO3 in the oxidation
atmosphere. It can also be seen from Fidp) 4hat T** ions
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Ti®* ions at the interstitial sites are not energetically favor-

In the case of Fi*-related defects, their formation ener-
gies are much higher over the entire rangeugf, as com-
pared to those of ¥ - and Tf*-related defects. It can be
said that Ti ions in AJO; have charge states af3 or +4,
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TABLE IV. Concentrations of substitutional i and Tf" ions at each equilibrium point of the phase
diagram(Fig. 1), calculated at 1600 K.

Equilibrium point [Tia®] (cm™3) [Tipg**] (cm™>) [Tia ([Tia1+[Tig™ 1)
A 1.05x 10'? 1.00x 10%® 1.05x10°©
B 1.24x 10 1.00x 10%® 5.53x 10!
C 1.24x<10'8 4.67x< 108 9.64x 1071
D 1.05x 107 1.15x 105 9.89x 1071

and can stably dissolve at the Al sites. It is also noted that theonditions. However,[Tiy®] and [Tiy'"] exhibit similar
formation energies of the substitutionaTiand Tf* de-  values at pointB, indicating the mixture of substitutional
fects are much smaller than those of the intrinsic defects, an®i®* and T#* defects in the intermediates condition.

thus the stable defect structures in@} are greatly affected Mohapatraet al. studied the optical absorption and elec-
by the presence of Ti ions, which was also pointed out bytrical conductivity of Ti-doped AlO;, and found that the
Lagerld et al® electronic conductivity increased with decreasing oxygen

In the reduction conditions of the poinB; C, andD, the  partial pressure, while the ionic conductivity gradually
formation energy of Tj,® is the smallest, and yet is still close decreasea.Thi§ was attributed to the formation O_fATq re-
to that of {3Tiy'":Va3"}. This suggests that a certain duced from Ti'*, which can act as a donor-like defect
amount of Ti ions in AJO; may have a charge state ¢4  having an electron within the band gap of,®%, as shown
even in the reduction conditions. Based on the results of th#) Fig. 2. It can be said, therefore, that,@; doped with Ti
formation energies shown in Fig. 4, therefore, equilibriumcontains both Ti* and Ti** ions under a moderately low
defect concentration$D]) of Tiy and Tiy*" ions in ALO, oxygen partial pressure, which is consistent with our results

were estimated using the formalism by Zhagigal'®* and ~ shown in Fig. 4 and Table IV. _
Van de Walleet al.®® as follows: In contrast, Phillipset al. and their co-workers discussed

defect structures in T -doped A,LO; from observations of
H;¢ the dislocation structures and motion at high
[D]= Nsitesex% - kB_T) : (10 temperatured’~**Their samples contained Tidrutile) pre-
cipitates with a needlelike shape, and dislocation loops were
Here, Ngjies is the number of sites per unit volume of the found to be formed from the AD;/TiO, interfaces. They
Al;O5 crystal where defects can be present. In this casesuggested that the growth of the dislocation loops into the
Tia® Tig'", andVy®" defects are situated at the Al sites, Al,O; region were due to diffusion of oxygen interstitials
so thatNg;, corresponds to the number of Al sites4.62  accompanied with fi" in Al,O5. It can be clearly seen from
X 1072 cm™3) in Al,05. kg is the Boltzmann constant, afid ~ Fig. 4(a), however, that the formation energy of
is the temperature. In general, the energy term in Q)  {2Ti,**:0,2"} is much larger than that ¢BTiy " : Va3 ).
should be given by a Gibbs free energy, which includesThus it is not plausible that O interstitials are present as
terms of changes in vibrational entropy and volume due t@¢harge-compensating defects for*Tiin bulk Al,O;. It
introduction of defects. It is likely, however, that the changesshould be mentioned here that there is a possibility that
in entropy for different defects are of the same order, andtable defect structures around dislocations may be different
thus the entropy term will be negligibly small, comparing from those in the bulk, which is probably due to the particu-
with different defects® In addition, the contribution from |ar chemical environment at the vicinity of dislocations. It is
volume change is expected to be relatively small in the casgell known that elastic fields of dislocations coming from
of dilute defects in solids. In Eq.10), therefore, only the their lattice discontinuity can bring about segregation of sol-
formation entalpy term was taken into account to calculatajte atoms and rapid pipe diffusion. This suggests that the
[D] values. point defect chemistry will also be affected by the presence
Considering the charge-compensating defects  0pf dislocations, which should be taken into account in future
{3Tin ":Va3 7}, concentrations of the two defect specieswork.
are also correlated by the relatipiy**]=3[V,>"], due The present results showed that the stable defect struc-
to charge-neutrality requirement of the whole system. Comtures are different in Ti-doped AD;, depending on chemi-
bining this relation with the total defect concentration for cal environment, due to variations of valence states of Ti
{3Tin":Va® 7} from Eq. (10), [Tin**] values can be ob- jons. In order to control high-temperature properties of ce-
tained. The[Tiy°] and [Tin* "] values and the resultant ramics, significant experimental efforts for optimizing pro-
[Tia ] ratios thus obtained are listed in Table IV, where thecessing parameters such as temperatures, types and amounts
temperature was selected at 1600 K. It is noted here that thef dopants have been made so far. For effective materials
concentrations of Tiy°] and[Tiy!™] varied with different design, however, it is necessary to fully understand defect
temperatures, but thgTi,°] ratios were confirmed to be structures due to dopants in ceramics. In this regard, the
almost unchanged. As can be seen, in the oxidation-limipresent results demonstrate the applicability of the first-
condition(point A), the concentration of E° is quite small,  principles method to obtain a detailed knowledge of the point
while Tiy° are abundant at point€ and D (the reduced defect chemistry in ceramic materials.
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IV. SUMMARY (3) In the oxidation condition, Fj'" with charge com-

. 3_ .
First-principles pseudopotential calculations were per_pensatlng\/N was most stable. In contrast, the formation

- O . . .
formed to study electronic structures and formation energiegnergy of Ty decreased with decreasing oxygen chemical

of point defects in Ti-doped AD;. The results obtained in poten'FiaIs ﬁL.O)' As a result, the formation en.ergiesl Ol
this study can be summarized a3$ follows and Tiy 1" with V43~ were almost the same in the interme-

(1) When Ti ions were present at the Al site or the inter_diate Mo condition. It can be thus said that both substitu-

. .3+ + . . . _
stitial site, extra bands appeared within the band gap o?onal TP and Tf lons can coexist in A3 under a par
icular reduced chemical environment.

Al,O5. The extra bands were mainly composed of T-3
orbitals, and were strongly localized around the Ti sites.
(2) Various charge states for 1 (substitutionagl and Tj4
(interstitia) were considered, and their formation energies This work was supported by Special Coordination Funds
were systematically calculated. It was found thaf @iefects  and a Grant-in-Aid for Scientific Research from the Ministry
with any charge compensating intrinsic defects exhibitecbf Education, Culture, Sports, Science and Technology of the
much higher formation energies thanyTirelated defects, Japanese government. The authors also acknowledge Dr. S.
indicating that substitutional Ti defects are energetically faKitaoka at the Japan Fine Ceramics Center for a valuable
vorable in ALO;. discussion on the thermodynamics of the Al-Ti-O system.
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