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Theory of dopants and defects in Co-doped TiQ anatase

James M. Sullivan and Steven C. Erwin
Center for Computational Materials Science, Naval Research Laboratory, Washington, DC 20375
(Received 26 November 2002; revised manuscript received 3 February 2003; published 18 April 2003

We report first-principles microscopic calculations of the formation energy, electrical activity, and magnetic
moment of Co dopants and a variety of native defects in, Batase. Using these results, we use equilibrium
thermodynamics to predict the resulting carrier concentration, the average magnetic moment per Co, and the
dominant oxidation state of Co. The predicted values are in good agreement with experiment under the
assumption of O-poor growth conditions. In this regime, a substantial fraction of Co dopants occupy interstitial
sites as donors. The incomplete compensation of these donors by substitutional Co acceptors then leads to
n-type behavior, as observed experimentally.
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I. INTRODUCTION II. BACKGROUND

We begin by briefly reviewing the relevant experimental
The recent discovery of room-temperature ferromag+esults for Co-doped TiQanatase. We concentrate solely on

netism in Co-doped TiQanastasehas led to a great deal of experimental results for samples in which Co is believed to
activity both to understand the origins of ferromagnetic ordeibe homogeneously distributed; hence, we do not address Co
in this material and to raise the magnetic orderingclustering or its consequences. We focus on three observa-
temperaturé-® One promising line of inquiry is to under- tions which show good experimental reproducibilit§) the
stand first the role of dopants and native defects in the, TiOelectrical nature of the sampléssulating versus type orp
host. For example, the location of Co dopants in this materialype), (2) the Co oxidation state, an@) the average mag-
(substitutional versus interstitjaltheir oxidation state, and netic moment per Co dopant.
their magnetic properties have been the subject of intense Although the original work of Matsumoto and co-workers
scrutiny?~*®8Furthermore, it has been suggested that O vaestimated the ferromagnetic ordering temperature to be
cancies, which are believed to give rise to the observedarger than 400 K, the average magnetic moment per Co and
n-type behavior in pure TiQ anatasé® may provide free N-type carrier concentration were modest, (32 and
electrons which mediate the exchange interaction betweek0'® cm™°, respectively. More recent efforts have led to a
the Co dopant&? This possibility is very different from the larger magnetic moment per Co of 1,26, *and ton-type
hole mediated exchange interactions which are believed tgarrier densities of 16 Cmfs-lf These increased values are
describe ferromagnetic order in a wide variety of other dilute/ikeély due to improvements in sample quality achievable

magnetic semiconductors, including InMnAs, GaMnAs, andVith  oxygen plasma-assisted molecular-beam - epitaxy
MnGe -3 and may have a direct bearing on the origin of (OPMBE).™ For example, these samples were well charac-

the anomalously high Curie temperature observed in colerized to rule out Co inclusions as a source of the

doped TiQ anatase ferromagnetisnt:** Using both Co p photoemission and Co
. T . . K-shell x-ray-absorption near-edge structupdANES), the
In this paper, we first use density-functional theory to de-¢ dopants in TiQ anatase were shown to have a formal
te_rmme thg electronic structure, formation energy, and e'?céxidation state of Il. A strong correlation between the mag-
tr_lcal activity of Co dopan_ts and seyeral native def_ects "Mhetic and transport properties was demonstrated: both highly
TiO, anatase(In the remainder of this paper, we will use doped and highly resistive samples are typically nonmag-
“defects” to refer to both Co dopants and native defédtée  neiic, consistent with a picture of carrier-mediated ferromag-

then use standard methods to calculate, as a function of tefatism competing with an antiferromagnetic superexchange
perature, the concentrations of each defect in the, Ti@st  interaction®4

over a range of Co and O chemical potentials relevant to

different growth conditions. In summary, we find that O va-

cancies do not play any significant role in Co-doped anatase. IIl. THEORY
Moreover, we find that the observeetype behavior in Co-
doped TiQ strongly suggests that roughly half of the total
Co content is in interstitial sites. Under these conditions, we To understand the role of defects in Ti@natase, we
find an enhancement—relative to the “Colow spin initially adopt a simple picture of isolated impurities. In this
state—of the average value of the local magnetic moment, iapproach, we first determine the energy required for the de-
good agreement with experiment. Finally, under these condifect to form in a given charge state. We then use a standard
tions essentially all of the of Co—both interstitial and thermodynamic approach to determine the expected concen-
substitutional—occurs in oxidation state Il, as observed extration of such defects at a given temperature. We assume
perimentally. that the defects do not interact, except indirectly via charge

A. Formalism

0163-1829/2003/614)/14441%7)/$20.00 67 144415-1 ©2003 The American Physical Society



JAMES M. SULLIVAN AND STEVEN C. ERWIN PHYSICAL REVIEW B67, 144415 (2003

transfer between them. Thus, for example, we do not address/ant for defects involving Co. The carrier densifeandn
the origin of the apparent ferromagnetic coupling betweerare evaluated using the conventional semiconductor expres-
Co dopants. sions along with theab initio density of states of the host

The defects we consider in this work are interstitial Comaterial, with a scissors operator applied to give the experi-

(Cany), substitutional Co on the Ti site (Gd, O vacancies mental band gap.

(Vo), interstitial Ti (Ti,), and defect complexes consisting

of nearest-neighbor pairs of substitutional Co and O vacan- B. Chemical potentials

cies (C@q;Vp). There are two crystallographically distinct
types of such complexes: a ¥y pair oriented along the
c-axis and a CqV pair oriented nearly in thab plane. We
refer to these as G¥o-c and Cg;V-ab, respectively.

We make no assumptions about which defects are dono . e : .
and which are acceptors, whether they are neutral or charge'a(,:r_:_r']n th:t spec||e$|{1 tr:.e Isenfs_?_ of glgoh pﬁ_r t'ﬁl prtess:ptre E
or how many are actually present. At a given temperature 1 ec fm'g"" po(tjan 't"’_ls 0 'I'kl)e'm bv,;’ Ic etr;]er_llp 0 dqb
the concentration of each defdat a given charge stafevill (@ are not independent. equiiiorium between the 11 an
be determined by its formation energy. We use densityfJltomlc reservoirs and bulk Tianatase requires that
functional theory in a supercell approach to calculate these
formation energies according to

The atomic chemical potentiajs; on the right-hand side
of Eq. (1) are closely related to the experimental growth
conditions. A high value of chemical potential of a particular
I%tomic species is equivalent to a growth environment that is

M1t o, = KTio, 4

Where,uTio2 is the total energy of bulk anatase. Moreover, in
EL, = E?—E nju;+9Es, ) order to preclude the precipitation of bulk hcp Ti or O
i dimers there are additional thermodynamic restrictions on

where E{l is the total energy of a supercell containing onethe individual chemical potentials:

defect in charge statg n; andu; are the number and chemi-

cal potential of each atomic species in the supercell; Bnd

is the Fermi energy, measured with respect to the valencand
band maximun{VBM) of the host:®=2°Although the Fermi
energy appears to be an independent variable here, it is in MTi<M%U|k7 (6)
fact determined by the constraint of electroneutrality, as de- h ° is th tom i Qi in it .
scribed below. Also, we note that although the total energiegv. Ereuo IS The Energy pbﬁ,z atom in anptaimer in 1ts spin
on the right-hand side of Eq1) depend on whether all- tr_lple'g ground sFate angi; © is the energy per qtom in hcp
electron or pseudopotential methods are used, the formatiohl- 't iS conventional to refer to the upper limit in E() as
energy itself is analogous to a binding energy, and can therdn€ O-rich limit and, similarly, to the upper limit in E(g) as

Ho< KO ®)

fore be accurately calculated within either method. the Ti-rich limit. Because of the relationship betwgep and
In thermal equilibrium, the concentration of each defact 4o in EQ. (4), there are only two independent variables in
is determined by its formation energy: this approach: the O and Co chemical potentials. This ex-
plains why the Ti chemical potential does not enter explicitly
CH=Nsite&XP — Eforn/KeT), (2) into Eq.(3).

Thus, for a given choice ofic, and ug, all the other
whereNj;esis the number of sites per unit volume available quantities (including Eg) in Eq. (3) are completely deter-
to the defect. Since the formation energies depend on thgined. In practice, we eliminatec, as an independent vari-
chemical potentials and the Fermi level, it is evident that thexble by constraining the total Co concentration to a typical
concentrations also depend on these quantities. The concegrperimental valu¢s%). Hence, in our formulation, the con-
trations must also satisfy the constraint of overall electricakentration of all defects is entirely determined by the choice

neutrality; this provides an additional equation that we use t@f O chemical potential and the constraint of total Co con-
determineEg for any given choice of chemical potentials. centration.

The electroneutrality condition must take into account the
contributions not only from charged defects, but also fipm
andn (the hole and electron carrier densijiebhus, for each
given choice of the oxygen chemical potentia} and cobalt Although temperature appears in both E@s.(implicitly)

chemical potentialuco the fo”owing equation must be nu- and(Z) (eXp|ICIt|y), our results are not eSpeCially sensitive to
merically solved: this variable. Moreover, we stress that the temperature ap-

pearing in Eq(2) has no connection to the magnetic ordering
temperature, and should instead be understood simply as the
p(EF)—n(EF)+D2 qCB(Erimo.mcd=0.  (3)  temperature at which we evaluate the concentration of de-
& fects in equilibrium with their respective reservoirs. Upon
Here, the sum is over all defecB in all possible charge completion of growth, we consider the reservoirs to be dis-
statesg. The Ti chemical potential does not enter explicitly connected and hence the number of these constituents to be
into this equation for reasons discussed in the following secfixed. Thus, we set the temperature to a particular value and
tion, and, of course, the Co chemical potential is only rel-examine the behavior of the system as a function of the O

C. Temperature
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chemical potential. To this end, we calculate the defect con-  [(a) g=0] [0 g=-1
centrations using a typical growth temperature of 873%K. i 10 T

D. Computational details

The total-energy calculations were performed in a super-__ &, {b—‘
cell consisting of a ¥3X2 periodic repetition of the primi- 3 2| ! a 1 Acr T
tive unit cell; thus, for the pure TiDhost, these supercells >, Ax$_1
contain 108 atoms. Structural relaxation was performedg I ) N I it 2| 2 __TF]
within a sphere of radisi4 A centered on the defect in ques- 1 Ll _e [ e Ity
tion; calculations using a sphere radidssoA give the same
total energy within 50 meV. This approach has proven both  [~*¢t== R
efficient and accurate for other similar metal-oxide e t
insulatorst® The total-energy calculations were evaluated in gL b2} 29 | L i
the local-density approximatioLDA) within the ultrasoft
pseudopotential formalisth as implemented in theasp
code?? with the zone center used to sample the Brillouin o . o
zone of the supercells. A kinetic-energy cutoff of 400 eV was FI_G. 1 First-principles energy-level diagram f_or substitutional
used in all total-energy evaluations. Only defects involvingCon in TiO anatase(a) Neutral charge stateb) Singly charged
Co atoms were treated in a spin-polarized fashion. Th&!te.d=—1. The density of states of the anatase host is shown by
ground state of bulk hcp Ti was treated nonmagnetically,the gray shaded regions with a scissors opgrator.applled 'to give the
bulk hcp Co was treated in an ferromagnetic configurationt Pe/mental band gap. The length of each impurity level is propor-

. tional to itsd character. The exchange splittidg, and crystal field
and the tqtal energy of the,@eference dimer was evaluated splitting A are discussed in Sec. IV Gee text
for the spin triplet.

Since the Fermi energy in Eql) is measured with re-
spect to the VBM of the host, we must align the VBM in the With decreasing lattice constant, the donor level closely
charged defect supercell with that of the host material. Tdracks the conduction-band edge. Thus, we have corrected
this end, we used a local site average of the electrostatie formation energies of these donors using the experimen-
potential to define a reference energy; this local average wdd! value of the band gap and the depth of the donor levels
evaluated by a test Charge approach in which we Ca|cu|atgiven within the LDA. In addition, we assume that the LDA
the electrostatic energy of a narrow Gaussian charge distrforrectly predicts the formation energies of th@ charge
bution far from the defect. We have checked that using, as affates of these defects, because all defect levels are empty in
alternative, the Ti  semicore eigenvalues gives very simi- this charge state.
lar results. Including the zone sampling, kinetic-energy cut-
off, lattice relaxation and choice of reference energy, we es-
timate the numerical uncertainty in our results to be 100—-150 IV. RESULTS AND DISCUSSION
meV, sufficiently small for addressing trends with respect to
growth conditions.

To compute the total energy of a charged periodic system, We discuss first the electronic structure of the isolated
we use a standard procedure that systematically corrects tigglbstitutional Co dopant. Figure(ad shows the single-
artificial and slowly converging Coulomb interaction be- particle levels of neutral substitutional Co, as determined
tween charged defect®?* A neutralizing homogeneous from the eigenvalue spectralatI" using a 108-atom super-
background charge density is first added to the total chargeell. The point group for this defect B,4, so that all but
density; this makes the total energy a well-defined quantityone of the 2i-orbital degeneracies are lifted by the crystal
Next, the artificial interaction among the charged defectdield; nevertheless, the environment surrounding the Co dop-
within this neutralizing background is subtracted from theant is still very nearly cubic, so that tieg andt,, parentage
total energy; this interaction is estimated by expanding th@f these levels is easily seen. There are three occupied
defect-induced electron density in a multipole series up tanajority-spin levels and two occupied minority-spin levels,
quadrupole order and then computing the contribution to thgielding a net magnetic moment oful .
total energy from the interaction of these multipofes. It is instructive to study separately the exchange splitting

Finally, we note that although the electronic band gapand crystal-field splitting. This separation occurs naturally in
does not enter explicitly into Eq1), the LDA underestima- the g=—1 charge state, for which the exchange splitting
tion of the gap does affect the formation energies of shallowanishes, as shown in Fig.(d. In this case, the largest
donors, such as O vacancies and interstitial Co. We haverystal-field splitting, about 1 eV, is between tagandt,
observed, however, that the depths of these donor leveanifolds, with thee,; manifold near the LDA conduction-
(relative to the conduction-band edgare essentially inde- band edge and thigy near the valence-band edge. Thgy
pendent of the value of the band gap. We demonstrated thirystal field further splits they manifold into an uppes;
by calculating the position of the donor level using an artifi-level of z2 symmetry and a loweb, level of x>—y? sym-
cially reduced lattice constant; as the band-gap increasasetry; this splitting is 0.3 eV. Likewise, the crystal field

A. Electronic structure of Coq;
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TABLE |. Stable charge states of various Co dopants in,TiO jn GaP'® When a neutral Co substitutes for Ti in TiQit
anatase, with their formal oxidation states and calculated magnetigykes on the oxidation state IV, the same as that of Ti. Hence
moments. The results for the2 charge state of Gpare obtained a substitutional Cg in the —1 charge state has a formal

from a model described in the text. The oxidation state vqlues iNxidation state of Ill, and a substitutional avith charge
parentheses for Gf¥/o complexes are based on the assumption that_, ¢ o oxidation state of II. In a similar fashion one can

:]ned rjrezutcr?;;:oemsp;zzscarr;sbee(r:isglasented ag @odVo in the —2 relate the oxidation state and charge state of interstitial Co; in
9 > resp y. this case, however, the charge state of the dopant is the same
as the oxidation state. Hence, neutral interstitial Co has oxi-

Defect Charge Oxidation state M . S
g (1) dation state 0, the charge statd has oxidation state I, and

Coy; 1 \Y 2.0 so forth. The oxidation state of Co-related dopants in their

0 v 1.0 various stable charge states are summarized in Table I.

-1 Il 0.0

2 I 1.0 C. The —2 charge state of Cg,
COpnt 2 I 1.0

1 I 20 In the LDA calculation there is no stable2 charge state

0 0 1.0 of substitutional Co: upon adding an additional electron to
CopVo —¢ 1 20 th_e §tab|e—1 charge state, we find no d_opant-derived level

0 an 1.0 within the gap, but rather partial occupation of the LDA con-
ConVo -ab 1 0.0 d.ucfuon bands..Thlls is problematic, since the expenmental

0 an 10 finding of an oxidation state of Il for Co would be consistent

with a —2 charge state for substitutional Co. Here, we inves-
tigate whether the absence of-& charge state within LDA

splits thet,, manifold into an uppeb, level ofxy symmetry IS due to the well-known underestimation of the band gap by
and a twofolde level of (xz, yz) symmetry; this splitiing is  the LDA (the LDA predicts a band gap of 2.2 eV compared
0.2 eV. to the experimental valGéof 3.2 e\).

For charge states with nonzero magnetic moments, we Rather than attempting to correct the LDA band gap, we
find that the exchange splitting varies approximately linearlyPropose a more direct description and try to estimate the
with the magnetic momentSince the orbital moment is formation energy of the-2 charge state using our results
strongly quenche® we regard the magnetic and spin mo- for t_he energy I_evgls of the-1 ch_arge state. Since the for- _
ments as equivalentFor neutral substitutional Co, the ex- Mation energy is, in general, a linear function of the Fermi
change splitting within thee; manifold is 0.2 eV for both ~ €N€rgy, we do this in terms of the “energy of transition,
levels. Within thet,, manifold, the exchange splitting is E(~/~—), which is defined as that value & for which
strongly orbital dependent: 0.5 eV for tig levels and 0.3 Eiom IS equal toEf, ., ©. Referring to Fig. tb) we model
eV for thee levels. the —2 charge state by occupying the first available impurity

The calculated magnetic moments of substitutional Co ifevel in theg=—1 level diagram, namely, the empty,
different charge states, summarized in Table I, can now béVel. In this diagram, thé,; level is atEr+Acg, so that
easily understood from the results of Fig. 1. For the neutraPccupying it will shift the Fermi level upward by an amount
substitutional, there is a twofold degenerate half filledAcr- However, by singly occupying this level, one expects
minority-spin level at the Fermi level. Removing an electronan accompanying exchange splitting and thus a downward
from this level leads to a1 charge state with a moment of shift of the Fermi level. Hence, we estimate the change in the
2ug. Likewise, adding an electron to this level leads to aFermi energy between the'l and —2 charge state to be
—1 charge state with zero moment, since themanifold is ~ g!ven by
now completely filled.

'The stable chargg states and magnetic_mqments for inter- E(—/——)=E(0/—)+Acr—Ay, @
stitial Co are quite different from the substitutional case. For
example, we find that all charge states experience off-center . .
structural relaxations of the order of 1 A, lifting all remain- WhereE(0/—) is the energy of transition between the neutral
ing orbital degeneracies. The2 charge state of interstitial &nd —1 charge statesice is the crystal-field splitting be-
Co, which is the lowest-energy charge state over most of thBveen theb, andb, levels; andAy is the exchange splitting
gap, has a moment ofid. The +1 charge state leads to a due to the unpaired, electron.

moment of 2ug, whereas the neutral configuration has a Ve approximatedy by theb, exchange splitting for the
moment of Jug . neutral state; this is 0.3 eV, as shown in Figg)1We neglect

the onsite energy which arises from the interaction of the
addedb; electron with thet,y electrons, but we expect this
energy to be significantly smaller than the crystal-field en-
Since the correspondence between “formal oxidationergy, and hence expect E() to be reasonably accurate.
state” and “charge state” will be an important issue here, we A similar proposal could be made for more-negative
briefly summarize the relationship between the two. A simi-charge states, for example, the3 charge state of substitu-
lar discussion has been given for transition-metal impuritiegional Co. However, we should then include an additional

B. Oxidation state
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FIG. 2. Formation energies @& Cor, (b) Ca,, (¢) CopVo, = o5
(d) Vo defects as a function of Fermi level in the O-rich limit. The 100
Co chemical potential was chosen to give a total Co concentration 8
of 5%. The common Fermi energy for this choice of growth condi- 5 50
tions and Co concentration is denoted by the dotted vertical line. @
The stable charge states for each defect are labeled. ° 0
s 1.0
termU for the onsite interaction between twg electrons of g / \ — ()

opposite spin. This onsite energy will be large and can be 005~ 7 \ - 0(b) |

estimated as Z 0.0 L:l—é—-l——l;\L\J P
' -4 -3 -2 -1 0
U=E(0/=) —E(+/0)—Ax, ® O-poor Hott (eV) O-rich

whereAyx=0.3 eV is again taken from the neutral configu- o _ _

ration, but in this case accounts for the exchange energy lost F'G: 3 Variation, versus O chemical potential,(&f Cor; con-
when the moment is reduced fromu to zero in the tran- centration,(b) Cay, concentration(c) carrier concentration(d) av-
sition from the neutral to the-1 charge staté® We find U erage magnetic moment per Ge) percent of Co in various oxida-
~1.0eV and. hence. the3 charge state of.substitutional tion states, andf) concentration ofVy-related defects versus O
60 .Wi|| lie We’ll abové the condugtion-band edge. so that itchemical potential. In panelg) and (b) the concentration of each

d hiahly ch d . b luded charge state of Co is indicated as well as the total concentration. In
(and more highly charged negative statean be exclude panel(f) only the concentration of Gp/ defects are shown, since

from further consideration. the concentration of isolated O vacancies is much smaller. Values of
the O chemical potential to the left of the dashed vertical line are
D. Formation energies in the O-rich limit those for which our theoretical results agree qualitatively with ex-

To address the characteristics of Co-doped samples grompnenmental result¢see text

with OPMBE, we first consider O-rich growth conditions. chemical potential away from its upper limit. In Fig. 3 we

Figure 2 sthhow?) thehdlgfg;:t fqtr??kflo? ?r:e(r:gles versuts Eemﬂlot, versus the O chemical potential, the following quanti-
energy In the '”CO IMit, with the total ©.0 concentralion yjo. oncentration of substitutional and interstitial @a@nd
con_stramed to be 5%. In comparison to experiment this .Scef) carrier densities; average magnetic moment per Co; per-
nario has.three main s_fhortccrmm@?lthe kz]iverar?e magnet|cd centage of Co in different oxidation states; and concentration
moment is Jug, significantly smaller than the measure of O vacancy-related defectthe concentration of interstitial

’4 - I I I - . . . . . .
value hOf 1.26ug; (.2) the Ilzerml level is Wellhbelovr\]/ mid Ti is negligible throughout this range of O chemical poten-
gap, whereas experimental measurements show the materjl)) £ avery value of the O chemical potential, the total

1,4,14 H
to ben type; ™ (3) Co appears almost entirely as neutral ., ncentration of Co was constrained to 5%.
substitutionals(oxidation state 1Y, whereas Co R photo-

emission and XANES suggest the oxidation state of Co is 1. Cobalt concentration
1414 These discrepancies suggest that the conditions present

during growth of the samples are not O rich. For values of the O chemical potential withinl.5 eV of

the O-rich limit, the substitutional site remains the preferred
Co site. The situation is very different in the O-poor limit. In
this regime, interstitial Cgin the +1 and+2 charge states

To determine what growth conditions give rise to the ob-becomes energetically competitive with substitutional Co,
served magnetic and transport properties of Co-doped anand hence the concentrations of substitutional and interstitial
tase samples, we study the consequences of varying the ©o become comparable. This results from a subtle balance of

E. Variation with O chemical potential
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the O and Co chemical potentials. As one decreases the §ant with a value of &g, because neutral substitutional Co
chemical potential from its upper limit, the formation ener-is the dominant defect. For intermediate values of the O

gies of substitutional dopants increases, since it costs moig,emical potentiall,\W is less than Lg due to the presence of
energy to replace Ti with Co as one moves toward the Ti-richy, pjit tionals in the-1 charge state, which have zero mo-
limit. Of COUrsE, as a fun_ction of the O chemical pOtentia_‘l’ment. In the O-poor limit the average moment per Co is
the Co _chemlcal pf)tef?“a' must also change, mcreqsmgarger than g, due to the appearance of interstitial Co in
monotonically to maintain the fixed total Co concentratlon.the +1 charge state, which has a moment g2 Hence

At ~1 eV below the O-rich limit, interstitial Co begins to . L . ’
play a role; the preference for the interstitial site increase nly in the O'pgggf limit d.o we obtain a moment per Co
monotonically below this point, eventually accounting for arger tha_m the X low-spin value of Jug, and thus con-
most of the total Co concentration in the O-poor limit. sistent with experimental results.

2. Carrier densities 4. Oxidation states

The defect concentrations shown in Fig. 3 were computed Figure 3e) shows the percentage of Co dopants in differ-
for a temperature of 873 K, as mentioned earlier. Howevergnt oxidation states. In the O-rich limit the oxidation state of
since transport, magnetometry, and photoemission measur€o is 1V, since it occurs primarily as a neutral substitutional.
ments are generally performed at room temperature, we havehis oxidation state dominates untit1.5 eV below the
used a more relevant temperature of 300 K to compute th®-rich limit where oxidation state Ill, resulting from substi-
carrier concentrations, magnetic moments, and oxidationtutionals in the—1 charge state, is briefly dominant. Between
state fractions—while keeping the total defect concentration8 and 4 eV below the O-rich limit the predominant oxidation
themselves frozen at their high-temperature values. state of Co is Il, the same as that deduced from the 2

Figure 3c) shows the logarithm of the hole and electron photoemission and XANES results of Refs. 4 and 14. In the
carrier densities evaluated at 300 K as a function of the GD-poor limit the oxidation state is primarily |, since the
chemical potential. Near the O-rich limit the carrier densitiesdominant type of defect is interstitial Co in thel charge
are nearly constant, since the Fermi level maintains a valustate. Although this oxidation state has not been observed
of ~0.8 eV relative to the VBM due to compensation by experimentally, comparison to photoemission or XANES re-
equal but small numbers of substitutional Co in thé and  sults on samples with known Co oxidation state of | has not
+1 charge states. In this region the material is very wepkly been established.
type with a hole concentratior-10° cm® and will likely
appear insulating in transport measurements.

At ~1 eV below the O-rich limit, the appearance of in-
terstitial Co leads to partial compensation of the Co substi- For all thermodynamically allowed chemical potentials,
tutional defects. This compensation drives the Fermi levethe concentration of isolated O vacancies is negligible, as
towards the conduction-band edge, and leads to a markatell as that of CgVy complexes; their concentrations are
increase in the electron concentration as the O chemical pshown in Fig. &) to be never above 16%. These low-
tential is further reduced. The stepwise behavior of the carconcentrations result from the fact that the formation ener-
rier density as the O chemical potential is decreased resul@ies of these two defects are much higher than the thermal
from the Fermi level passing through donor levels due teenergykgT=60 meV; this is clear from Fig. 2, where the
interstitial Co. At the O-poor limit, we finch~10?°° cm~3.  formation energy of both isolated, and Cg;V, complexes
Thus, we suggest that the experimentally obsemdype is greater than 2 eV for any value of the Fermi level. Thus O
behavior results from the incomplete compensation of intervacancies, either isolated or in complexes with substitutional
stitial Co by substitutional Co, which facilitates the thermal Co, will play no significant role in determining the carrier
excitation of electrons from interstitial Co into the conduc- concentration in Co-doped samples.
tion band. We note that the formation energies of O vacancies in Fig.

2 and the deduced donor level positions in the band gap are
3. Magnetic moment incompatible with the interpretation of the observetlype
conductivity of pure TiQ samples? Even in the O-poor
limit, the LDA does not lead to a carrier density with the
observed value 0 cm®, nor does it give the same tempera-
ture dependence of the carrier concentration, as the energy
M=> M3cd/ > Cg’, , (99  for activation is quite different~200 meV (the position of
D D'.q the highest O vacancy donor level below the conduction-
) ) ~ band edggin the LDA versus 4.2 meV in the results of Ref.
whereM3 is the magnetic moment of a Co-related defect in19. We do not have a definitive resolution to this apparent
charge statg. We assume a ferromagnetic alignment of all gisagreement; we have checked, however, that if we adjust
the moments, and thud can be considered an upper boundthe O vacancy formation energies to reproduce the experi-
for the measured average value of the moment per Co.  mentally observed carrier density and temperature depen-

The average moment shows a nonmonotonic variatiomlence in undoped samples, the conclusions of this work are

with the O chemical potential. In the O-rich region it is con- unchanged.

5. O vacancies

In Fig. 3(d), we show the average magnetic moment pe
Co, defined here as
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Regarding the experimental interpretation that O vacan- V. SUMMARY
cies are also the source oFtype carriers in Co-doped
samples* we note that the observed average moment peL

Co of 1.26u can only be reproduced if some fraction of Co yentials corresponding to different growth conditions. Un-
interstitials in the+2 charge state are present, as only thesgo. o_rich growth conditions we find that the Co dopants
defects have a moment larger thapgl. Neither substitu- || pe formed primarily in neutral substitutional form cor-
tional ngr interstitial Co has any significant orbital responding to oxidation state IV, an average magnetic mo-
moment;® so that the observed magnetic moment per Co cafent of 1u and insulating electrical character. These results
only result from the statistical distribution of Co moments in gre in conflict with the experimentally observed behavior of
interstitial (2ug) and substitutional (&g) sites. In such a Co-doped samples and suggest that the growth conditions are
situation the Fermi level and carrier concentration are detemore likely to be O poor. O poor conditions lead to roughly

In summary, we have examined the role of native defects
d Co dopants in TiQanatase over a range of chemical

mined solely by the Co dopants. equal concentrations of substitutional and interstitial Co,
n-type behavior resulting from thermal excitation of elec-
6. Conclusion trons from interstitial Co into the conduction band, and an

average magnetic moment per Co in good agreement with

Considering these trends in thetype carrier density, av- ;
xperimental data.

erage magnetic moment per Co, and oxidation state of cd
we suggest the actual conditions of growth of Co-doped
TiO, anatase are O poor, corresponding to O chemical po-
tentials between 3.8 and 4.6 eV below the O-rich li(wl- One of the author$J.M.S) acknowledges the National
ues of the O chemical potential to the left of the dashedResearch Council for financial support. This work was
vertical line in Fig. 3. Under these type of conditions, we funded in part by DARPA and ONR. Computational work
obtain qualitatively and quantitatively good agreement withwas supported in part by a grant of HPC time from the DoD
the experimental observations. Major Shared Resource Center ASCWP.
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