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Theoretical study of magnetism in transition-metal-doped TiO, and TiO,_;

L. A. Errico and M. Renteria

Departamento de Fisica, Instituto de Fisica La Plata (CONICET), Facultad de Ciencias Exactas, Universidad Nacional de La Plata,

C.C. No. 67, 1900 La Plata, Argentina

M. Weissmann

Departamento de Fisica, Comision Nacional de Energia Atomica, Avenida del Libertador 8250, 1429 Buenos Aires, Argentina

(Received 23 August 2005; published 22 November 2005)

In recent years there has been an intense search for room temperature ferromagnetism in semiconductors
doped with dilute magnetic impurities, in particular, oxides. In this work we study the structural, electronic,
and magnetic properties of doped rutile TiO, for two different impurity concentrations (25% and 6.25%),
considering different distributions of the impurities in the host lattice. Calculations were performed with ab
initio methods, assuming that the magnetic impurities substitutionally replace the Ti ions. Our results show that
a local magnetic moment appears in the cases of Mn, Fe, and Co impurities, but not in the cases of Ni and Cu
impurities. They also show that in the system Ti;_,Co,0, the magnetic ions align ferromagnetically, while in
Ti;_Mn,O, and Ti;_,Fe O, the antiferromagnetic alignment is energetically favorable. We have also studied
the effect of oxygen vacancies, which turned out to be very important. Their presence decreases the energy
required to introduce the impurities in the host lattice and reciprocally, the presence of impurities is related to
a higher vacancy concentration. The pairs impurity-nearest-neighbor oxygen vacancy seem to be the energeti-
cally preferred structures and to produce the highest local magnetic moments. Ni and even Cu impurities

acquire magnetic moments in this environment.
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I. INTRODUCTION

Dilute magnetic impurities in semiconductors (DMS) pro-
duce materials that may be ferromagnetic at room tempera-
ture and are therefore appealing for spintronics (see, e.g.,
Refs. 1-3 and references therein). This is a rapidly develop-
ing research area because the electron spin may play a sepa-
rate role, in addition to the usual charge degree of freedom.
DMS’s based on II-VI compound semiconductors such as
Mn-doped CdTe and ZnSe (Ref. 4) were the first to be stud-
ied. However, this family of DMS’s has a Curie temperature
(T¢) in the order of 1 K and is therefore not useful for prac-
tical applications. DMS’s based on III-V semiconductor
compounds, such as Mn-doped GaAs (Ref. 5), have T as
high as 110 K but this is still far from room temperature.
Research efforts continued in order to find higher 7/’s and
recently room-temperature ferromagnetism has been ob-
served in other Mn-doped compounds, such as CdGeP,,°
ZnGeP,,” and ZnO.® In 2001, Matsumoto et al.’ reported that
Co-doped anatase TiO, films grown by a combinatorial
pulsed-laser-deposition (PLD) molecular beam epitaxy
(MBE) technique can keep ferromagnetic order up to 400 K.
The measured saturated magnetic moment per Co atom was
0.32u5/Co for Co concentration up to 8%. More recently,
Co-doped anatase TiO, films grown by the oxygen-plasma-
assisted (OPA) MBE were reported by Chambers et al.'® to
have a magnetic moment of 1.26u5/Co. It is interesting to
note that Matsumoto et al. observed magnetic behavior in
Co-doped TiO, anatase, but not in the rutile phase, suggest-
ing that the magnetization of the Co atoms could depend on
the local structure around it. However, in 2002, Park er al.
were able to grow ferromagnetic Co-doped TiO, rutile films
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by sputtering and 7~ was also estimated to be above 400 K.!!
The measured magnetic moment was 0.94u5/Co and the Co
concentration 12%. This variety of results motivated inten-
sive experimental'>!3 and theoretical'*"® studies of the
structural, magnetic, and electronic properties of doped TiO,.
Since the rutile structure is thermodynamically more stable
than the anatase one, it could have a higher potential for
technical applications if thin films could be grown easily.

The microscopic mechanism of long-range magnetic or-
der is still an open problem. Carrier-induced interaction be-
tween the magnetic atoms was suggested as the reason for
ferromagnetism in I1I-V based DMS.?* However, subsequent
reports raised concerns about this idea, due to the possibility
of ferromagnetic metal clustering under different growth
conditions.®2! Furthermore, it has been suggested that the
strong interaction between Co and oxygen vacancies in Co-
doped TiO, plays a key role for the explanation of its high
To.'*17:2223 Experimental results also suggest that oxygen
defects may be responsible for the observed ferromagnetism
in Fe-doped TiO, samples.?* The location and distribution of
the impurities in the host lattices is still unclear; while Soo et
al." found through extended x-ray absorption fine structure
spectroscopy (EXAFS) that the local environment surround-
ing Co impurities remains anataselike, Kim et al?> and
Shinde et al.?® claim that Co tends to cluster and form me-
tallic Co.

As most previous theoretical and experimental studies for
doped rutile TiO, have considered only Co and Fe impuri-
ties, we have extended the study to other transition metal
dopants. We present here a set of density-functional-theory-
based calculations in the systems Ti;_,R,O, (R=Mn, Fe, Co,
Ni, Cu) for different impurity concentrations and distribu-
tions. Calculations were performed with the full-potential
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FIG. 1. Unit cell of rutile TiO, (Ti gray balls, O: white
balls).

linearized-augmented plane waves (FLAPW) method and
with the SIESTA code assuming that the magnetic impurities
substitutionally replace the Ti atoms. The case of impurity-
atom clusters was not considered, as an exhaustive investi-
gation of the energetics of impurity complexes in TiO, is
outside the scope of the present work.

A local magnetic moment appeared in Mn, Fe, and Co
doped systems and the consideration of different distribu-
tions of the impurities in the host allowed us to evaluate the
exchange coupling parameters (J;;) that give the tendency to
ferromagnetism or antiferromagnetism. Calculations for
oxygen-deficient systems showed that impurities with
nearest-neighbor oxygen vacancies are the energetically
more favorable structures and those with the largest magnetic
moments.

The paper is organized as follows: in Sec. II we report the
structures studied and computational details; in Sec. III we
discuss the electronic and magnetic properties of the Mn, Fe,
Co, Ni, and Cu impurities in rutile TiO, as a function of the
impurity concentration; in Sec. IV we discuss the magnetic
ordering for different impurity distributions; in Sec. V we
discuss the effect of oxygen vacancies in the structural and
magnetic properties of the systems Ti;_,R,O,. Finally, in
Sec. VI we present our conclusions.

II. THE SYSTEM UNDER STUDY AND COMPUTATIONAL
DETAILS

TiO, has three possible structures: rutile, anatase, and
brookite, rutile being the most stable. For our calculations we
chose the first one, because fewer theoretical studies of TiO,
doped with magnetic impurities were performed for that
case. There is an additional advantage of the rutile structure:
a small supercell can be used for the simulations and a quite
uniform distribution of defects is obtained, which is not the
case for anatase. It therefore leads to a more realistic ap-
proximation of the structural distortions induced by the im-
purity and the vacancies in the host lattice. The unit cell of
rutile TiO, is tetragonal (a=b=4.5845, A, ¢=2.953, A,
space group P42/mnm) (see Fig. 1) and contains two metal
atoms (Ti) at positions (0, 0, 0) and (1/2, 1/2, 1/2) and four
oxygen atoms (O) at positions (u, u, 0; 1/2+u, 1/2—u, 1/2)
with u=0.30493,.27 The structure has only one crystallo-
graphic Ti site. These Ti atoms are surrounded by a slightly
distorted octahedron of oxygen atoms, with a rectangular
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basal plane (O1) at a distance of 1.94 A from Ti and two
vertex atoms (O2) at 1.98 A. In the case of O, there is only
one crystallographic site, and each oxygen atom is sur-
rounded by three Ti. All the calculations were performed for
the bulk material as the experimental thin films are thick
enough to contain many unit cells.

The spin-polarized electronic-structure calculations pre-
sented in this work were performed with the FLAPW
method?® as embodied in the WIEN97 code,? in a scalar rela-
tivistic version without spin-orbit coupling. Exchange and
correlation effects were treated within density-functional
theory using both the local spin density?® (LSDA) and the
generalized gradient’! (GGA) approximations. The atomic
spheres radii (muffin tins), R;, used for Ti and O were 1.01
and 0.85 A, respectively, while for the magnetic impurities
we used R;=1.06 A. The parameter RK,;ux=R,,*Kyx»
which controls the size of the basis set in these calculations,
was chosen as eight for the smallest supercell employed and
seven for the largest ones (R,, is the smallest muffin tin
radius and K,y the largest wave number of the basis set).
We introduced local orbitals to include Ti-3s and 3p, O-2s
and Mn-, Fe-, Co-, Ni-, and Cu-3p orbitals. The number of k
points was increased until convergence was reached. In order
to study the relaxation introduced by the impurities we com-
puted the forces on the atoms*?> and moved them until the
forces on the ions were below a tolerance value. Because the
volume change associated with substitutional (and even in-
terstitial) 3d transition metal impurities has only a negligible
effect on the formation heat of Ti,_,R,0,,'® we fixed the
lattice parameters at the experimentally determined bulk
TiO, values and optimized only internal parameters upon
doping.

We also employed, especially for structural minimiza-
tions, the SIESTA code,® which uses a linear combination of
numerical real-space atomic orbitals as basis set and norm-
conserving pseudopotentials.®* We proved in selected sys-
tems that the relaxed structures predicted by SIESTA are in
agreement with those predicted by WIEN97. In all the cases
we also proved using WIEN97 that the relaxed structures pre-
dicted by SIESTA have lower energies than the unrelaxed ones
and that both methods give similar magnetic moments.

IIL. STUDY OF THE SYSTEMS Ti,_.R,0,

We studied the systems Ti;_,R,0, (R=Mn, Fe, Co, Ni,
Cu) for two impurity concentrations (x=0.0625 and 0.25)
with the WIEN97 code. The supercell (SC) considered con-
sisted of two unit cells of TiO, stacked along the ¢ axis with
one Ti atom replaced by the magnetic impurity [Fig. 2(a)].
The resulting 12-atoms SC (TizROyg in the following) has
dimensions a'=b"=a, ¢’ =2¢. The impurity concentration in
this SC is 25% (x=0.25). The second SC employed consisted
of eight units cells of TiO, [Fig. 2(b)], corresponding to an
impurity concentration of 6.25% (x=0.0625). The resulting
48-atoms SC (Ti;sRO3,) has dimensions a’=b'=2a, ¢’ =2c.

As the results obtained with the LSDA and GGA approxi-
mations are very similar, for the sake of simplicity we will
present here only those obtained using the LSDA approxima-
tion. We found that the presence of magnetic impurities in-
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a’=2a

a’=2a

FIG. 2. Supercells used in the calculations for the two impurity
concentrations studied (Ti, gray balls, O, white balls; impurity black
balls). (a) 12-atoms SC (TizROg); (b) 48-atoms SC (Ti;sRO3,). Not
all O and Ti atoms are shown for clearness.

duces local geometrical distortions (contractions) in the first
oxygen neighbors (ONN) of the impurities. The bond lengths
R-O1 and R-02 are reduced about 0.05 A in the case of
Ti3ROq4 (see Table I). These structural distortions are nearly
isotropic and their magnitudes are small and essentially in-
dependent of the impurity considered. This can be related to
the similar ionic radii of the impurities and the Ti atoms.
Similar structural distortions were found in the case of
Ti;5sRO5,, the differences in the magnitude of the contrac-
tions being smaller than 0.02 A. In the case of Cu the struc-
tural distortions induced by the impurity are anisotropic, the

TABLE I. Relaxed bond lengths d between the impurity R and
the two types of neighbor oxygen atoms in rutile TiO, (O1 and O2)
for an impurity concentration of 25% (Ti;ROg) and magnetic mo-
ments in the muffin tin sphere of the impurities (u") and in the

supercell (u5¢).
System d (R-01) d (R-02) wimp uS¢€
TiO, 1.94 A 1.98 A 0.00up 0.00
TizMnOyg 191 A 1.95 A 2.52up 3.04up
Ti;FeOyq 1.89 A 1.96 A 2.24up 2.58up
Ti;CoOg 1.90 A 1.93 A 0.63up 1.03u
Ti;NiOg 1.91 A 1.95 A 0.00p 0.00p
Ti;CuOg 193 A 2.02 A 0.00up 0.00up
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FIG. 3. Calculated total density of states (DOS) of the systems
Ti;sR, 03, (R=Ti, Mn, Fe, Co, Ni, Cu). Energies are referred to the
Fermi level (Ep).

Cu-O1 bond lengths are shorter while the Cu-O2 distances
are enlarged by about 0.04 A (see Table I).

Regarding electronic and magnetic properties, we found
that the magnetic moments in Ti;_Mn,0, and Ti,_Fe O,
are larger than that of Ti;_,Co,0,, and that Ti;_,Ni, O, is not
magnetic. As it was expected, no magnetic moment was
found in the case of Ti;_,Cu,O,. In Table I we present the
obtained magnetic moments in the atomic spheres of the im-
purities and in the whole SC for all the impurities consid-
ered. Spin-polarization occurs mainly at the impurity sites,
but the nearest-neighbor oxygens can be polarized up to
0.065/ ONN. The magnetic moments are almost indepen-
dent of the impurity concentration and of the structural dis-
tortion. The results obtained for the cases of Co and Mn
agree qualitatively with those obtained theoretically by Yang
et al."> for Co in anatase TiO, and Park et al. for Mn in the
same host.!* However, Park er al. also performed calcula-
tions for Fe in anatase TiO, and obtained a magnetic moment
of 3.7up for the system Ti;sFeOs,, larger than that for
Ti;sMnO3, (3.0up), in contradiction with the trend we show
in Table 1.

In Fig. 3 we show the density of states (DOS) for pure
and doped rutile TiO, obtained by FLAPW calculations for
the systems Ti;sRO5,. The overall band structure of TiO, is
consistent with previous works (see, for example, Ref. 35),
the band gap is smaller than the experimental value®3¢ due to
the well-known problem of band gap underestimation in the
LDA approximation. While for this concentration the sys-
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Configuration ¢

FIG. 4. 12-atoms supercells with two impurity atoms (black
balls) in three different distributions within the TiO, host.

tems doped with Mn, Fe, and Co show a reduced band gap,
those doped with Ni and Cu are metallic. For the larger con-
centration (smaller SC) the features inside the gap increase in
size and the systems doped with Co also become metallic.
From the partial DOS projected in the different muffin-tin
spheres we find that the states inside the gap have, apart from
the d-character due to the impurities, contributions from the
neighboring O1- and O2-p states, that increase with Z or the
number of d electrons.
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IV. MAGNETIC ORDERING

In the previous paragraph ferromagnetic alignment was
assumed for the calculations, as only one impurity per unit
cell was considered. To be able to determine if the impurities
tend to align ferromagnetically (FM) or antiferromagneti-
cally (AF), we performed calculations with two impurities in
the unit cell, for three different impurity distributions, con-
sidering parallel and antiparallel spins. Figure 4 shows the
three supercells used. The first one (Fig. 4, configuration a)
consists of two unit cells of TiO, stacked along the ¢ axis
with the two central Ti atoms replaced by the magnetic im-
purities. The second and third SCs also consist of two unit
cells of TiO,, but stacked along the a axis. In Fig. 4 configu-
ration b, one impurity replaces a Ti ion located at the corner
of a cell and the other replaces the Ti ion located at the center
of the same cell. In Fig. 4 configuration c, the central Ti in
the two cells are replaced by the magnetic impurities. Table
II shows the energies for the FM and AF cases and the local
magnetic moment of each configuration. Within a simple
Ising model, the total energy difference between the FM and
AF alignments (A,y) can be related to the exchange coupling
constants J;; among impurities at sites / and j and to the
Curie temperature. The total energy of a system in a specific
magnetic state can be approximated as

E:_EjijSiSj’ (1)
Jii

where §; and S; represent the spins of the impurities at sites
i and j (we take |[S|=5/2, 2, and 3/2 for Mn, Fe, and Co,
respectively) and the sum runs over all the impurities up to a
certain neighboring shell. Knowing the total energy differ-
ences E,p—Ep=A,p for different impurity distributions it is
possible to estimate some of the exchange parameters. The
number of J;;’s that one can estimate depends on the number
of different magnetic structures that can be stabilized in the
self-consistent calculations, while limiting the unit cell to a
reasonable size.

For simplicity we shall drop an index on the J;; coeffi-
cients and refer to J; , 5 as the coupling constant among first,
second, and third neighbor impurities. Also, we find it more
convenient to describe the results of Table II not following

TABLE II. Calculated total energies, referred to the nonmagnetic case, exchange coupling constants J;,
and local magnetic moments u for Mn, Fe, and Co in rutile TiO, for the different configurations studied (see

Fig. 4).
Impurity ~ Configuration Ep (eV) Ejr (eV) J; (1073 eV) mr (ng)  par (up)
Mn a -2.00 -2.06 2.66 2.57
b -1.63 -1.73 J1=+2.1; J,=+2.0; J3=+1.6 2.66 2.58
c -2.01 -2.05 2.66 2.64
Fe a -0.56 -0.80 1.74 2.20
b -0.30 -0.46 Ji=+14.3; J,=+4.9; J3=-2.2 2.67 1.88
c -0.57 -0.53 1.81 1.68
Co a -0.04 -0.001 0.60 0.16
b -0.16 -0.10 Ji=—4.4; J,=-3.3; J3=-2.1 0.61 0.52
c -0.04 -0.003 0.58 0.57
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TABLE I11. Distance (in A) from the vacancy site to its cations nearest neighbors in the relaxed structures
of Ti3R0O5. The first row corresponds to oxygen-deficient TiO,. In square brackets we indicate the multiplic-
ity. We also indicate the nature of the neighbor, when it is not Ti.

TiO,_s 2.34/2.17 [2]
Vacancy at Ol Vacancy at 02 Vacancy at O3
Ti;MnO, 1.96 (Mn)/2.20/2.30 2.12 (Mn)/2.12 [2] 2.13 [2]/2.31
Ti;FeO, 2.06 (Fe)/2.23/2.33 2.14 (Fe)/2.21 [2] 2.15 [2]/2.32
Ti;Co0O, 2.04 (Co)/2.24/2.33 2.13 (Co)/2.11 [2] 2.14 [2]/2.32
Ti;NiO4 2.01 (Ni)/2.25/2.31 1.95 (Ni)/2.08 [2] 2.12 [2]/2.30
Ti;CuO, 2.00 (Cu)/2.22/2.33 2.07 (Cu)/2.12 [2] 2.13 [2]/2.30

the order of the Periodic Table. In the case of Co impurities
the most stable structures are those ferromagnetically
aligned; the magnetic moments are independent of the impu-
rity distribution and very similar to those obtained in Sec. III.
In the case of Mn impurities the local magnetic moments are
independent of the concentration, of the configuration, and of
the magnetic ordering considered, and they are four times
larger than those for Ti;_,Co0,0,. The most stable phases in
this case are antiferromagnetically aligned, as one would ex-
pect for Mn. In the case of Fe impurities, we find that the
magnetic moment depends on the configuration considered,
and also that for some configurations the most stable phase is
antiferromagnetic. For this impurity, the possibility of ob-
taining a stable ferromagnetic semiconductor with a large
magnetic moment, depends on the distribution of the impu-
rities in the TiO, lattice and, as we shall see in the Sec. V, on
the number and distribution of oxygen vacancies.?* Since for
Fe and Mn impurities the AF alignment is favored, we
should expect, within a mean-field picture, a rather small
Curie temperature.

V. THE ROLE OF OXYGEN VACANCIES

The origin of ferromagnetism and high Curie temperature
(T¢) of rutile and anatase Ti;_,C0,0,_s and Ti,_Fe, O,_s is
still controversial. The experimental results depend strongly
on the growth conditions of the samples.”!%?3?* For ex-
ample, samples produced in oxygen-rich atmospheres show
negligible magnetization;?” and Kim et al.?> and Shinde and
Ogale?® found that Co clusters were present in their samples.
On the other hand, the experimental results obtained by
Suryanarayanan et al. in Fe- and Co-doped TiO, films point
out the important role played by the oxygen vacancies in the
ferromagnetic properties of Fe/Co substituted TiO,
films.?3-24

From the theoretical point of view, the interaction of mag-
netic ions and oxygen vacancies has been discussed in a few
papers and the results are controversial. In Refs. 14 and 17
first-principles calculations were performed to study the role
of oxygen vacancies on the magnetic properties of Co-doped
TiO,. Park et al.'"* showed than the oxygen vacancy near a Ti
site is more stable than near Co and that in such situation the
magnetic moment is 2.53u. Weng et al.!” obtained from
their calculations that the oxygen vacancy prefers to stay
near the Co impurity, and that the magnetic moment is

0.90up. Other papers assume strong electron-electron corre-
lations and use different approximate methods so that their
results are not comparable to the present calculations.?

In order to analyze the effect of oxygen vacancies in the
doped systems we first studied the undoped one, TiO,_s with
6=0.08. For this calculation we used a SC similar to Fig.
2(a), but without the impurity and removing an oxygen atom
(Ti4,O5) and took into account the structural distortions pro-
duced by the vacancy. Although the volume change associ-
ated with a large concentration of vacancies may be impor-
tant, we decided to keep the lattice parameters fixed so as to
make all the results comparable. The structural distortions
are much larger than those found for the systems Ti;ROg and
Ti;5sRO3,: some of the Ti atoms are displaced as much as
0.3 A away from the vacancy location (see Table IIT). Con-
cerning the electronic properties, the Fermi level moves into
the conduction band, making the system metallic. When a
spin polarized calculation was performed for this system we
found that there were two possible degenerate solutions, one
nonmagnetic and the other having a magnetic moment of
approximately 1up per SC, due to polarization of the Ti at-
oms. It is worth mentioning that the magnetic phase ap-
peared only when the structural relaxation was taken into
account. This unexpected result anticipated that a large con-
centration of oxygen vacancies could play an important role
in the magnetic behavior of doped rutile TiO,. To check this
we performed calculations with a larger unit cell and only
one vacancy (Ti;¢03;), both in rutile and anatase structures.
We obtained a smaller magnetic moment for the rutile struc-
ture and none for the anatase structure. It seems that the
appearance of a magnetic moment may depend on the va-
cancy concentration in the oxide and on the structure. An
experimental observation of magnetism in an undoped non-
magnetic oxide has been recently reported and attributed to
vacancies also.*®

Next, we studied the oxygen deficient systems Ti;RO-,
considering the three possibilities for removing an oxygen
atom from the SC: (i) from the Ti-contained octahedron [O3
in Fig. 2(a)], (ii) from the impurity-contained octahedron re-
moving a basal O atom (O1), and (iii) from the impurity-
contained octahedron removing a vertex O atom (02). In all
cases, we found that the structural relaxations induced by the
oxygen vacancy are larger than those produced by the impu-
rity (see Tables I and IV). We also found that the cations that
are nearest neighbors to the vacancy site are repelled from it
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TABLE IV. Distance (in A) of the impurity R to its oxygen nearest neighbors in the relaxed structures of
TizRO;. The number in brackets indicates the multiplicity.

Vacancy at Ol

Vacancy at O2 Vacancy at O3

Ti;MnO, 1.92/2.02 [2]/2.00
Ti;FeO, 1.90/1.95 [2]/1.98
Ti;CoO; 1.85/1.94 [2/1.97
Ti;NiO; 1.86/1.96 [2]/1.99
Ti;CuO; 1.81/2.05 [2]/2.00

1.95 [4]/2.07
1.93 [4]/2.01
1.94 [4]/2.01
1.92 [4]/2.07
2.15 [4]/2.00

1.94/2.09 [4]
1.92/2.00 [4]
1.93/2.00 [4]
1.97/2.08 [4]
2.00/2.10 [4]

(Table III). Comparing the total energies of the three cases
we found that the oxygen vacancies near the impurities are
more stable than those near Ti for all the cases studied [Fig.
5(a)], in agreement with the result found by Weng et al.!” for
Co in oxygen-deficient TiO,. In Fig. 5(a) we can also see
that the energy required to form an oxygen vacancy de-
creases from approximately 10 eV in the undoped system to
much smaller values in the doped ones. This effect is more
important if the vacancies are close to the impurities and if
the number of d electrons increases. Also, the energy re-
quired to substitute a Ti atom by an impurity is strongly
reduced when there is an oxygen vacancy in the SC. This
reduction is larger for Cu and for nearest-neighbor impurity-
vacancy pairs [see Fig. 5(b)]. We therefore predict that doped
systems will have more vacancies than undoped ones, and
that oxygen vacancies will tend to be close to the impurities.
We also calculated the system with two oxygen vacancies in
the SC and found that the energy required to form two va-
cancies near an impurity is larger than that necessary to cre-
ate one vacancy in the first shell of neighbors of two differ-
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FIG. 5. Vacancy formation energies (a) and substitution energies

in the presence of vacancies; (b) for the different impurities, repre-

sented by their atomic number Z. Open circles: vacancy at O1; solid

circles: vacancy at O2; open squares vacancy at O3. Dotted line in

(a) is the energy necessary to generate an oxygen vacancy in pure

TiO,. Solid triangles in (b) are the substitution energies in stoichio-
metric TiO,. Solid lines are just to guide the eyes.

ent impurities. For this reason, we discard the existence of
vacancy clusters around the impurity atoms. However, in
case each impurity had already one vacancy close to it a new
vacancy would prefer to go there and not to be isolated.

Concerning the magnetic properties of the systems
TizRO,, we found that the magnetic solutions have lower
energy than the nonmagnetic ones, the magnetic moment be-
ing due mostly to polarization of the impurity atoms. Table V
shows that the presence of a vacancy close to the impurity
(in O1) increases the magnetic moment of the unit cell when
there already was magnetic moment and induces a magnetic
moment for Ni and Cu. These results support the idea that
ferromagnetism strongly depends on the oxygen deficiency,
and the different magnetic moments observed in samples
grown by different methods and/or different conditions can
thus be understood. The nonmagnetic impurity (Cu) was in-
cluded in these studies because unexpected ferromagnetism
was observed experimentally in TiO, films doped with Cu.*
It is interesting to note that covalency is larger in bonds
between Cu and its ONN, and for this reason the magnetic
moment is not so localized in this case. In view of this, it
seems now questionable to describe the new type of magne-
tism with a Heisenberg model Hamiltonian, and also to esti-
mate Curie temperatures with it.

Figure 6 shows the DOS for pure and doped rutile TiO,
with one oxygen vacancy in Ol in the 12-atom SC. The main
effect of the vacancy is to move the Fermi level towards the
conduction band, so that many of the impurity states inside
the gap are occupied and the systems become metallic.

As these calculations were performed using a small SC,
with one impurity and one vacancy in it, there is a large and
equal concentration of both. To make contact with experi-
mental results one should be able to use a larger SC and
average over different concentrations and distributions of im-

TABLE V. Magnetic moments in the muffin tin spheres of the
impurities (u”"?) and in the SC (u5¢) for the different impurities
and vacancy positions in the relaxed structures.

Vacancy at Ol  Vacancy at O2  Vacancy at O3

Mimp/luSC ,LLimp//.LSC ,LLimp//.LSC
Ti;MnO, 3.73/4.98 3.23/3.65 3.78/5.02
Ti;FeO4 3.20/4.00 2.06/2.21 2.13/2.51
Ti;Co04 0.81/1.02 0.87/0.99 0.40/0.70
Ti;NiO4 1.08/1.50 0.00/0.00 1.42/1.97
Ti;CuO, 0.56/1.01 0.55/1.01 0.57/0.99
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FIG. 6. Calculated total DOS of the oxygen-deficient (Ti3RO-)
systems. Energies are referred to the Fermi level (Ej).

purities and vacancies, which seems a formidable task. We
have performed, however, a few calculations with the 48-
atom SC and confirmed that the previous results are all quali-
tatively correct. We therefore believe that oxygen vacancies
in the adequate proportion can provide the necessary carriers
to account for ferromagnetic behavior.

VI. CONCLUSIONS

We have presented here an ab initio study of the systems
Ti;_.R,0, (R=Mn, Fe, Co, Ni, Cu) for different substitu-
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tional impurity concentrations, in the rutile structure. We
found that magnetic moments appear for Mn, Fe, and Co, but
not for Ni and Cu. They are originated on the impurity d
states, which are hybridized with p-oxygen states, and a re-
lated feature appears in the host band energy gap. The values
of these magnetic moments are almost independent of the
impurity concentration when no oxygen vacancies are con-
sidered. The magnetic ordering results antiferromagnetic for
Mn and also for Fe in some geometrical distributions but
ferromagnetic for Co. Using a simple Ising model we calcu-
lated the exchange coupling parameters J;; for first, second,
and third neighbors and their relative values for the different
impurities could be compared in the future with experimental
data.

When oxygen vacancies are introduced along with the
magnetic impurities our results show that the energetically
preferred vacancy location is that of nearest neighbor to the
impurity. Additionally, we found that the strong interaction
between oxygen vacancies and impurities increases the local
magnetic moment in the cases of Mn, Fe, and Co and in-
duces a magnetic behavior in the cases of Ni and Cu. An
important result of these calculations is that doping lowers
the formation energy of vacancies, so that doped systems
will have more vacancies than the undoped ones. These re-
sults support the hypothesis that oxygen vacancies play an
important role in the origin of magnetism in doped TiO,, and
can explain the diversity of magnetic moments observed ex-
perimentally for samples grown in different conditions.
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