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Understanding ferromagnetism in Co-doped TiO, anatase from first principles
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We present a first-principles computational study of the nature and origin of ferromagnetism in Co-doped
TiO,. We calculate the magnetic ordering and electronic properties as a function of the concentration and
distribution of Co dopants and oxygen vacancies. We find that Co atoms prefer to substitute on neighboring
sites of the Ti lattice, and show, using the well-established Goodenough-Kanamori-Anderson rules, that this
leads to a ferromagnetic superexchange. We propose other semiconductor hosts in which the superexchange
mechanism should lead to ferromagnetic coupling between the magnetic moments of neighboring transition

metal dopants.
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I. INTRODUCTION

In the rapidly growing research field known as “spintron-
ics” there is nowadays considerable interest in the design of
dilute magnetic semiconductors, with a particular focus on
the exploration of different semiconductor hosts. Among
these, Co-doped TiO, has attracted much attention. In par-
ticular, the first report of robust, room-temperature ferromag-
netism by Matsumoto et al.,' generated tremendous interest
in its potential as a dilute magnetic semiconductor (DMS) for
device applications. Subsequent experimental studies have
yielded ferromagnetic Curie temperatures (T(’s) up to
~650 K. However, a large spread of T,’s and magnetiza-
tions continue to be reported, depending on the preparation
conditions, the resulting oxygen content of the samples and
the distribution and concentration of Co (for a review see
Ref. 2). A consensus on the origin of the experimentally
observed ferromagnetic coupling has not yet been reached.

In this work we perform a detailed computational study of
Co-doped TiO,, with the goal of identifying the origin of
ferromagnetism, and determining the effects of various ma-
terial parameters on the magnetic behavior. Specifically, we
calculate the magnetic ordering and electronic properties, as
a function of Co concentration, and distribution, and oxygen
vacancy concentration and distribution. The advantage of
such a computational study is that these different influences,
which occur simultaneously in an experimental sample, can
be studied independently.

The main result of our work is that, when Ti ions are
substituted by Co ions in anatase TiO,, the lowest energy
magnetic configuration is indeed the ferromagnetic one.
Therefore it is plausible that, at least in some cases, the ex-
perimental reports of ferromagnetism result from true substi-
tutional DMS behavior, rather than from Co precipitates.
Furthermore, we can provide an explanation for the origin of
this ferromagnetism in terms of a combination of kinetic
energy lowering in half-metallic samples and ferromagnetic
superexchange in insulating samples or regions.

II. COMPUTATIONAL METHOD

We performed ab initio total-energy and electronic-
structure calculations using the ABINIT density functional
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theory code® within the local spin density approximation*
(LSDA). The LSDA is a widely used approximation for the
exchange-correlation functional in density functional theory
(DFT),> which is very successful in predicting many material
properties. However, it also has some well-known shortcom-
ings: Energies of excited states, and in particular band gaps
in semiconductors, are systematically underestimated, bind-
ing is overestimated so that bond lengths are too small and
bandwidths are too broad, and in magnetic systems the
LSDA often predicts a metallic, low-spin state of magnetic
ions, for systems which are experimentally insulating and
high-spin. Therefore, in addition to our LSDA calculations,
we cross-check our results using a successful “beyond-
LSDA” method; the pseudopotential self-interaction cor-
rected (pseudo-SIC) method developed by Filippetti et al.® In
this approach, the spurious interaction of the electron with its
own Coulomb and exchange-correlation potential, which is
present within the LSDA, is subtracted within a pseudopo-
tential framework yielding results for magnetic systems that
are in better agreement with experiment than those of the
LSDA.% The pseudo-SIC gives similar results to the more
widely used LDA+ U method,” but without the difficulty of
selecting a value for U.

A. Technical details

Both the ABINIT and pseudo-SIC codes are plane-wave
pseudopotential implementations, in which the wave func-
tions are expanded in a basis of plane waves, and the valence
electron-ion interaction is represented by a pseudopotential.
For our ABINIT LSDA (pseudo-SIC) calculations we used
Teter type extended norm-conserving (Vanderbilt type ultra-
soft)  pseudopotentials, with valence configurations
35%,3p%,452,3d> for Ti, 3s2,3p%,4s%,3d" for Co, and
25%,2p* for O.

In both cases we perform scalar relativistic calculations,
i.e., in the following the term “magnetic moment” does not
denote a vector quantity, but simply a local inequality in the
filling of up-spin and down-spin electronic states. Thus it is
not possible to make any statements about the orientation of
the magnetization or about effects of spin-orbit coupling.

As a result of the highly localized Co d states, the total
energy calculations for Co-doped TiO, are unusually techni-
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cally demanding. First, they are difficult to converge, and
second, poorly converged calculations often give qualita-
tively incorrect results. For example, a calculation in which
the k-point sampling or the plane wave energy cutoff is too
small, can predict the wrong magnetic ground state. There-
fore, here we describe the convergence behavior in some
detail. We hope that this section will shed some light on the
unusually large inconsistencies among some computational
results in the literature.

To check the convergence of the energy difference be-
tween ferromagnetic and antiferromagnetic alignment of the
moments, Ejpy_py=Ery—Ery, we used a 12-atom unit
cell with the experimental lattice parameters of TiO, anatase,
and two of the four Ti atoms substituted by Co. In Fig. 1 we
show the calculated LSDA energy difference as a function of
the following three parameters.

(a) The density of the k-point mesh, represented in the
figure by the length of the smallest real space unit vector of
the Fourier transformed k-point mesh [labeled kptrlen
(bohr)].

(b) The cut off energy of the plane-wave basis set (in
Ha).

(c) The temperature factor which broadens the occu-
pation numbers in the metallic cases, labeled gy, (Ha) in
the figure. Each energy level is broadened by a factor e v
where x is the energy divided by 7 car-

It can be seen that at high smearing factors magnetic ef-
fects are more or less “smeared out,” independent of the
density of the k-point mesh. For 7,.,,=0.02 Ha the energy
difference for the highest cutoffs is only around
2.5%X 107 Ha (=6.8 meV =80 K). With decreasing
tamear EArv—ry Decomes larger, and sufficient convergence is
reached at 7., < 0.005 Ha, for kptrlen =35 bohr (for the 12
atom unit cell this corresponds to a 6 X 6 X3 k-point mesh)
and E_,=50 Ha. The LSDA results which are presented in
the following were obtained using the latter set of conver-
gence parameters. (In the pseudo-SIC calculations the energy
cut-off could be reduced to 20 Ha, due to the use of ultrasoft
pseudopotentials.)

We point out, also, that accurate geometry optimization
around the substituted ions is essential to obtain meaningful

45 50

results. We relaxed the atomic positions until the remaining
forces were smaller than 10~* Ha/bohr.

III. RESULTS
A. LSDA

We started with a 12-atom TiO, unit cell, optimized the
cell parameters and relaxed the internal coordinates. The cell
parameters were calculated to be ay=3.79 A, and c/a=2.51,
with the internal displacement parameter u=0.208. These
structural parameters are in excellent agreement with experi-
mental data (see, e.g., Ref. 8). The total density of states is
shown in Fig. 2. We see that the band gap, separating the
largely oxygen 2p valence band from the largely Ti 3d con-
duction band, is =2.2 eV in the LSDA, consistent with the
results of earlier computational studies employing both the
LSDA (Ref. 9) and generalize gradient approximation
(GGA).'" The result also shows the typical underestimation
of the gap compared to the experimental value of 3.2 eV
(see, e.g., Ref. 11).

Next, we studied the electronic properties in the dilute
limit, by constructing a 48-atom 2X2 X1 supercell of the
conventional TiO, anatase unit cell (Fig. 3) and substituting
one Ti atom by Co. This yields a dopant concentration of
6.25 at. %.
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FIG. 2. (Color online) Total density of states for pure TiO,
anatase. The band gap of the pure crystal is =2.2 eV in the LDA.
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FIG. 3. (Color online) 2 X2 X 1 anatase supercell. The conven-
tional body-centered-tetragonal unit cell which contains four for-
mula units is indicated by straight lines

Keeping the volume fixed at the calculated equilibrium
volume for the pure cell, we relaxed all internal atomic co-
ordinates. Around the Co atom the internal displacement pa-
rameter u is reduced to 0.193 (from 0.208), i.e., the oxygen
atoms relax towards Co. Using these atomic positions, we
then calculated the electronic properties; the density of states
is shown in Fig. 4(a). The pure TiO, band gap of 2.2 eV can
still be identified, with Co impurity states lying well isolated
in the gap. The magnetic moment of the supercell is 1up,
suggesting that Co adopts a low-spin, (1],)3(13,)? state; this
can also be seen clearly in the density of states plot and is in
agreement with the results of previous works (Refs. 9, 10,
12, and 13).

The simple molecular orbital diagram for a Co(O)4 octa-
hedral cluster [Fig. 4(b)] is helpful in interpreting the calcu-
lated density of states. The irreducible representations of the
3d, 4s, and 4p states of the transition metal (5, €,, ajg,
and t,,) interact with the corresponding oxygen 2p
(14> tg» toy» and 1) and 2s (ay 4, e, and 1,,) irreducible rep-
resentations, to form the bonding and antibonding molecular
orbitals shown in the central panel (spin splittings are ne-
glected in the diagram). Electron counting then reveals that
the up-spin Co-derived antibonding t;g states are fully occu-
pied, and that the Fermi energy lies within the down-spin 7,,
manifold. In Fig. 4(c) the molecular orbital diagram is
aligned with the LSDA DOS to highlight the comparison.

For comparison the density of states (DOS) for the “test
cell” used for the convergence tests (also with fully relaxed
internal parameters) is shown in Fig. 5. Due to the high
concentration of Co (25 at. %) the original TiO, gap is now
filled with impurity states. However, we clearly see a spin
splitting, leading to a half-metallic DOS, even if the gap in
the majority states is very small. The magnetic moment per
Co atom in this case is again 1 bohr magneton, correspond-
ing to the low-spin state of Co. Thus we can conclude that
the spin-state of Co is independent of the Co concentration
up to very high concentrations. This is in agreement with the
earlier findings of Errico et al.'*'* for Co in rutile-structure
TiO,.
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FIG. 4. (Color online) (a) Total density of states for pure TiO,
anatase (shaded plot; color online) and Cog yg25Ti( 93750,. The band
gap of the pure crystal does not change significantly upon doping.
(b) Molecular orbital scheme for a three-dimensional (3D)-metal
atom in an octahedral oxygen complex. (¢) Comparison of (a) and
(b) shows that in Cog ggr5Ti( 93750, the Fermi level lies in the anti-
bonding Co 1,, states.
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FIG. 5. Total density of states for Cog,5Tig7505.

Introducing a vacancy in the oxygen octahedron sur-
rounding the Co atom (and relaxing the atomic positions)
does not change the total magnetic moment of the supercell
either. We can see from Fig. 6(a) that the main effect of the
oxygen vacancy is the lifting of the octahedral symmetry on
the Co site and therefore a splitting of the Co d peaks in the
band gap. However, the relative occupation of spin-up and
spin-down states, and thus the magnetic moment remains the
same. Figure 6(b) shows the DOS for the same system, but
with the oxygen vacancy shifted by one lattice vector a. In
contrast, in this case the oxygen octahedron around Co is left
intact (apart from slight changes due to relaxations of the
atomic positions in the whole supercell) and the DOS re-
sembles that of the vacancy-free Co 51193750, cell.
However, the Co f, states are almost filled now, and the
magnetic moment is reduced to 0.13uz/Co. The first case, in
which the two defects are close to each other, is the more
favorable one, a trend which fits with the observations of
Jaffe et al.'> Their results also show that although the mag-
nitude of the local moments does not increase in the presence
of oxygen vacancies, the spin-spin interaction is enhanced.

Next, we substituted a second Co atom in the 48-atom
supercell, giving a Co concentration of 12.5 at. %

—
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FIG. 6. (Color online) Total density of states of Co-doped
TiO,_s. (a) CoTi;505,J with the oxygen vacancy next to the Co
atom. (b) CoTi;503;[J with the oxygen vacancy shifted by one
lattice vector a.
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FIG. 7. (Color online) Co-doped TiO, anatase cells with 12.5
at. % Co.

(Coy 125Tip g7502), and allowing us to evaluate the relative
energies of ferro- and antiferromagnetically ordered states.
We varied the positions of the Co atoms, to investigate the
tendency of Co to cluster and to test the dependency of the
magnetic coupling on interatomic distance, bond angles, and
coordination. Our choice of unit cell allows five different
relative Co-Co positions, as shown in Fig. 7. Again, the in-
ternal coordinates were relaxed for each arrangement, while
the volume of the supercell was kept fixed.
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FIG. 8. (Color online) Left axis; Total energy of the different
Coy 125Ti g750, supercells shown in Fig. 7 relative to the nearest-
neighbor configuration (squares), plotted versus the Co-Co distance.
Right axis; Energy difference between antiferromagnetic and ferro-
magnetic alignment of the Co magnetic moments, normalized by
the number of interacting Co-Co pairs (circles). The temperature
equivalent (AE=~kzT) of this energy difference is also given, and
the dashed line indicates room temperature.
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FIG. 9. (Color online) Density of states for the 48-atom super-
cell of Co doped TiO, (12.5 at. % Co). In this case the Co atoms
occupy nearest-neighbor positions on the Ti lattice. The electronic
structure, shown for the case of parallel alignment of the Co mag-
netic moments, is insulating. The shaded plot represents the total
DOS of the pure TiO, cell.

We obtain four main results, which are relevant to our
later discussion of the mechanism for ferromagnetism.

(i) For all arrangements, the ferromagnetic (FM) arrange-
ment is lower in energy than the antiferromagnetic (AFM),
with the energy difference E4py_pp largest (=106 meV per
Co pair) for nearest-neighbor Co ions, then dropping off
quickly with Co-Co separation.

(ii) The total energy of the supercell is lowest for the
smallest Co-Co distance, i.e., for the Co atoms occupying
nearest-neighbor positions on the metal sublattice. The en-
ergy then increases continuously with increasing distance, as
shown in Fig. 8. This is consistent with earlier
computations'®!> and with the experimental tendency of Co
ions to cluster together in practical samples.'®!7

LDA
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(iii) For all arrangements of the Co ions, we obtain a
magnetic moment per Co atom of 1ug, as in the case of 6.25
at. % Co. This indicates again a low-spin configuration for
the Co ions, independent of the Co concentrations, as ob-
served by Errico et al. for Co-doped rutile.!>1*

(iv) The electronic structure of the nearest-neighbor con-
figuration is insulating, as illustrated by the density of states
shown in Fig. 9. For more distant Co pairs, the material is
half-metallic within the LSDA, as found in earlier calcula-
tions (using the LDA as well as the GGA, e.g., Refs. 9, 10,
and 18). Interestingly, Errico et al., who investigated rutile
doped with different concentrations of Co found an insulat-
ing electronic structure for all cases considered within both
the LDA and the GGA approximations.'>!#

B. Pseudo-SIC

Finally, we test the validity of the conclusions reached
above from the LSDA calculations, by repeating selected cal-
culations using the pseudo-SIC method. In particular, we
check, for the 12 atom supercell with one Co atom (25 at. %
doping), whether the low-spin state of Co persists within the
pseudo-SIC (a high-spin state becomes more probable within
beyond LDA methods), and whether the half-metallicity is
lifted.

First, to compare structural predictions of the LDA and
pseudo-SIC methods we calculated energy-volume curves
for the pure TiO, supercell at fixed c/a ratio. The equilib-
rium volumes and bulk moduli thus obtained differ by less
than 1%. Therefore, we use our relaxed LDA structures for
the pseudo-SIC calculations which follow. Figure 10 shows
our calculated band structures of pure TiO, anatase, within
the LDA (left) and the pseudo-SIC (right) approximations.
Although the two band structures are qualitatively very simi-
lar, we see that the pseudo-SIC energy gap (3.1 eV) is satis-
fyingly close to the experimental gap of 3.2 eV, whereas, as
noted earlier, the LSDA gap shows the characteristic under-
estimation. The accurate band gap obtained by the pseudo-
SIC ensures the correct placement of the impurity bands rela-
tive to the host band edges.

pseudo-SIC

e
[*0001gqgps2itieste

E -E, [eV]

§ FIG. 10. (Color online) Band
structure of pure TiO, anatase,
within the LDA (left) and the
pseudo-SIC (right).
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FIG. 11. (Color online) Density of states, calculated with appli-
cation of the pseudo-SIC, site projected on the different atoms of
the supercell and subsequently summed up for the different ele-
ments. Dark solid plot, Co; shaded plot, O, respectively, Ti.

When one Co ion is included in the 12-atom supercell
(CoTiz054), the magnetic moment obtained within pseudo-
SIC is 1 bohr magneton, as in the LSDA case. Therefore the
lowspin state of Co persists within pseudo-SIC, and is indeed
likely to be the true experimental configuration. In Fig. 11
we show the pseudo-SIC site-projected densities of states. It
is clear that correcting the self-interaction results in a strong
energy lowering of the occupied Co d states, which shift
down into the valence band and become strongly hybridized
with the oxygen p states. The pseudo-SIC system is close to
insulating; A band structure calculation (not shown) reveals a
single, highly dispersive, oxygen-derived band crossing the
Fermi energy. In contrast, the LSDA system is strongly half-
metallic. Such a gap opening is characteristic of beyond-
LDA calculations for strongly correlated systems, and rein-
forces our conclusion that the electronic structure of the
12.5% doped material with nearest-neighbor Co ions is insu-
lating. On the other hand, the half-metallicity predicted by
the LSDA for other Co configurations will certainly be weak-
ened in practice.

IV. DISCUSSION; ORIGIN OF FERROMAGNETISM

The origin of ferromagnetism in diluted magnetic semi-
conductors is often discussed in terms of a competition be-
tween short-ranged antiferromagnetic superexchange interac-
tions, and long-ranged carrier-mediated mechanisms which
promote ferromagnetic order.!” Indeed in conventional,
tetrahedrally-bonded semiconductors, such as GaAs or ZnO,
this description is almost certainly appropriate. There are
many situations, however, in which the superexchange
mechanism can lead to ferromagnetic coupling between
neighboring transition metal dopants.

Here we revisit the well-established Goodenough-
Kanamori-Anderson (GKA) rules?*2? to show that, in Co-
doped TiO, anatase, the superexchange mechanism indeed
leads to ferromagnetic coupling between the magnetic mo-
ments of neighboring transition metal dopants. The sign and

PHYSICAL REVIEW B 73, 035201 (2006)
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FIG. 12. (Color online) (a) 90° superexchange between identical
transition metal cations. If the cation d orbitals are occupied (i),
they interact with their neighboring anion p orbitals via covalent
bond formation with the p electrons of opposite spin to their own. If
the d orbitals are empty (ii), they accept electron density from their
neighboring anion ligands; the anion electron’s spin is parallel to
that of the cation by Hund’s first rule. In both cases, the non-bond-
forming p electrons couple ferromagnetically to each other via di-
rect exchange leading in both cases to ferromagnetic coupling be-
tween the metal ions. (b) Lowest energy configuration for 12.5
at. % Co in anatase TiO,.

magnitude of the anion-mediated superexchange interaction
between neighboring magnetic ions in transition metal salts
is determined by the metal-anion-metal bond angle, the sym-
metry of the crystal field, and the d electron configuration of
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the transition metal. Although accurate electronic structure
calculations such as those described above are required to
calculate the magnitude of the interaction, its sign can be
predicted reliably using the simple GKA rules. Within this
framework, the exchange interaction is regarded as being
composed of two terms; kinetic exchange between the non-
orthogonal orbitals of the participating atoms, the sign of
which depends on the filling of the transition metal d-states,
and potential exchange between orthogonal orbitals on the
same atom, which is always ferromagnetic.

Figure 12(a) depicts the situation for a 90° metal-anion-
metal bond; in all cases the superexchange between two like
(i.e., same element and same oxidation state) transition metal
ions is ferromagnetic. This is in sharp contrast to the antifer-
romagnetic superexchange obtained for 180° metal-anion-
metal bonds between like ions. Therefore, in Co-doped TiO,,
the local superexchange interaction between Co ions in their
preferred structural configuration is ferromagnetic. As a con-
sequence, the local magnetic interactions do not compete
with the long-range carrier-mediated interactions in this ma-
terial, since both are ferromagnetic. These observations are
consistent with the robust, experimentally measured ferro-
magnetism in both insulating and conducting samples of Co-
doped TiO,. Note that for spacings other than nearest-
neighbor, the superexchange, although weak, is likely to
revert to AFM, and will again be in competition with carrier-
mediated FM exchange. More examples would be needed to

PHYSICAL REVIEW B 73, 035201 (2006)

make a quantitative analysis of the different contributions.

Based on our analysis, we encourage the experimental
exploration of semiconductor hosts containing 90° metal-
anion-metal bonds as promising candidates for robust, high
temperature ferromagnets. Although this geometry require-
ment excludes the conventional zincblende- and wurtzite-
structure semiconductors, suitable hosts include spinel-type
oxides (AB,0,) in which the B sites have only 90° interac-
tions, as well as perovskites (such as BaTiO;), and materials
with the sodium chloride, anatase, and rutile structures (such
as MgO, TiO, and SnO,, respectively).

V. SUMMARY

In summary, our electronic structure computations indi-
cate that the lowest energy arrangement for substitutional Co
in anatase TiO, occurs when the Co ions occupy neighboring
Ti sites. The Co ions adopt low-spin electron configurations
and order ferromagnetically. These results are robust to the
choice of exchange-correlation functional used in the calcu-
lation. The clustering of the Co-dopants is energetically fa-
vorable because the energy of substitutional Co in TiO, ana-
tase is rather high,° the ferromagnetic configuration is
favored by the 90°superexchange interactions and/or half-
metallicity.
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