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Based on first-principles electronic structure calculations we find that the bridging oxygen vacancies on

the (1 1 0) surface is more favorable and may be responsible for the unexpected ferromagnetism in

undoped rutile TiO2. Our results show that the ferromagnetism largely originates from the d orbitals of

low-charge-state Ti ions converted from Ti4þ ions induced by the surface oxygen vacancies. The

second-nearest neighbors of these ions (fivefold coordinated Ti) also contribute to the total magnetic

moments. The spins induced by the local oxygen vacancies form a ferromagnetic arrangement.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

In recent years, so-called ‘‘d0’’ magnetism has attracted lots of
attentions [1–7] because it challenges our conventional under-
standing on the origin of magnetism, i.e., the magnetism is
induced by partially filled d or f orbitals. So far, the ‘‘d0’’
magnetism has been found in two classes of semiconductor
materials. One is 2p-light-element doped oxides and nitrides such
as C- and N-doped TiO2 [6c], ZnO [6d,6e] and MgO [6f], and the
other is undoped oxides and nitrides in which the magnetism is
thought to be originated from cation vacancies [2,4,7–9]. In our
previous report [8], we have studied the electronic and magnetic
properties of oxygen- and titanium-deficient undoped bulk TiO2,
respectively, and it was found that the Ti vacancy could cause a
high-spin defect state and stable ferromagnetic coupling as in the
case of previous study on HfO2 and TiO2, but the oxygen vacancy
reduces two Ti4þ ions into Ti3þ (d1) with a spin moment of 1.0 mB,
and the two Ti3þ ions form a stable antiferromagnetic state. The
latter means that the oxygen vacancy has no contribution to the
ferromagnetism of undoped TiO2. However, experimental results
also show that ferromagnetic property of undoped TiO2 is
sensitive to the oxygen pressure in the growth process of samples
and the amount of oxygen vacancies [5,10–13], and thus it is
inferred that surface oxygen vacancies play a crucial role on the
magnetic property of undoped TiO2, which may be different from
those in bulk materials. For rutile TiO2, it is known that the (1 1 0)
surface is more stable than other surfaces, and oxygen vacancies
ll rights reserved.
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are the most common point defects on the surface [14]. Theore-
tical investigations [15–17] have revealed that the isolated VO on
rutile TiO2(1 1 0) surface could induce spin-polarized gap states
with local magnetic moments, while the magnetic coupling
between the local oxygen vacancies, i.e., coupling between two
adjacent VO, was seldom reported and necessary to be studied in
detail. Accordingly, in the present work, the magnetic ordering of
the oxygen vacancies and the mechanism of the magnetic
coupling are investigated.

A key issue is that the standard DFT calculations generally fail to
describe systems with localized (strongly correlated) d electrons.
Several developments have been made to treat these strongly
correlated systems, among which the LDAþU (or GGAþU) approach
was proposed to be a feasible method. We have introduced the on-
site effective U parameter adopted for Ti 3d electrons [18] via the
Dudarev formulation [19] implemented in VASP. The only free
parameter in this formulation is the difference between the effective
Coulomb and the effective exchange interactions U ¼U�J. The
choice of the appropriate U value for the calculations of TiO2 has
been the subject of previous theoretical studies [8,20,21]. For
calculations of the bulk TiO2, Finazzi et al. [20] compared various
DFT methods and found that the GGAþU with UE3 eV method
describes the energy gap and impurity state of this material very
well. For calculations of the TiO2 surface, Calzado et al. [21]
investigated the effect of on-site effective U parameter on the
band-gap states of the reduced rutile (1 1 0) TiO2 surface and
proposed that the LDAþU method with the optimal U of
5.570.5 eV could describe this reduced surface objectively. More-
over, in our previous work [8] we compared the LDAþU with the
GGAþU calculations and found that this two methods yield similar
results on the magnetic properties of the bulk oxygen-deficient TiO2.
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Nevertheless, in view of the fact that the system presently studied is
the TiO2 (1 1 0) surface (not the bulk), we employed the LDAþU

method proposed in Ref. [21] to study the electronic and magnetic
properties of this surface, and the GGAþU calculations was also
carried out as a comparison [22].
2. Computational details

Our first-principles LDAþU (U ¼U�J¼ 5:8 eV) [19–21] calcu-
lations were carried out by the Vienna ab initio simulation
package [23] (note that the reliability of U¼5.8 eV for LDAþU

calculations on rutile (1 1 0) TiO2 surface has been demonstrated
explicitly by Calzado et al. Ref. [21].) and the GGAþU calculations
was also carried out as a comparison [22]. The projector aug-
mented plane-wave method [23], the plane-wave cutoff energy
500 eV and a Gamma centered 2�2�1 k-point set were used
[15,24]. The geometry relaxation cycles were terminated when all
atomic force components were smaller than 0.01 eV/Å.

We modeled the TiO2(1 1 0) surface by a 192-atom (4�2) [15]
reconstruction surface cell consisting of four TiO2 trilayers [15,25]
(12 atomic layers, see Fig. 1(a)). The thickness of vacuum layer
above the slab was 15 Å, and the vacuum spacing, corresponding
to the width of about 5 trilayers, is found to be well converged.
The atoms in the bottom trilayer were fixed at the optimized bulk
positions and the other three trilayers were fully relaxed during
the geometry optimizations.
Fig. 2. Formation energies of an isolated oxygen(titanium) vacancy on the (1 1 0)

surface. O0v, O6v, Tibv, and Tifv represent the vacancy generated by removing one

of the atoms labeled in Fig. 1(b), respectively, and O(Ti)bulkv represents the

isolated vacancy in the bulk. The titanium chemical potential corresponding with

the oxygen chemical potential can be obtained from Eq. (2).
3. Results and discussions

3.1. Relative stability

One bridging oxygen atom at the 1 position (see Fig. 1) is
removed from the perfect TiO2(1 1 0) surface to model the
oxygen-deficient surface, which corresponds to a concentration
of 12.5% of the bridging oxygen defect on the surface. It is
sufficient to mimic the experimental value of the defect density
(5–10%, see Refs. [26, 27]) and nicely corresponds to previous
theoretical work [15]. Furthermore, this model has been shown to
minimize the well-known energy oscillations as a function of the
number of layers (even–odd) [25], and has been proved to
consistent very well with the recent (LEED-IV) [28,29] experi-
ment. To evaluate the relative stability of oxygen vacancy (VO)
and titanium vacancy (VTi) in the (1 1 0) surface of rutile TiO2, we
Fig. 1. (a) A Side view, (b) A 451 top view of the 192-atom 4�2 surface cell representin

of rutile TiO2. In (b), only the top three atomic layers are shown. The labels are used

represent Ti and O atoms, respectively. (For interpretation of the references to color in
calculated their formation energies according to the following
formula:

Ef ¼ Edef�Epureþmx, ð1Þ

where Edef (Epure) is the total energy of the rutile TiO2 with
(without) defects and mx is the chemical potential of O (mO) or
Ti (mTi) which reflects the elemental partial pressure of each element
determined by the equilibrium growth conditions. Under extreme
O-rich conditions, the oxygen chemical potential is assumed to be in
equilibrium with O2 molecule, and then the titanium chemical
potential are obtained from the thermodynamic stability condition
for their oxides

mTiþ2mO ¼ mTiO2
, ð2Þ

where mTiO2
is the chemical potential of rutile TiO2. Under extreme

O-poor conditions, the titanium chemical potential is given by
the energy of bulk metallic titanium, and likewise, the oxygen
chemical potential is calculated from the stability condition of
Eq. (2). Under moderate growth conditions, the oxygen and titanium
chemical potential are constrained by Eq. (2).
g the slab of four TiO2 trilayers (12 atomic layers) used to mimic the (1 1 0) surface

to represent the relevant atoms. The larger sky blue and the smaller red spheres

this figure legend, the reader is referred to the web version of this article.)
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The formation energies of various vacancies on surface and in
bulk calculated as a function of the mO are shown in Fig. 2, from
which we could obtain the following conclusions:
(1)
Fig.
trila

plott

TiO2

Ferm
The oxygen vacancy at the bridging site on the surface is
energetically more favorable to form than in the bulk because
of the lower formation energy, which is in agreement with the
results of Ref. [30].
(2)
 The formation energy of titanium vacancy on the surface is
also smaller than that in the bulk TiO2, probably due to the
decreased coordination of Tif and the outward moving of Tib

on the surface.

(3)
 For surface VO and VTi, the formation energy of oxygen

vacancy on the surface at 0 and 6 sites (see Fig. 1(b)) is
always lower than that of Ti vacancy at b and f sites on the
surface under both O-rich and O-poor conditions, and similar
trend is also found for VO and VTi of bulk TiO2. Therefore, the
probability for VO should be greater than that for VTi on the
surface layer.
3.2. Electronic properties and magnetic coupling

The total densities of states (TDOS) of the pure and oxygen-
deficient TiO2(1 1 0) surface are shown in Fig. 3. The projected
densities of states (PDOS) of the two top trilayers and the bottom
trilayers of the perfect surface are also presented in Fig. 3(a). For
the pure (1 1 0) TiO2 surface, the calculated bandgap is about
1.8 eV, 0.7 eV smaller than that of the bulk rutile TiO2 we
calculated, mainly resulting from the surface states of the bottom
trilayer, and interestingly, the energy gap of the first and second
trilayers remains 2.5 eV, as shown in Fig. 3(a). The O 2p and Ti 3d

states of the bottom trilayer are located at �0.5 to 0 eV and
3. (a) TDOS (solid line), PDOS (short dotted line) of the top two trilayers (the trila

yer (the trilayer bounded in the dashed braces in Fig. 1(a)) of the perfect rutile TiO

ed. (b), (c) TDOS (solid line), PDOS (short dashed line) of 3d states of Ti around

(1 1 0) surface (b), (0, 1) configuration (c). The inset of (b) indicates the spin densit

i level.
1.8 to 2.0 eV, respectively, constituting the surface states. This
probably originates from the fixed character of the bottom
trilayer during relaxation (see Section 2), namely, since the
bottom trilayer is fixed, the dangling bonds of the bridging O
could not release their energy, leading to the up-shift of O 2p

orbitals, and the increased charge transfer from the bridging O
atoms to their nearby Ti atoms leads to the down-shift of the Ti 3d

states. For the (1 1 0) surface with one isolated VO, Fig. 3(b) shows
that the spin-up defect states located at about 0.7 eV below the
conduction band are introduced with the corresponding spin-
down states lying in the conduction band, while the energy states
of the perfect (1 1 0) surface are spin unpolarized (Fig. 3(a)). This
is consistent with the previous experimental [31] and theoretical
[15–17] reports. The partial density of states (PDOS) of 3d states
of Ti ions around the VO is plotted in Fig. 3(b) and the inset
indicates that the band-gap states, largely composed of Ti 3d

orbitals, are centered in Ti(b), (c), and Ti(g), (h). (Hereafter, Ti (a)

stands for the Ti atom labeled ‘‘a’’ and O(0) stands for the O atom
labeled ‘‘0’’ and so on.) Moreover, these magnetic moments
induced by the isolated VO form a paramagnetic arrangement
(with very low exchange energy (9e9o5 meV)).

To study the coupling between the oxygen vacancies, two
bridging oxygen atoms at the 0 and i (i¼1–3) positions (see Fig. 1)
are removed, leading to three possible different arrangements. For
simplicity, the three arrangements are referred to as (0, i) (i¼1–3)
configurations. For each (0, i) configuration, the calculated energy
difference between the antiferromagnetic (AFM) (see Fig. 4)
and the ferromagnetic (FM) states, DEM¼EAFM�EFM, with and
without geometry relaxation, the relative stabilities, DE¼EFM(0, i)�
EFM(0, 1), of these configurations, and distances of the two O
vacancies are listed in Table 1. The results reveal that the (0, 1)
configuration is the most stable one among the three configurations.
yers bounded in the solid braces in Fig. 1(a)) and PDOS (filled area) of the bottom

2(1 1 0) surface. Since the system is spin unpolarized, only the spin-up states are

VO and PDOS (short dotted line) of O 2p states of the isolated-VO-deficient rutile

ies localized on Ti(b), (c), (g), (h) (a 451 top view). The vertical dashed line denotes the



Fig. 4. Calculated spin densities on the Ti and O atoms for (0, 1) (a), (0, 2) (b),

configurations (only the top three atomic layers are shown). The AFM geometry

used in the calculation of the AFM magnetic energy is set as follows: 1. for (0, 1)

configuration, two AFM geometries are considered: AFM_1: (bcgh)m (aef)k;

AFM_2: (acefgh)m bk. 2. for (0, 2) configuration, one AFM geometry are con-

sidered: (cdij)m (abef)k. The symbols of ‘‘m’’ and ‘‘k’’ represent the ‘‘spin-up’’ and

‘‘spin-down’’ sites, respectively. For (0, 1) configuration, the energy of AFM_1 was

found to be smaller than that of AFM_2 and was used in the calculation in Table 1.

Table 1

Values of the relative stability, DE¼EFM(0, i)�EFM(0, 1), the magnetic energy

difference, DEM¼EAFM�EFM, and the distance VO–VO between the O-vacancy sites

(in the unrelaxed surface structure) of two O-vacancies on the (1 1 0) surface of

rutile TiO2 at LDAþU levels.

(0, i) DE (meV) DEM (meV) Coupling VO–VO (Å)

(0, 1) 0 145 (2 0 4)a [83 (1 2 3)]b FM 2.963

(0, 2) 289 120 (1 2 4) FM 5.926

(0, 3) 255 0.05(88) (FM) 6.619

a The numbers in the parentheses are the values calculated from the

unrelaxed surface structures derived from the bulk structure.
b The numbers in the square brackets are the values calculated by using

standard DFT method.
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Interestingly, for (0, 1) and (0, 2) configurations, the FM states are
always more stable than the AFM states independent of the
geometry relaxation, while the (0, 3) configuration becomes
paramagnetic after the relaxation because of the too large distance
between the two VO. By taking all the three configurations into
account, the oxygen-deficient TiO2(1 1 0) surface should show a
ferromagnetic property. To check the persistence of magnetic
coupling in the system, we repeated the calculations using standard
DFT method, and the calculated results clearly indicate that the
ferromagnetic coupling between two VO is energetically more
favorable than the antiferromagnetic coupling, which indicates the
coupling properties in this system is independent of the calculation
methods (LDAþU or LDA). Therefore, we can conclude that the
ferromagnetic coupling between the two VO is intrinsic, which is in
good agreement with the experimentally observed ferromagnetic-
like behavior in oxygen-deficient TiO2 systems [5,15–17,23].

The origin of ferromagnetism in Diluted Magnetic Semicon-
ductors (DMS) has been widely discussed over the past years
[32–37], and strongly depends on whether the system is metallic
or insulating. If the system is metallic, the itinerant ferromagnet-
ism is expected for the small concentration of carrier in the
conduction band [38,39], which has similar origin to the double
exchange interactions. However, if the system is insulating, the
magnetic interactions are driven by the superexchange mechan-
ism, and can be either ferro- or antiferromagnetic, depending on
the orbital configuration. To explain the ferromagnetism of the
TiO2(1 1 0) surface with two local VO, we show the TDOS and
PDOS of (0, 1) configuration in Fig. 3(c). Different from the DOS of
isolated VO (Fig. 3(b)), the impurity band is broadened and the
Fermi level is within the impurity band, resulting in a local half-
metallic character. For the (0, 2) configuration, similar results are
obtained. On the other hand, the double exchange mechanism
requires the presence of magnetic ions with different electron
occupancies. Simply speaking, the isolated VO creates two Ti3þ

(d1) ions, so there cannot be a double exchange mechanism.
Interestingly, conditions are different for (0, 1) configuration. The
two adjacent VO’s introduce two dangling bonds on Ti(b) and one
dangling bond on Ti(a) and Ti(c), respectively (Fig. 4(a)). In
principle, this makes Ti(b) a Ti2þ ion and Ti(a), (c) Ti3þ ions, and
the double exchange coupling could occur between these ions
with different electron occupancies. Moreover, the different maps
of spin densities of the ions (Ti(a), (c) and Ti(b) in (0, 1) configura-
tion, Ti(f), (e) and Ti(g), (h) in (0, 2) configuration) also indicate that
their electron occupancies are different (Fig. 4). On the basis of
the present analysis, the double exchange should be the dominant
coupling mechanism for the ferromagnetism in this system.
4. Conclusion

In summary, our investigations indicate that the bridging
oxygen vacancy of (1 1 0) surface, which forms easily under low
oxygen partial pressure growth condition, introduces spin polar-
ized localized states located at 0.7 eV below the conduction band
edge and generates a magnetic moment of 2.0 mB. The double
exchange interaction gives rise to a ferromagnetic coupling
between the spins induced by the local VO.
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