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Abstract
We study the electronic structures and magnetic properties of the anatase TiO2 doped with 3d
transition metals (V, Cr, Mn, Fe, Co, Ni), using first-principles total energy calculations based
on density functional theory (DFT). Using a molecular-orbital bonding model, the electronic
structures of the doped anatase TiO2 are well understood. A band coupling model based on d–d
level repulsions between the dopant ions is proposed to understand the chemical trend of the
magnetic ordering. Ferromagnetism is found to be stabilized in the V-, Cr-, and Co-doped
samples if there are no other carrier native defects or dopants. The ferromagnetism in the
Cr- and Co-doped samples may be weakened by the donor defects. In the Mn-, and Fe-doped
samples, the ferromagnetism can be enhanced by the acceptor and donor defects, respectively.

1. Introduction

Practical application of spintronics requires room-temperature
ferromagnetism (FM) in semiconductors [1]. Following the
theoretical prediction that ZnO would become ferromagnetic
with high transition temperature (TC) by doping with 3d
transition elements [2], intensive experimental and theoretical
work has been done on dilute magnetic oxides including
TiO2 [3–12]. Several observations of room-temperature FM
in Co- [3], Cr- [4] and V-doped [5] anatase TiO2 have been
reported. Meanwhile, a large number of theoretical studies
have been done on the 3d transition metal (TM)-doped anatase
TiO2 (TiO2:TM) [8–12]. In particular, TiO2:Co has attracted
much attention [8–10]. However, controversies still exist
concerning the origin of the FM in these materials. Does the
FM result from short-ranged superexchange interaction [8, 10],
or a long-ranged carrier-mediated mechanism [13] or a double
exchange like mechanism [8]? How do carriers introduced
by the native defects and other impurities affect the magnetic
properties [4, 6]? In order to elucidate the above questions, we
systematically perform a series of calculations on V-, Cr-, Mn-,
Fe-, Co- and Ni-doped anatase TiO2.

On the other hand, the magnetic properties in GaAs:Mn
and CdTe:Mn seem to be well understood. A band structure
1 Author to whom any correspondence should be addressed.

model, based on the p–d and d–d level repulsions between
the Mn ions and host elements, has been successfully used to
explained the magnetic ordering observed in all Mn-doped III–
IV and II–VI semiconductors [14]. In this model, the holes
play an important role in stabilizing the FM. In GaAs:Mn,
the Mn d states strongly couple with the host valence p
states, and the FM can be explained by the Zener model [15].
The FM in CdTe:Mn can be explained by double exchange,
which is related to the d–d coupling between the Mn d states.
However, there are no holes, so the antiferromagnetism (AFM)
is stabilized, instead of the FM. According to this model, the
FM in TiO2:TM results from the double exchange interaction.
In [11], the authors use a similar model, which they call the
p–d hopping interaction, to explain the FM in TiO2:Cr. For
simplicity, the Oh (or Td) local symmetry around the cation is
used instead of the actual D2d local symmetry in the anatase
TiO2. From this view, we would obtain FM in TiO2:V and
TiO2:Fe just as in the case of TiO2:Cr. However, the FM in
TiO2:Fe is claimed to be absent [7, 8], and the FM in TiO2:V is
claimed to result from the superexchange interaction [12]. In
this paper, we calculate the electronic structures of TiO2:TM.
Due to the D2d local symmetry around the dopants, the triple-
degenerate t2 state splits into a non-degenerate dxy state and a
double-degenerate dxz/dyz state. If the double-degenerate state
is not fully occupied, the FM would be stabilized, and this is
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Figure 1. The 2 × 2 × 2 supercell of the anatase TiO2. The big blue
balls represent Ti atoms and the small red balls represent O atoms.
The central six oxygen atoms represented with green balls form a
distorted octahedron, based on which the coordinates (x, y, z) are
defined.

(This figure is in colour only in the electronic version)

the origin of the FM in TiO2:Cr and TiO2:Co. In TiO2:V, the
hybridization between the non-degenerate V dxy state and the
host Ti dxy state stabilizes the FM.

The rest of the paper is organized as follows. Section 2
briefly describes our calculation method. In section 3, first
the chemical trend of the magnetic state stability is shown;
second the electronic structure of the anatase TiO2 without a
dopant is presented; third the electronic structures of the V-,
Cr-, Mn-, Fe-, Co- and Ni-doped anatase TiO2 are discussed;
finally a band coupling model is proposed to understand the
chemical trend and the effects of the additional carrier defects
or impurities. A brief summary of this paper is given in
section 4.

2. Calculation methods

The calculations are performed with the local spin density
approximation (LSDA) based on density functional theory
(DFT), as implemented in the Vienna ab initio simulation
package (VASP) [16]. The projector augmented wave method
(PAW) [17] is chosen to represent the ionic potentials. A 48-
atom 2 × 2 × 2 supercell is used in our calculations, as shown
in figure 1. For the primitive unit cell, the LDA optimized
lattice constants are tabulated in table 1; these agree very well
with the experiment [18]. The calculated band gap is 1.9 eV,

Table 1. The LDA optimized lattice constants of the anatase TiO2,
compared with the experimental results [18].

a (Å) c (Å) u

Calculated 3.768 9.458 0.208(5)
Experiment 3.782 9.502 0.208

Table 2. The calculated total energy difference per dopant between
antiferromagnetic and ferromagnetic states, �E = (EAFM − EFM)/2,
and the magnetic moment per dopant (M) of the magnetic ground
state.

Dopant �E (meV) M (μB)

V 75.5 0.79
Cr 174.5 1.85
Mn −42.5 2.50
Fe −0.5 1.69
Co 52.5 0.70
Ni 0.0 0.00

much smaller than the experiment, 3.2 eV [19], due to the well-
known LDA underestimation. To model a defected system,
the central Ti atom is replaced with a 3d TM atom (V, Cr,
Mn, Fe, Co, Ni, respectively), yielding a dopant concentration
of 6.25 at.%. To determine the magnetic ground state, the
48-atom supercells with two Ti atoms replaced are used,
corresponding to a dopant concentration of 12.5 at.%. In the
present calculations, we consider the configuration in which
the two dopants are nearest neighbors. We also consider a
uniformly distributed configuration; however, higher formation
energies are needed, and the main physics is not changed. All
the structures are relaxed until the Hellmann–Feynman force is
less than 0.05 eV Å

−1
, with the lattice constants fixed as the

optimized ones. In all the total energy calculations, the cutoff
energy of the plane-wave basis set is 400 eV, and a 6 × 6 × 6
Monkhorst–Pack k-grid [20] is used to sample the Brillouin
zone of the supercell. The convergence of the total energy
with respect to the cutoff and k-mesh is checked to be within
0.001 eV.

3. Results and discussion

3.1. Chemical trend of the magnetic state stability

In table 2, the calculated total energy differences per dopant
between the antiferromagnetic and ferromagnetic states,
�E = (EAFM − EFM)/2, are listed for the V-, Cr-, Mn-, Fe-,
Co- and Ni-doped anatase TiO2. The total energy difference
indicates the stability of the ferromagnetic state. A positive
total energy difference suggests that the ferromagnetic state is
more stable than the antiferromagnetic state. The larger it is,
the more the ferromagnetic state is stabilized. As shown in
the table, TiO2:V, TiO2:Cr and TiO2:Co are stabilized in the
ferromagnetic state with high stability, which agrees with the
experiments [3–5]. The previous calculations for TiO2:Co [9]
and TiO2:V [12] also give similar results. TiO2:Mn and
TiO2:Fe prefer the antiferromagnetic state, and TiO2:Ni shows
a paramagnetic behavior. From V to Ni, as the atomic numbers
of the dopants increase, two maxima of the total energy
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Figure 2. The molecular-orbital bonding diagram for pure anatase
TiO2: (a) atomic states, (b) crystal field split states, (c) final states.
O pσ and O pπ are the oxygen 2p states in and out of the Ti3O plane,
respectively.

differences appear when Cr and Co are doped, respectively.
Given that the TC can be estimated qualitatively from the �E ,
high-TC may be expected for TiO2:Cr and TiO2:Co if there are
no native defects or other impurities. In the rest of this section,
we will try to find out the physics behind this trend.

Table 2 also gives the magnetic moment per dopant of
the magnetic ground state. As the atomic numbers of the
dopants increase, the magnetic moment increases at first, and a
maximum appears in the TiO2:Mn, and then decreases to zero
in the paramagnetic TiO2:Ni. This trend will be explained in
section 3.3.

3.2. Electronic structure of the undoped sample

Before studying the effects of the dopants, it is necessary to
understand the electronic structure of the perfect anatase TiO2

host.
Anatase TiO2 crystallizes in a body centered tetragonal

lattice, which is composed of distorted four-edge-shared
octahedra, as shown in figure 1. The local symmetry around
the cations is D2d. According to crystal field theory, the
five-fold degenerate Ti 3d state splits to a1 (dx2−y2 ), b1 (dz2 ),
b2 (dxy ), and e (dxz/dyz) states; and the O 2p state can be
decomposed into pσ and pπ , which are in and out of the Ti3O
plane, respectively. A molecular-orbital bonding diagram is
presented in figure 2, and is confirmed by the calculated density
of states (DOS) shown in figure 3. The electronic structure
of the perfect anatase TiO2 is clearly illustrated by the two
figures: the O pσ states and the Ti 3dx2−y2 , 3dz2 states form the
bonding σ states in the low energy region of the valence band,
and the antibonding σ ∗ states in the high energy region of the
conduction band; the middle energy regions of the valence and
conduction bands are formed by the weak bonding between
the O pπ states and the Ti 3dxz , 3dyz states, as well as a
small contribution from O pσ and Ti 3dxy ; the valence band
maximum (VBM) consists of non-bonding O pπ states, and the
conduction band minimum (CBM) consists of non-bonding Ti
3dxy states.

Our results are in good agreement with previous FLAPW
calculations [21]. In this paper we especially emphasize
the D2d local symmetry, because it is very important for

-8 -6 -4 -2 0 2 4 6 8

Figure 3. Total and projected densities of states (DOS) of the anatase
TiO2. The DOS is decomposed into Ti a1 (dx2−y2 ), Ti b1 (dz2 ), Ti b2

(dxy), Ti e (dxz/dyz), O pσ (in the Ti3O plane) and O pπ (out of the
Ti3O plane) components. The top of the valance band (the vertical
solid line) is taken as the zero of energy. The vertical dotted line
indicates the conduction band minimum as a guide to the eye.

Figure 4. The calculated single particle electron energy states for the
3d TM dopants. The vertical dotted lines are used to separate the two
spin channels. The single solid line is the dxy state; the double solid
lines are the double-degenerate dxz/dyz state; the dash–dot–dash
lines are the dx2−y2 state and the dz2 state. Arrows with a tail stand
for one electron, and arrows without a tail represent partial
occupation of the states. The charge density contours of the states
labeled (α) and (β) are shown in figure 5, and those of the states
labeled (γ ), (δ), (ζ ), and (η) are shown in figure 6.

understanding the magnetic properties of the doped samples
as discussed in the followings.

3.3. Electronic structures of the doped samples

When a Ti atom is replaced with a V, Cr, Mn, Fe, Co or Ni
atom, a more negative ionic potential is introduced around the
dopant site. As the atomic numbers of the dopants increase,
the potential becomes lower and lower, and the states due to
the dopants also shift to a lower energy. The trend is shown in
figure 4, where we plot the calculated single particle electron
energy states for the six 3d TM dopants.
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Figure 5. Charge densities in the Ti-centered and V-centered x–y
and x–z (or y–z) planes for TiO2:V: (α) the spin-up dxy level due to
the V dopant; (β) the spin-up CBM level which couples with the
V 3dxy level. The labels are defined in figure 4.

Figure 6. Charge densities in the Co-centered x–y and x–z (or y–z)
planes for TiO2:Co: (γ ) the spin-down dxy level; (δ) the spin-down
double-degenerate dxz and dyz levels; (ζ ) the spin-up dx2−y2 level;
(η) the spin-up dz2 level. The labels are defined in figure 4.

To analyze the electronic structures of the doped samples,
let us return to figure 2. If we replace the Ti 3d, and Ti 4s states
with much lower Co 3d, and Co 4s states, and consider the spin
splitting, we would obtain the single particle electron energy of
the Co levels (coupling with the O p states) shown in figure 4,
from the molecular-orbital bonding model. If we replace the
Ti states with V states, similar analysis also works. However,
because the V 3d states and Ti 3d states are very close, the V
3dxy state couples with the Ti 3dxy states which build up the
host CBM, and the V 3dxy state delocalizes a bit. As a result,
in TiO2:V the V 3dxy and CBM levels are partially occupied.
In figure 5, the charge densities of the two states (labeled (α)
and (β) in figure 4) in TiO2:V are shown, in both Ti-centered
and V-centered planes. In this figure we see that charge density
of the (β) state is very localized around the Ti atoms, which
is characteristic of the host CBM as discussed in section 3.2.
Meanwhile, as shown in the right-most patterns of the figure,
there is also a considerable contribution from V dopant, which
illustrates a strong coupling between the V 3dxy and CBM
Ti 3dxy states. In figure 6, we show the charge densities of
the four states (labeled (γ ), (δ), (ζ ), and (η) in figure 4) in
TiO2:Co. The charge density contour patterns illustrate that
the four states have dxy , dxz/dyz , dx2−y2 , and dz2 characteristics,
respectively. The π bonding between the Co-dxy , Co-dxz/dyz ,
and O-pπ states, and the σ bonding between the Co-dx2−y2 ,

Figure 7. (a) The band coupling models for the Oh local symmetry
materials. (b) Two scenarios for the D2d local symmetry materials.

Co-dz2 , and the O-pσ states are also illustrated clearly. These
patterns testify to the applicability of the molecular-orbital
bonding model.

The electronic structures of the Cr-, Mn-, Fe-, Ni-doped
samples can be analyzed as that of TiO2:Co. As the atomic
numbers of the dopants increase, more states are introduced
into the band gap and under the VBM, and more states are
occupied. From V to Mn, there are one, two, and three spin-
up states occupied, corresponding to an increasing magnetic
moment per dopant. And then, from Fe to Ni, the spin-
down states begin to be occupied, and the net spin per dopant
decreases. In TiO2:Ni, the net spin is zero, leading to a
paramagnetic property. This is the origin of the trend of the
magnetic moment per dopant shown in table 2.

3.4. Band coupling model in D2d local symmetry

In figure 7(a), the band coupling model in Oh or Td local
symmetry materials is shown, which successfully explains the
magnetic ordering in ZnO:Mn and CdTe:Mn [14]. The two
triple-degenerate t2d (dxy , dxz , dyz) states couple with each
other, forming a bonding state and an antibonding state with
a splitting 2�1

dd . When a Mn atom replaces a Zn atom, the
triple-degenerate t2d state is occupied by three electrons. Then
both the bonding and antibonding states are fully occupied,
and the total energy of the system does not decrease via the
ferromagnetic ordering so the FM is not stabilized in ZnO:Mn.
The same happens for CdTe:Mn. However, if we introduce
holes in the triple-degenerate t2d state, via the ferromagnetic
ordering, the total energy will decrease by 2mh�

1
dd , where mh

is the number of holes in the triple-degenerate t2d state, and the
FM can be stabilized.

In anatase TiO2, due to the D2d local symmetry crystal
field, the triple-degenerate t2d state of the 3d dopants splits
to a non-degenerate dxy state and a double-degenerate dxz/dyz

state. The splitting resulting from the coupling between the
two double-degenerate dxz/dyz states is 2�2

dd , and the splitting
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Figure 8. Total density of states per unit cell (solid line) and density
of d states per TM atom projected on a TM site (dotted line) in
(a) TiO2:V, (b) TiO2:Cr, (c) TiO2:Mn, (d) TiO2:Fe, (e) TiO2:Co, and
(f) TiO2:Ni in the ferromagnetic configuration. The concentrations of
the dopants is 12.5 at.%.

resulting from the coupling between the two non-degenerate
dxy states is 2�3

dd . In figure 7(b), we show two possible
scenarios: in the first scenario, the bonding and antibonding
states of the dxy states are separate from those of the dxz/dyz

states; while in the second scenario, the bonding state of the
dxz/dyz states is lower than the antibonding state of the dxy

states by δ. To prompt the crossing in the second scenario,
the d states should be considerably delocalized via strong p–
d coupling. However, in the anatase structure the d states
couple with the O pπ states via weak π bonding, and the
second scenario does not happen. In figure 8, the total
density of states per unit cell and the density of d states per
TM atom projected on a TM site for the ferromagnetic state
are shown. In the figure, the peaks of the dxy and dxz/dyz

states near the Fermi level are marked out, confirming that
the coupling is according to the first scenario. (Because
the dxy and dxz/dyz states are very delocalized in TiO2:Ni,
they are not marked out.) In TiO2:Mn, all three dxy and
dxz/dyz states are occupied, so the total energy would not
decrease via the ferromagnetic configuration, and the FM
cannot be stabilized. In TiO2:Cr and TiO2:Co there is one
hole in the double-degenerate dxz/dyz state, and the system
will be more stable in the ferromagnetic state with a total
energy decreasing by 2�2

dd . In TiO2:Fe, only the dxy state is
occupied, and according to the first scenario the FM would
be wiped out, which is shown by our calculation and the
experiments [6, 7]. If the crossing in the second scenario
happens, via the ferromagnetic ordering, the total energy
decreases by δ as shown in figure 7(b).

Figure 9. The band coupling model for TiO2:V. (α) and (β) are the
states defined in figure 4.

For TiO2:V, the situation is more complicated due to the
partially occupied characteristic of the electronic structure. If
the electron occupies only the (α) state, the case would be the
same as in TiO2:Fe. Now we show the band coupling model
for TiO2:V in figure 9. Supposing the electron distribution
is (α)κ(β)1−κ and the energy difference between the (α) state
and the (β) state is ε, via the ferromagnetic ordering, the total
energy of the TiO2:V can decrease by 2(1 − κ)ε, and the FM
can be stabilized. Actually, the coupling model for TiO2:V
is very similar to the physical picture proposed by Coey et al
that the hybridization between the 3d states of the magnetic
dopants and other donor (e.g. an oxygen vacancy) states leads
to the FM [13]. In V-doped anatase TiO2, it is the hybridization
between the host CBM states and the V dopant 3d state that
stabilizes the FM.

All the discussions above are under the condition that no
native defects or other impurities exist. However, the carrier
(electron or hole) defects or impurities strongly affect the
magnetic properties of TiO2:TM. The band coupling model
can give an intuitive explanation of their effects. For example,
if the Cr dopants co-exist with half oxygen vacancies, the
double-degenerate dxz/dyz state will be fully occupied due to
the electrons from the oxygen vacancies, and the FM is wiped
out. This effect has been confirmed by the experiment in [3],
and a previous FLAPW calculation [11]. We perform a LSDA
calculation on the system Ti14Mn2O32 with two additional
electrons, and a paramagnetic ground state is finally obtained
as in TiO2:Ni. We also perform another two numerical tests
on two systems: Ti14Mn2O32 with two additional holes, and
Ti14Fe2O32 with two additional electrons. Then, the double-
degenerate dxz/dyz state will be half-occupied as in the case of
TiO2:Cr or TiO2:Co, and the FM is stabilized. The calculated
total energy differences per dopant for these two test systems
are 77 and 163 meV, respectively. Perhaps the electrons from
the oxygen vacancies are the trigger that strongly enhances the
FM for Fe-doped samples post-annealed in a vacuum [6].

4. Summary

In this paper, the electronic structures of the 3d TM (V, Cr,
Mn, Fe, Co and Ni)-doped anatase TiO2 are calculated with
a first-principles method. The D2d local symmetry around
the dopants is a key factor for understanding the electronic
structures and the magnetic properties of the samples. A
band coupling model, based on d–d level repulsions, is
proposed and successfully explains the magnetic properties
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in the various dopant cases. The hybridization between the
host CBM states and the V dopant 3d state stabilizes the
FM in the V-doped anatase TiO2. The effects of the carrier
defects and impurities are discussed. Without any other carrier
defects or impurities, the V-, Cr-, and Co-doped anatase
TiO2 will be stabilized in a FM configuration. The donor
defects and impurities will weaken the FM in Cr- and Co-
doped anatase TiO2. The FM in Mn- and Fe-doped anatase
TiO2 can be enhanced by the acceptor and donor defects,
respectively.
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