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1. INTRODUCTION 

Among three crystalline forms of the titanium diox-
ide (rutile, anatase, brookite), the anatase has attracted
considerable attention of researchers owing to the
extensive applications as a catalyst, a component of
solar cells, and a coloring pigment. The TiO

 

2

 

 dioxide
possessing a large reflection coefficient has been
widely used for protecting space vehicles against solar
radiation. However, in this case, the important factor is
the resistance of the coating with respect to the forma-
tion of color centers, which in the titanium dioxide are
predominantly represented by oxygen vacancies. In
recent years, investigations have been aimed at devel-
oping technologies that make it possible to increase the
radiation resistance of coatings based on the TiO

 

2

 

 ana-
tase. For this purpose, the introduction of metal impuri-
ties into the titanium dioxide is one of the promising
directions. In particular, Mikha

 

œ

 

lov et al. [1] showed
that the introduction of silicon at small doses increases
the reflection coefficient, the addition of magnesium
decreases the reflection coefficient, and the simulta-
neous doping with magnesium and zinc increases the
radiation resistance. It should be noted that an increase
in the concentration of all these elements (from 0.5 to
1.0%) leads to a decrease in the reflection coefficient
and a deterioration of the radiation resistance. The
mechanism of the influence of these impurities on the
properties of the titanium dioxide remains unclear and
requires detailed investigations, including with the use
of theoretical approaches. The present study was
devoted to the solution of this problem. 

2. CALCULATION METHOD 

The introduction of impurities and the formation of
vacancies in the TiO

 

2

 

 dioxide are frequently accompa-
nied by the spin polarization. Therefore, the total
energy and the electronic structure were calculated with
the FH196spin program package, which is a modifica-
tion of the FH196md program package [2] previously
used with advantage for many systems, including tran-
sition metal oxides [3–5]. This program package is
based on the spin-unrestricted version of the electron-
density functional theory, the pseudopotential method,
and the use of a plane-wave basis set. In this work, we
used the pseudopotentials of titanium and oxygen that
were constructed with the FHI98PP program package
[6]. The pseudopotentials were checked for the absence
of the so-called ghost states and used for determining
the equilibrium lattice parameters and the bulk elastic
modulus of the anatase. These pseudopotentials are
separable, transferable, and norm-conserving pseudo-
potentials [6]. The calculated values of the lattice
parameters and the elastic modulus differed from the
experimental values by no more than 2 and 10%,
respectively. A similar procedure was used for choosing
the pseudopotentials of impurity atoms. In all cases
(except for titanium), the pseudopotentials were calcu-
lated using the Troullier–Martins scheme [7]. For tita-
nium, the 

 

s

 

 and 

 

p

 

 components were determined accord-
ing to the Hamann technique [8] and the 

 

d

 

 component
was calculated within the Troullier–Martins scheme.
The parameters of the pseudopotentials used are listed
in Table 1. 
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In all cases, we used the generalized gradient cor-
rection approximation and performed the optimization
of the atomic geometry (the relaxation of the lattice
around impurity atoms and vacancies was taken into
account). Since the flexible spin polarization (the ener-
getically induced transition of electrons from one spin
subsystem to another spin subsystem) was included in
our method, the calculations did not require the specifi-
cation of state multiplicity. This multiplicity was auto-
matically obtained in a self-consistent manner. 

The anatase structure is well known (see, for exam-
ple, [9]). The unit cell of this compound contains four
titanium atoms and eight oxygen atoms. The symmetry
corresponds to space group 

 

I

 

4

 

1

 

/

 

amd

 

 (Pearson symbol

 

tl

 

12). The atomic arrangement in the unit cell is
depicted in Fig. 1. The experimental unit cell parame-
ters are as follows: 

 

a

 

 = 3.784 Å and 

 

c

 

 = 9.515 Å [10].
Our calculated equilibrium unit cell parameters are
somewhat larger: 

 

a

 

 = 3.842 Å and 

 

c

 

 = 9.657 Å. 

In this study, we used a 2 

 

×

 

 2 

 

×

 

 1 supercell contain-
ing 16 titanium atoms and 32 oxygen atoms. For com-
parison, some calculations were carried out with a 2 

 

×

 

2 

 

×

 

 2 doubled cell. As a rule, cells and clusters with this
size have been used for investigating impurities and
defects in the titanium dioxide (for example, Stashans
et al. [11] studied the behavior of oxygen vacancies and
fluorine and chlorine atoms in the rutile and the anatase
with the use of Ti

 

16

 

O

 

32

 

 and T

 

32

 

O

 

64

 

 clusters). In the
majority of cases (if this is not specially noted in the
text), we used one point in the Brillouin zone, namely,
the 

 

Γ

 

 point (0, 0, 0). However, in order to verify the reli-
ability of the results, some calculations were tested with
the use of five or eight points. In all cases, the cutoff
energy of the plane-wave basis set was equal to 44 Ry.
The self-consistent convergence was provided by stabi-
lizing the total energy with an accuracy of 0.003 eV. 

The charged states were examined using the tech-
nique (included in the FHI96spin program package)
that made it possible to increase (or decrease) the num-
ber of active electrons in the cell. In this case, the inac-
tive part of the charge density was uniformly distributed
over the entire cell, thus ensuring the total electroneu-
trality. 

3. RESULTS OF CALCULATIONS
AND DISCUSSION 

First and foremost, we calculated the electronic
structure of the pure titanium dioxide. The densities of
states simulated by broadening each energy level by a
Gaussian curve with a half-width of 0.2 eV are shown
in Fig. 2 in comparison with the results obtained in [12]
with the use of full-electron calculations (Fig. 3). 

It can be seen from Fig. 2a that, even in the case of
one 

 

k

 

 point, the Ti

 

16

 

O

 

32

 

 supercell appears to be quite
suitable for describing the main features of the density
of states of the TiO

 

2

 

 dioxide with an anatase structure.
Primarily, this holds true for the band gap 

 

E

 

g

 

. Accord-
ing to our calculations, the band gap at the 

 

Γ

 

 point is
equal to 2.31 eV, which is in good agreement with val-
ues of 2.32 [12], 2.0 [13], and 2.3 eV [14]. The experi-
mental band gap amounts to 3.2 eV [15]. It is known
that the correct band gap can be theoretically obtained
only with the use of the methods accounting for collec-
tive effects [16], for example, with the GW approach
using Green’s functions. 

 

3.1. Formation of Vacancies in the Pure TiO

 

2

 

 Dioxide 

 

The energy of formation of an oxygen vacancy was
calculated taking into account that the oxygen atoms
escaped from the titanium dioxide bind into O

 

2

 

 mole-
cules. The energy 

 

E

 

vac

 

 of vacancy formation was deter-
mined from the relationship 

Evac E vac( ) E perf( )–
1
2
---E O2( ),+=

 

Table 1.

 

  Critical radii of the 

 

s

 

, 

 

p

 

, and 

 

d

 

 components (

 

r

 

s

 

, 

 

r

 

p

 

,

 

r

 

d

 

), radii of the core correction (

 

r

 

cor

 

), and types of local parts
(

 

l

 

loc

 

) of pseudopotentials

Element

 

r

 

s

 

, Å

 

r

 

p

 

, Å

 

r

 

d

 

, Å

 

r

 

cor

 

, Å

 

l

 

loc

 

, Å

Ti 0.91 0.91 1.41 –

 

s

 

O 0.72 0.92 0.72 0.74

 

d

 

Si 0.90 0.99 1.07 –

 

d

 

Zr 1.36 1.62 1.24 –

 

p

 

Mg 1.05 1.05 1.32 –

 

d

 

Zn 1.06 1.20 – –

 

s

 

Ti

O

 

Fig. 1.

 

 Schematic atomic arrangement of the TiO

 

2

 

 dioxide
with an anatase structure. 
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where 

 

E

 

(perf) is the energy of a defect-free crystal,

 

E

 

(vac) is the energy of a crystal with an oxygen
vacancy, and 

 

E

 

(O

 

2

 

) is the energy of an oxygen mole-
cule. 

For the neutral vacancy, the energy of formation is
equal to 4.85 eV (the corresponding energy available in
the literature amounts to 4.2 eV [17]). The vacancy
level lies 0.32 eV below the conduction band (Fig. 2d),
which is close to the theoretical data (0.2 eV) [11] and
the experimental results (0.2–0.3 eV) [18]. The calcula-
tions performed with five 

 

k

 

 points lead to a value of
0.30 eV. 

In actual fact, the oxygen vacancy in the TiO

 

2

 

 diox-
ide at finite temperatures attracts a positive charge of
+2. Consequently, two electrons that should be bound
to the absent oxygen atoms go from the vacancy region
to the conduction band. In this case, the band gap
slightly decreases as compared to that of the defect-free
material and becomes equal to 1.98 eV (Fig. 2f). A sim-
ilar effect was described by Na-Phattalung et al. [12],

who noted that the presence of oxygen vacancies with
due regard for the charge transfer does not lead to the
appearance of states inside the band gap. Therefore, we
can believe that the oxygen vacancy in the titanium
dioxide is a thermal source of electrons and plays the
role of a donor impurity. 

The energy of formation of a titanium vacancy was
calculated as the energy of escape of a single titanium
atom from the TiO

 

2

 

 dioxide without regard for subse-
quent condensation, because the last process is ambig-
uous and depends strongly on the environmental condi-
tions. The energy thus determined is equal to 21.40 eV.
In this case, the vacancy level is located 0.18 eV below
the valence band (Fig. 2e). Consequently, the titanium
vacancy behaves as a hole source. 

The simultaneous formation of the oxygen and tita-
nium vacancies results in the electronic structure that
differs insignificantly from the structure formed in the
case of the titanium vacancy (Fig. 2g). 

 

3.2. Influence of Impurities 

 

We investigated the simplest case, i.e., the replace-
ment of one titanium atom in the Ti

 

16

 

O

 

32

 

 supercell. For
one impurity atom, this corresponds to 6.25 at % Ti.
This concentration is higher than those noted in [1]. For
a reliable quantitative comparison, the number of atoms
in the cell should be increased by one order of magni-
tude. Unfortunately, this could not be done from tech-
nical reasons due to the limited random-access memory
of the computer. 

 

3.3. Introduction of Silicon and Zirconium 

 

Silicon as a tetravalent element replaces titanium
[19, 20]. The replacement of one titanium atom by one
silicon atom leads to an insignificant change in the elec-
tronic structure (Fig. 4a). The band gap slightly narrows
from 2.31 to 2.10 eV. The energy of formation of the
neutral oxygen vacancy increases to 5.0 eV, which is
0.15 eV larger than that for the pure TiO

 

2

 

 dioxide. The
vacancy level lies 0.27 eV below the conduction band.
As for the pure compound, the charged vacancy (+2)
provides approximately the same band gap (2.07 eV).
In order to generalize the results, we carried out similar
calculations for one more tetravalent element (zirco-
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Fig. 2. Electronic structures of the pure TiO2 dioxide with
an anatase structure: (a) perfect TiO2 (Ti16O32 supercell,
one k point), (b) perfect TiO2 (Ti16O32 supercell, eight k
points), (c) perfect TiO2 (Ti32O64 supercell, one k point),
(d) neutral oxygen vacancy (Ti16O32 supercell, one k point),
(e) neutral titanium vacancy (Ti16O32 supercell, one k
point), (f) charged (+2) oxygen vacancy (Ti16O32 supercell,
one k point), and (g) oxygen and titanium neutral vacancies
(Ti16O32 supercell, one k point). The vertical dashed line
indicates the Fermi level.
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Fig. 3. Density of states for the TiO2 dioxide with an anatase
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nium). It was revealed that the replacement of one tita-
nium atom by one zirconium atom leads to the same
band gap (2.35 eV). The energy of formation of the
neutral oxygen vacancy is equal to 6.0 eV, and the band
gap with the charged vacancy turns out to be 2.12 eV.
Therefore, in this case, we observe an increase in the
stability of the zirconium dioxide with respect to the
formation of oxygen vacancies. These results are in
agreement with the experimental data obtained by
Hirano et al. [21], who noted that the introduction of the
zirconium impurity leads to a broadening of the band
gap. 

The statement that the introduction of silicon deteri-
orates the radiation resistance of the titanium dioxide
[1] cannot be treated as conclusively proved, because
the experimental technique used in [1] cannot reliably
separate the influence of silicon from the effect of other
factors (for example, the influence of fluorine atoms).
Moreover, Iwamoto et al. [19] noted that silicon
increases the stability of the TiO2 dioxide with the ana-
tase structure. 

3.4. Introduction of Magnesium 

When titanium atoms are replaced by divalent mag-
nesium atoms, the titanium dioxide experiences a defi-
cit of electrons in order to saturate the bonds of the oxy-
gen atoms. In the neutral state, this results in the
appearance of the electronic level in the vicinity of the
valence band (Fig. 4c). In the charged state (–2), there
arises a band gap of 2.00 eV (Fig. 4g). Approximately
the same band gap (2.01 eV) appears upon formation of
the oxygen vacancy in the magnesium-doped
uncharged titanium dioxide (Fig. 4e). The energy of
formation of this vacancy is very low and amounts to
1.10 eV. Consequently, the presence of magnesium
favors the formation of neutral oxygen vacancies; how-
ever, in this case, the band gap is relatively wide and the
optical properties are not deteriorated substantially. A
significant change in the electronic structure (the disap-
pearance of the band gap) is observed only after the for-
mation of the second oxygen vacancy in the vicinity of
the magnesium atom (the energy of formation is equal
to 4.65 eV, which is 0.2 eV lower than that for the pure
titanium dioxide). Therefore, the resistance with
respect to the formation of optically active defects
decreases. Ranjit and Viswanathan [22] experimentally
demonstrated that an increase in the magnesium con-
tent leads to an increase in the absorption, the shift in
the fundamental absorption edge toward the long-
wavelength range, and, hence, a decrease in the band
gap of the TiO2 dioxide. This confirms the results
obtained in our work. 

3.5. Introduction of Zinc 

Like magnesium, zinc is a divalent element but
behaves somewhat differently in the titanium dioxide.
In the neutral state, zinc even in the absence of oxygen
vacancies forms the band gap, which is equal to 1.76 eV
(Fig. 4d). In the charged state, the band gap narrows to
1.46 eV (Fig. 4h). The energy of formation of the neu-
tral oxygen vacancy is equal to 3.41 eV, and the corre-
sponding band gap amounts to 1.44 eV (Fig. 4f). The
second oxygen vacancy is formed with an energy of
5.44 eV, which is almost 0.6 eV higher than the energy
of formation of the oxygen vacancy in the pure titanium
dioxide. Therefore, the introduction of zinc into the
titanium dioxide decreases the probability of formation
of oxygen vacancies and, hence, increases the radiation
resistance of the material. However, the optical proper-
ties of the matrix in this case are deteriorated as a result
of a considerable decrease in the band gap. 

3.6. Simultaneous Doping with Magnesium and Zinc 

According to Mikhaœlov et al. [1], the introduction
of both magnesium and zinc into the titanium dioxide
results in an increase in the radiation resistance and an
improvement of the optical properties (an increase in
the reflection coefficient). 
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Fig. 4. Electronic structures of the TiO2 dioxide with the
anatase structure upon doping with different impurities: (a)
Si atom, (b) Zr atom, (c) Mg atom, (d) Zn atom, (e) Mg
atom + O vacancy, (f) Zn atom + O vacancy, (g) Mg atom
(charge, –2), and (h) Zn atom (charge, –2). 
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When explaining the simultaneous introduction of
magnesium and zinc, it is reasonable to assume that the
observed effect is associated with the formation of pairs
(with the approach) of Mg and Zn atoms. However,
since these atoms are divalent, their approach (“literal
pairing”) can be represented so that two atoms (Mg +
Zn) replace one tetravalent Ti atom. We investigated
this variant, and revealed that it is energetically unfa-
vorable. The energy loss is equal to 7.0 eV. The Mg +
Mg and Zn + Zn pairs also appear to be unfavorable.
The energy losses for these pairs are equal to 3.1 and
8.7 eV, respectively. 

At the same time, the simple approach of impurity
atoms singly replacing the titanium atoms turns out to
be energetically favorable. The dependence of the total
energy on the distance between the impurity atoms was
not studied in detail. However, in the case where the
impurity atoms are placed at the positions of the next-
nearest neighbor titanium atoms, the energy gain is
equal to 1.0 eV for the Mg + Zn pair, 1.5 eV for the
Mg + Mg pair, and 3.3 eV for the Zn + Zn pair. In this
case, the approach of the Mg + Mg atoms leads to the
formation of a band gap of 1.7 eV (without oxygen
vacancies) and the approach of the Zn + Zn pair results
in band gap Eg = 1.3 eV, whereas the Mg + Mg pair (like
the single Mg atom) does not form an insulating gap.
The energies of formation of oxygen vacancies and the
band gaps for all the cases under consideration are pre-
sented in Table 2. 

It is evident that the approach of similar atoms is
most probable at their high concentration. It can be seen
from Table 2 that an increase in the magnesium concen-
tration leads to an improvement of the optical proper-
ties and an increase in the radiation resistance. An
increase in the zinc concentration deteriorates the opti-
cal properties and the resistance of the titanium dioxide
to the formation of radiation-induced defects. 

It can also be seen from Table 2 that, in the case of
doping with magnesium, the approach of the impurity
atoms almost does not change the optical properties of
the titanium dioxide. In the case of zinc, which deterio-
rates the optical properties, the approach of the atoms
results in a further narrowing of the band gap. The vari-
ant of Mg + Zn pairs seems to be most preferable. After
the escape of excess oxygen from the material (the first
and second oxygen vacancies), this variant ensures the
optical properties almost identical to those observed for
the pure titanium dioxide. As regards the radiation
resistance, this characteristic increases in all cases. 

3.7. Spin Polarization and Relaxation of the Atomic 
Structure 

The spin polarization (in the cases where this effect
occurs) and the relaxation of the atomic structure
around the impurities and vacancies undeniably affect
the energy characteristics and the electronic structure.
We did not discuss these effects above and focused our

attention on the final results, namely, the energy char-
acteristics and the electronic structure. This approach
seems to be quite justified because we do not discuss
the magnetic properties of the systems under investiga-
tion and experiments on the study of a detailed atomic
arrangement. However, in order to describe more com-
pletely the influence of defects on the properties of the
titanium dioxide and with allowance made for possible
subsequent applications of our calculations, we ana-
lyzed the values of the spin polarization and the atomic
displacements in the cell (maximum displacements
∆max and minimum displacements ∆min). The results
obtained are summarized in Table 3. The spin polariza-
tion p is considered to mean the difference between the
numbers of electrons in different spin subsystems (p =
n↑ – n↓). The maximum displacements are observed for
the atoms that are the nearest neighbors (1.96 Å) and
the next-nearest neighbors (3.07 Å) with respect to the
defect sites in the lattice. The atoms located at the
periphery of the cell are characterized by the minimum
displacements. Depending on the defect type (single,
composite), the corresponding distances from the
defects lie in the range 3.5–5.0 Å. 

Table 2.  Energy characteristics (eV): bands gap Eg, energy
Evac(O) of formation of oxygen vacancies, and energy gain ∆E
upon replacement of two titanium atoms in the Ti16O32
supercell by single impurity atoms as compared to the loca-
tion of these atoms in different cells

Impurity Oxygen vacancy Eg Evac(O) ∆E

Mg Absent * – –

First vacancy 2.01 1.00 –

Second vacancy * 4.45 –

Zn Absent 1.76 – –

First vacancy 1.46 3.41 –

Second vacancy 1.44 5.44 –

Mg + Mg Absent * – 1.50

First vacancy 2.02 0.20 –

Second vacancy 2.03 0.30 –

Third vacancy * 5.45 –

Zn + Zn Absent 1.30 – 3.30

First vacancy 1.45 1.29 –

Second vacancy 1.41 3.02 –

Third vacancy * 5.19 –

Mg + Zn Absent 1.70 – 1.00

First vacancy 2.30 0.80 –

Second vacancy 2.21 2.23 –

Third vacancy 1.00 5.31 –

* The band gap is absent.



512

PHYSICS OF THE SOLID STATE      Vol. 51      No. 3      2009

ZAVODINSKY, CHIBISOV

It can be seen from Table 3 that the spin polarization
arises only in the case of formation of single titanium
and oxygen vacancies in the pure titanium dioxide (the
Ti16O31 and Ti15O32 systems) and two oxygen vacancies
in the titanium dioxide doped with magnesium and zinc
(the Ti15Mg1O30 and Ti15Zn1O30 systems). The maxi-
mum atomic displacements in the vicinity of the single
defects, as a rule, do not exceed 0.3 Å and decrease rap-
idly with an increase in the distance from the defects.
The exception is provided by the system doped with
zinc, in which the displacements of oxygen atoms are
equal to 0.9 Å. Possibly, this is indirectly associated
with the fact that, among the impurities under consider-
ation, zinc has a minimum atomic radius. It should be
noted that, as could be expected, the lattice disordering
associated with the introduction of the tetravalent
impurities (Si, Zr) is weaker than the disordering
formed after introduction of the divalent impurities
(Mg, Zn). 

In the case of complex defects containing impurity
atoms and oxygen vacancies, the maximum displace-
ments increase (except for the systems involving zinc).
The minimum displacements also increase but do not
exceed 0.1 Å (except for the systems involving zinc

with ∆minO = 0.24 Å). This circumstance suggests that
the lattice distortion around defects relaxes rather rap-
idly and that the sizes of the used supercell are suffi-
cient for investigating the problem posed in our work
(possibly, except for the systems containing zinc). 

4. CONCLUSIONS 

Thus, the calculations based on the electron-density
functional theory demonstrated that the introduction of
tetravalent impurities (Si, Zr) into the titanium dioxide
with an anatase structure makes it possible to improve
the optical characteristics and the radiation resistance
of the compound. As regards the use of divalent metals
(Mg, Zn), the separate doping with these metals deteri-
orates the optical characteristics of the titanium diox-
ide; however, their simultaneous introduction leads to
an increase in the radiation resistance without loss of
the optical quality. 
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