
INTRODUCTION

Titanium dioxide (TiO2) has three isomers i.e., rutile-TiO2,
anatase-TiO2 and brookite-TiO2. For the past several decades,
TiO2 has been extensively studied for its excellent performance
as solar cell1, white pigment2, photo catalyst3 and water purifi-
cation4.

There have been many studies of the electronic and struc-
tural properties of TiO2, both of experimental5,6 and theoretical
aspects7-9. Experimentally, the electronic structure of rutile-
TiO2 has been studied by X-ray photoemission spectroscopy
(XPS)10 and electron-energy-loss spectroscopy (EELS)6. Xu
et al.11 found that the spectral responses relevant to optical
absorption of P-doped TiO2 powders shift to the visible light
region and the corresponding absorption edge shifts to 480
nm, while the optimum P content in their experiments is 16.7 %
(mol). Weng et al.12 studied the Co-doped anatase-TiO2 within
the local-spin-density approximation (LSDA) and they found
that the doped Co concentrations from 0.0417 to 0.0625 have
only a little effect on them, but the oxygen vacancy and its
distribution in the stem have much larger influences. Asahi
et al.13 and Baizaee et al.14 have investigated detailed electronic
and optical properties of TiO2 using the full potential linearized
augmented plane wave (FP-LAPW) method.

In spite of all these studies, not much is known about the
optical response of TiO2. It is therefore critical to have a syste-
matic theoretical investigation on the electronic and optical
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properties of TiO2. Furthermore, despite that many previous
theoretical studies employed either local-spin-density approxi-
mation or full potential linearized augmented plane wave, it is
still necessary to use other the first-principles method such as
the generalized gradient approximation (GGA) to provide
interpretations for experimental data.

It is very interesting to obtain the optical response, such
as the dielectric function and absorption in the optical
frequency range and inspect the available band gaps data for
these compounds in detail. In this work, we investigated the
optimum lattice parameters, the electronic and optical pro-
perties of TiO2. This paper is organized as follows. A brief
description of the calculation method is given here, the results
of calculations as well as the discussions are presented.

EXPERIMENTAL

The computational calculations have been performed
using the Vienna ab initio simulation package (VASP) within
the framework of density-functional theory (DFT)15,16 plane-
wave pseudopotential method, which uses a plane wave basis
set and projector augmented wave (PAW)17 potentials and was
used for electron-ion interactions and the generalized gradient
approximation of Perdew et al. (PW91)18 was employed to
describe the exchange-correlation functional. The convergence
with respect to the k point mesh and cut-off energy for the
plane wave basis set was carefully checked. The single-



particle Kohn-Sham wave function was expanded using plane
waves with different cut-off energies depending on the calcu-
lated systems. Sampling of irreducible Brillouin zone was
performed with a regular Monkhorst-Pack grid of special k
points19 and electronic occupancies were determined according
to the Methfessel-Paxton scheme20. Total energies were
calculated using the linear tetrahedron method with Blöchl
corrections21,22, which eliminates broadening-related uncertain-
ties. All atoms were fully relaxed using the conjugate gradient
algorithm23 until the magnitude of the Hellmann-Feynman
force24 on each atom converged to less than 0.05 eV/Å, yielding
optimized structures.

RESULTS AND DISCUSSION

 Geometric structure: The schematic models of the three
TiO2 isomers are shown in Fig. 1. We verified accuracy of the
computational methods by performing bulk calculations. It is
known that rutile-TiO2, one of the most common TiO2 isomers,
belongs to the tetragonal P42/mnm space group with a =
4.593 Å and c = 2.959 Å25; anatase-TiO2 also has a tetragonal
structure but within the I41/amd space group (a = 3.784 Å
and c = 9.515 Å)25; brookite-TiO2 belongs to the orthorhombic
Pbca space group with a = 5.163 Å, b = 9.159 Å and c = 5.439
Å26. Bulk properties were calculated using a cut-off energy of
450 eV, 2 × 2 × 4 k points for rutile-TiO2, 4 × 4 × 2 k points for
anatase-TiO2 and 4 × 2 × 4 k points for brookite-TiO2, which
converges total energies to less than 1 meV/atom. The calcu-
lated optimum lattice constants of bulk rutile-TiO2 are a = 4.639
Å and c = 2.989 Å, 101 % of the experimental values; while
those of bulk anatase-TiO2 are a = 3.832 Å and c = 9.634 Å,
101.25 % of the experimental values; those of bulk brookite-
TiO2 are a = 5.215 Å, b = 9.251 Å and c = 5.493 Å, 101 % of
the experimental values. In addition, our calculated values are
in excellent agreement with other reported results.

(a) (b) (c)
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Fig. 1. Schematic model of (a) rutile-TiO2, (b) anatase-TiO2 and (c)
brookite-TiO2

Electronic properties: Fig. 2 shows the calculated band
structure for the three isomers of TiO2. For rutile-TiO2, the
calculated energy band gap of 1.847 eV is direct at G, which
is much smaller than the experimental value of 3.0 eV27,28 and
the value of 3.89 eV calculated using the augmented spherical
wave band structure approach (ASW) and self-consistent field
scattered wave molecular orbital cluster (Xa-SW) methods,
as reported by Mishra et al.29. However, it is close to the calcu-
lated value of 2.18 eV reported by Glassford et al.7 and the
1.87 eV reported by Shao et al.30. Deviation from the experi-
mental value is attributed to the well-known drawback of the
DFT31,32, namely by not taking into account the discontinuity
in the exchange-correlation potential33.
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Fig. 2. Energy band structure of (a) rutile-TiO2, (b) anatase-TiO2 and (c)
brookite-TiO2 along major symmetric directions. The horizontal
and dashed lines represent the Fermi level (EF)

Unlike rutile-TiO2, the calculated minimal band gap of
2.14 eV for anatase-TiO2 is indirect. However, the energy of
the maximum of the valence band at the G point is only about
0.1 eV lower than the valence band top and this allows treating
it as an almost direct-gap compound. The calculated band gap
in this work is 1.19 eV below the experimental value of 3.0
eV calculated using generalized gradient approximation with
the CASTEP program, reported by Yin et al.34, 0.2 eV larger
than that of rutile-TiO2. However, it agrees well with previously
reported theoretical estimations, the calculated value of 2.13
eV reported by Brik et al.35 and 2.0 eV reported by Asahi
et al.13. The calculation values are acceptable for comparison,
as electronic structure calculation within DFT usually under-
estimates band gaps36.

We are not aware of any reported experimental data for
brookite-TiO2. However, we expect the electronic structure of
brookite-TiO2 to be similar to that of anatase-TiO2 because
there is only minor difference in the local crystal environment
between the two phases37. Our calculation shows that brookite-
TiO2 also has a direct band gap of 2.356 eV at G, which is
larger than both rutile-TiO2 and anatase-TiO2, close to the
calculated value of 2.20 eV reported by Mo et al.37.

The general features of density of states for rutile-TiO2,
anatase-TiO2 and brookite-TiO2 are quite similar shown in
Fig. 3. It is seen that just below the Fermi level the major
contributions to the occupied parts come from the O p states
and the Ti d states, with only a small contribution of the Ti s
and p states. Just above the Fermi level the states of O p and
Ti d dominates, while there are few contributions of the O s

and Ti s p states. In other words, both the valence band and
conduction band contain contributions from O p and Ti d

predominantly, indicating hybridization between these states,
which also means that transitions across the band gap will
involve both O p and Ti d states. Therefore, both of these bands
are involved in bonding. The valence band (VB) originates
mainly from the bonding between the O p and Ti p states in
the form of p d hybridization. The only difference appears to
be the four major peaks at -5.24 eV, -4.32 eV, -2.41 eV and
-1.26 eV for rutile-TiO2 and at -4.83 eV, -4.07 eV, -2.36 eV
and -1.19 eV for anatase-TiO2, the triple peaks at -4.29 eV,
-2.05 eV and -1.31 eV and the two shoulders located at -4.76
eV, -2.85 eV for brooktie-TiO2 in the VB, the five major peaks
at 3.04 eV, 3.89 eV, 4.92 eV, 5.78 eV, 6.74 eV and a shoulder
located at 2.22 eV for rutile-TiO2, the single-peak at 2.94 eVand
a shoulder located at 3.68 eV for anatase-TiO2 and the single-
peak at 2.91 eV for brooktie-TiO2 in the conduction band.
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Fig. 3. Total and partial densities of states (PDOS) for (a) rutile-TiO2, (b)
anatase-TiO2 and (c) brookite-TiO2. The Fermi level is set to zero

The calculated values of the valence bands width for rutile-
TiO2, anatase-TiO2 and brookite-TiO2 are 5.67 eV, 4.64 eV
and 4.79 eV respectively, which are in excellent agreement
with the experimental value of 5.4 eV38 and 4.7 eV39, respec-
tively and the total width of valence band for brookite-TiO2 is
close to that for anatase-TiO2.

Optical properties: In spite of numerous experimental
and theoretical studies of the electronic structure of rutile-TiO2

and anatase-TiO2 in recent years, there is only one detailed
theoretical investigation of its optical properties6,11,14,35, 40. For
brookite-TiO2, few limited theoretical works have emerged,
but no existing experimental studies can be located. In this
section, we will present our results of first principles optical
calculations for the three TiO2 isomers.

The optical properties of TiO2 isomers are determined by
the dielectric function ε(ω) = ε1(ω) + iε2(ω), which is mainly
contributed from the electronic structures. The dielectric
function is a very important parameter for a material because
it is the fundamental feature of the linear response to an
electromagnetic wave and determines uniquely the propagation
behaviour of the radiation within. The imaginary part ε2(ω)
of the dielectric function could be calculated directly from the
electronic structure through the joint density of states (DOS)
and the momentum matrix elements between the occupied and
unoccupied wave functions:
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The evaluation of the matrix elements of the momentum operator
in eqn. (1) is done over the muffin tin and the interstitial regions
separately. A full detailed description of the evaluation of these
matrix elements is given by Ambrosch-Draxl and Sofo41.

The real part ε1(ω) of the dielectric function can be evalu-
ated from ε2(ω) using the Kramer-Kronig relations42:
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We could also calculate the other optical properties, such as
reflectivity R(ω), absorption coefficient α(ω), the real part of the
refractive index n(ω), the imaginary part of the refractive index
k(ω) and energy-loss spectrum L(ω) from ε1(ω) and  ε2(ω)19,43:
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 The imaginary part of the dielectric function )(2 ωε

shown in Fig. 4, directly obtained from the electronic structure
calculations, which is the pandect of the optical properties for
the three different phases of the TiO2. For rutile-TiO2, there
are three major peaks located at 3.34, 6.09 and 12.5, which
correspond to the three intrinsic plasma frequencies. The peak
at 3.34 eV originates from the electronic transition between
the O p states in the upper valence band and the Ti s states in
the lowest conduction band, which is close to the calculated
band gap (1.85 eV). The peak at 6.09 eV may be due to the
transition between Ti d and O p states in the valence band.
The transition between Ti d and O s states (which are not
plotted in the electronic structure) results in the weak peak at
12.5 eV. For anatase-TiO2, two main peaks exist at 4.23 eV
and 7.21eV. For brookite-TiO2, only one main peak is at 3.93
eV, while a shoulder is at around 7.03 eV. The peak from 7.03
eV to 6.60 eV originates mainly from the transition between
Ti d and O p states. The peak in the low region (from 0.59 eV
to 0.76 eV) comes from the electronic transition the O p states
in the upper valence band and the Ti s states in the lowest
conduction band.
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Fig. 4. Imaginary part of dielectric functions (ε2(ω)) of TiO2 polymorphs

The real part of the dielectric function ε1(ω), reflectivity
R(ω) and absorption coefficient α(ω), the real part of the
refractive index n(ω), the imaginary part of the refractive index
k(ω) and the energy-loss spectrum L(ω) of TiO2 are plotted in
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Fig. 5. The  ε1(ω) of anatase-TiO2 and brookite-TiO2 phases
are quite similar, having smooth peaks at 2.96 eV, while an
obvious peak of them could be found below zero at 5.61 eV
and 5.05 eV, where the material behaves like a metallic
property. The ε1(ω) of rutile-TiO2 has two major peaks located
at 2.46 eV, 5.54 eV and a shoulder at 6.89 eV, reaching the
minimization at 8.55 eV, showing a similar metallic nature.
The results for the real part of the dielectric function ε1(0), for
the three isomers are given in Fig. 5(a). One can see that these
curves have a main peak around 2.46 eV for rutile-TiO2, 2.99
eV for anatase-TiO2 and 2.98 for brookite-TiO2 and a minimum
between 5.0 eV and 9.0 eV. The static dielectric constant ε1(0)
has been calculated and the value is 7.65eV for rutile-TiO2,
5.31 eV for anatase-TiO2 and 4.01 eV for brookite-TiO2,
respectively. It is noted that a larger energy gap yields a smaller
ε1(0) value and this could be explained on basis of Penn
model44. The reflectivity spectrums R(ω) of the TiO2 isomers
indicate the same reflective ranges from 0 to 25 eV. More-
over, there are two main peaks for the anatase-TiO2 at 5.06 eV
and 9.10 eV, which could be interpreted as the interband
transitions and the electron transitions from the valence to
conduction bands, respectively. The R (ω) of the rutile-TiO2

and brookite-TiO2 have a series of small peaks from 0 eV to
20 eV. The absorption coefficient α(ω) of the brookite-TiO2 is
narrower than that of the other two polymorphs, ranging from
1.48 to 9.17, from 1.48 to 10.64 and from 1.48 to 22.08 for
the three isomers, respectively. In the dispersion curve of the
refractive index n(ω) and k(ω), all the three polymorphs lie in
the regime of normal dispersion in the range from 0 to 10.68
eV and anomalous dispersion from 10.68 eV to 18 eV. The
rutile-TiO2 still exhibits different features from the others in
the high-energy region. Besides, we use the electron energy-
loss function L(ω) to describe the energy loss of a fast electron
traversing in a certain material and the characteristic associated
with the plasma resonance could be represented by the peaks of
L(ω) spectra. The Plasmon peak shows the collective excitation
of the loosely bound valence electrons into the unoccupied
energy levels in the conduction bands. The positions of peaks
in L(ω)  spectra, corresponding to the plasma frequency,
indicate the transition from the metallic property   [ε1(ω) < 0]
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Fig. 5. Real part of the dielectric function ε1(ω), reflectivity R(ω),
absorption coefficient α(ω), real part of the refractive index n(ω),
imaginary part of the refractive index k(ω) and electron energy-
loss functions L(ω) for TiO2

to the dielectric property [ε1(ω) > 0] for a material. In addition,
the peaks of L(ω) point out the trailing edges in the reflection
spectra, for instance, the peaks of L(ω) for the rutile-TiO2,
anatase-TiO2 and brookite-TiO2 are at 13.38, 10.72  and 9.17
eV, respectively, which correspond to the abrupt reduction in
R(ω).

Conclusion

We have presented the results of the first-principles studies
of the electronic and optical properties of three isomers of
TiO2. In particular, a basis optimization procedure has been
implemented in the present calculation. For ground-state
properties, a number of important electronic parameters such
as band-widths, band gaps and densities of states have been
obtained. Except for the band-gap values, the electronic
parameters for the three polymorphs are similar. Our calculated
results are consistent with experimental values and a few other
previous theoretical calculations.

In summary, both of the valence band and conduction
band contain contributions from the states of O p and Ti d,
indicating hybridization between these states. Therefore, both
of O p and Ti d states are involved in bonding. The absorption
edges in the calculated spectrum coincide with the band gap
energies and the absorption peaks between 2 eV and 9 eV
correspond to the band-to-band transitions from O p states to
Ti d states. The states of O p and the Ti d play major roles in
these optical transitions and the values of   increase as the
band-gap decreases.
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