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The pressure induced phase transitions of TiO2 from anatase to columbite structure and from rutile to columbite

structure and the temperature induced phase transition from anatase to rutile structure and from columbite to rutile

structure are investigated by ab initio plane-wave pseudopotential density functional theory method (DFT), together

with quasi-harmonic Debye model. It is found that the zero-temperature transition pressures from anatase to columbite

and from rutile to columbite are 4.55GPa and 19.92 GPa, respectively. The zero-pressure transition temperatures from

anatase to rutile and from columbite to rutile are 950 K and 1500 K, respectively. Our results are consistent with the

available experimental data and other theoretical results. Moreover, the dependence of the normalized primitive cell

volume V/V0 on pressure and the dependences of thermal expansion coefficient α on temperature and pressure are also

obtained successfully.
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1. Introduction

Titanium dioxide (TiO2), a large-band gap semi-
conductor, has been widely studied because of its
unique optical and chemical properties.[1−4] Currently,
much attention is focused on the investigation of
its photocatalytic properties and its applications in
optoelectronic devices. Owing to its optical trans-
parency in visible spectrum, the ultra-fine particle
of TiO2 is used in cosmetics, resin and paint, while
its UV-screening properties can make it into the UV-
preventing cosmetics and films. Under various chemi-
cal, temperature and pressure conditions, it can form
multiple polymorphs. The understanding and the con-
trolling of the crystalline phase and the phase tran-
sition process of TiO2 are important but difficult.
Thus much attention has been paid to its investiga-
tions experimentally and theoretically over the past
decades.[5−12]

Under ambient condition, four natural poly-
morphs of TiO2 are known to exist, i.e. anatase,
brookite, rutile, and columbite (α-PbO2-type).[13]

The brookite appears to exist only as a metastable

phase, while the columbite is a quenched material.[14]

At room temperature, as the applied pressure in-
creases, both the anatase (space group I4/amd) and
the rutile (space group P42/mnm) undergo phase
transitions to the columbite (space group Pbcn). The
x-ray-diffraction study by Arlt et al [9] showed that the
single-crystal tetragonal anatase transformed to the
orthorhombic columbite structure at about 4.5 GPa.
The Raman scattering study revealed that the pres-
sure range of the phase transition from the anatase
to the columbite was between 4.5 and 7 GPa.[11]

Shock-wave experiments on the rutile up to a peak-
pressure of 20 GPa revealed a phase transforma-
tion to the columbite.[5,6] While other researches
revealed that the rutile underwent a transition at
about 10 GPa.[15−17] On the other hand, several re-
search groups have theoretically investigated the pres-
sure induced phase transitions from the anatase to
the columbite and from the rutile to the columbite.
Joseph et al [8] predicted that the anatase–columbite
(A–C) transformation occurred at about 3.5 GPa, and
the rutile–columbite transformation (R–C) took place
at about 21 GPa.
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Dachille et al [18] found that the rutile phase
could be transformed from other phases of TiO2 at
higher temperatures. The transition temperature of
the anatase to the rutile for nanocrystalline TiO2 is
greatly reduced from that of the bulk value (between
973 and 1173K).[10] The results of the XRD and vis-
ible Raman spectra show that TiO2 undergoes the
anatase-to-rutile phase transformation (A–R) grad-
ually in a temperature range of 823–953 K.[19] Mit-
suhashi and Kleppa[20] found the anatase structure
to transform irreversibly to the rutile structure above
870K. To our knowledge, there has been no theoret-
ical investigation on the temperature induced phase
transition of single-crystalline TiO2 up to now. In the
present work, we only focus on the pressure and tem-
perature induced phase transitions among the rutile,
anatase and columbite phases of TiO2 by using the
plane-wave pseudopotential density-functional theory
(DFT) through the Cambridge Serial Total Energy
Package (CASTEP) programme[21,22] together with
the quasi-harmonic Debye model.[23]

2. Theoretical method

In our calculations, we employ the norm-
conserving pseudopotentials introduced by Hammer
et al [24] for the interactions of the electrons with the
ion cores, together with the local density approxima-
tion (LDA) proposed by Vosko et al [25] for exchange–
correlation potential. Pseudo-atom calculations are
performed for O 2s22p4 and Ti 3d24s2. The electronic
wavefunctions are expanded in a plane wave basis set
with energy cut-offs of 400, 400, and 340 eV for the ru-
tile, anatase, and columbite phases, respectively. For
the Brillouin-zone sampling, we use 5×5×6, 6×6×3,
4×4×4 k-point Monkhorst–Pack meshes, respectively,
where the self-consistent convergence of the total en-
ergy is 2×10−6 eV/atom.

To investigate the thermodynamic properties of
TiO2, we apply the quasi-harmonic Debye model [23] in
which the non-equilibrium Gibbs function G∗(V ;P, T )
takes the form of

G ∗ (V ;P, T ) =E(V ) + PV

+ Avib(Θ(V );T ), (1)

where E(V ) is the total energy per unit cell, PV corre-
sponds to the constant hydrostatic pressure condition,
Θ(V ) is the Debye temperature, and the vibrational

contribution Avib can be written as

Avib(Θ ;T ) =nkT
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where the D(Θ/T ) represents the Debye integral, n
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Θ =
~
K

[6π2V 1/2n]1/3f(δ)

√
Bs

M
, (3)

where M is the molecular mass per formula unit, Bs

is the adiabatic bulk modulus, δ is the Poisson ratio,
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By solving the following equation with respect to V
(

∂G ∗ (V ;P, T )
∂V

)

P,T

= 0, (5)

one could obtain the thermal expansion coefficient α

α = γCV /(BT V ), (6)

where BT is the isothermal bulk modulus, CV is
the heat capacity and γ is the Grüneisen param-
eter. Applying this method, we have successfully
investigated the thermodynamic properties of some
materials.[26−30]

3. Results and discussion

For the rutile and the anatase structures, there
are three independent structural parameters, i.e. the
primitive cell volume V , the axial ratio c/a (a and
c are the lattice constants), and the cell-internal
dimensionless parameter u, which denotes the po-
sition of the second atom along the c-axis. The
calculated equilibrium lattice parameters are as fol-
lows: a=0.4552 nm, c=0.2922 nm, and u=0.304 for
the rutile phase; a=0.3744 nm, c=0.9461 nm, and
u=0.2081 for the anatase phase. For the columbite,
there are seven independent structure parameters,
i.e. the three lattice constants (a, b, c) and four
internal fractional coordinates (u, x, y, z). Thus
the structure optimizations are carried out by the
Broyden–Flecher–Goldfarb–Shanno minimization al-
gorithm, and the obtained results are as follows:
a=0.4504 nm, b=0.5462 nm, c=0.4857 nm, u=0.172,
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x= 0.272, y=0.381 and z=0.418. Our results are
consistent with the available experimental data and
other theoretical data.[8,31−36] In comparison with
the experimental data (a=0.4587 nm and c=0.2954 nm
for the rutile;[31] a=0.3782 nm and c=0.9502 nm
for the anatase;[31] a=0.4541 nm, b=0.5493 nm and
c=0.4906 nm for the columbite.[33]), the lattice param-
eters obtained are underestimated slightly (by about
1% for the rutile, anatase, and columbite structures
each). Obviously, that is due to the use of the local
density approximation (LDA).

In Fig.1, we show the curves for total energy with
respect to volume for the anatase, the columbite and
the rutile structures of TiO2. There have been a num-
ber of attempts to determine the relative stability of
the rutile and the anatase structures by using calori-
metric methods.[37−41] Mackrodt[42] showed that there
was a relative stability that is generally believed to be
from rutile to anatase to columbite. However, Joseph
et al [8] predicted that the anatase was more stable
than the rutile at 0K and the difference in energy be-
tween the two phases was small (between 2KJ/mol
and 10 KJ/mol). Our results are in agreement with
Joseph et al’s (the difference in energy between the
two phases is 2.95 KJ/mol). Thus, the further experi-
ment is required to ascertain which structure is more
stable at low temperatures between the anatase and
the rutile structures.

Fig.1. Curves for total energy versus volume for the

anatase, columbite and rutile.

The transition pressures from anatase (I4/amd)
to columbite (Pbcn) and from the rutile (P42/mnm)
to the columbite (Pbcn) can be obtained by calculat-
ing Gibbs free energy between two phases. The Gibbs
free energy is defined as G∗ = U + PV − TS, where
U is the internal energy, PV is volume work, and TS

represents the energy from vibrational contribution.
When the temperature is zero, the Gibbs free energy
equals the enthalpy (H = U +PV ). The variations of
the calculated enthalpies HC−R and HC−A with pres-
sure P at 0 K are shown in Fig.2. It is found that the
transition pressure from anatase to columbite (A–C)
is 4.55 GPa, and the transition pressure from rutile to
columbite (R–C) is 19.92GPa. In Table 1, we list the
transition pressures from the available experimental
data and other calculations. There appears a slight
discrepancy between our results and the available ex-
perimental data, which maybe results from two im-
portant respects: one is that they adopted the exper-
imental properties of TiO2 at room temperature, but
we used the experimental properties of TiO2 at zero
temperature in our calculation, and the other may be
due to the LDA used in our calculation. However,
our results correctly predict that the anatase phase
will undergo a phase transition at lower pressures than
rutile phase. Joseph et al [8] obtained the transition
pressures 3.5 GPa and 21 GPa from the anatase to the
columbite and from the rutile to the columbite, re-
spectively. Our results are well consistent with theirs.

Fig.2. Variation of enthalpy with pressure for TiO2.

Table 1. Phase transition pressures (GPa) and phase transition temperatures (K) of TiO2.

present work. experimental data other calculations

transition pressure (A–C) 4.55GPa at 0K 4.5GPa,[9] 4.5–7GPa,[11] 5.4GPa[15] 3.5GPa at 0K[8]

transition pressure (R–C) 19.92GPa at 0 K 20GPa,[5,6] above 10GPa[15−17] 21GPa at 0K[8]

transition temperature (A–R) 950K at 0GPa 820–950K,[19] above 870K[20]

transition temperature (C–R) 1500K at 0 GPa



272 Yu Jing-Xin et al Vol. 18

Similarly, the transition temperatures between
the rutile, the anatase and the columbite structures
can be obtained by calculating the Gibbs free en-
ergy changes between two phases. When the pres-
sure is zero, the Gibbs free energy G∗ equals the
Helmholtz free energy F (F = E + Avib). In Fig.3,
we show the variations of the calculated Helmholtz
free energies FR−A and FR−C with temperature T

at 0 GPa. It is found that the transition temper-
ature from anatase to rutile (A–R) is about 950 K,
at which the anatase will automatically revert to the
rutile structure. And this transition temperature is
slightly larger than the transition temperature 870 K
calculated by Mitsuhashi and Kleppa,[37] and the tran-
sition temperature from columbite to rutile (C–R) is
about 1500K. To our knowledge, it is the first time
that the transition temperature from columbite to ru-
tile phase of TiO2 has been obtained theoretically. No
experimental and other theoretical data are available
for our comparison.

Fig.3. Variation of Helmholtz free energy with tempera-

ture for TiO2.

In Fig.4, we present the dependences of calculated
normalized volume V/V0 (V0 is the zero pressure equi-
librium primitive cell volume) on pressure P at a given
temperature for the rutile, anatase and columbite
structures. It is seen that as pressure P increases,
the relative volume V/V0 decreases at a given temper-
ature, and the values of relative volume V/V0 at higher
temperatures are smaller than those at lower tempera-
tures at the same pressure. When the applied pressure
equals 5 GPa, the cell volume becomes 2% of the zero
pressure equilibrium cell volume. It seems that the
variations in volume with pressure are trivial for the
three polymorphs, because of their toughness and high

melting point, and we believe that they can be used
as a kind of coating material for supersonic aircrafts.
Our results are well consistent with the single-crystal
x-ray-diffraction experimental data given by Arlt et
al [9] and by Glassford and Chelikowsky.[43]

Fig.4. Variations of normalized primitive cell volume

V/V0 with pressure P for anatase and columbite (a) and

for columbite and rutile (b) at 0K and 1600K separately.

The temperature and the pressure dependences of
the thermal expansion coefficient α of rutile, anatase
and columbite are indicated in Fig.5. Obviously, as
pressure increases, thermal expansion coefficient α de-
creases rapidly, and almost exponentially. It is noted
that the curves for 300, 500, 800 and 1500K seem par-
allel to each others. However, the thermal expansion
coefficient increases with T 3 at low temperatures and
gradually turns into almost a linear increase at high
temperatures, besides, the increasing trend becomes
subdued. The effects of pressure on the thermal ex-
pansion coefficient α are very small at low tempera-
tures, but as temperature increases the effects become
prominent. It is found that the rutile structure is the
most sensitive to temperature, and the anatase and
columbite structures are relatively sluggish.
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Fig.5. Variations in thermal expansion coefficient with temperature (a) and pressure (b) for

rutile, anatase, and columbite.

4. Summary

In summary, we have investigated the pressure
and temperature induced phase transitions of TiO2

among the anatase, the rutile, and the columbite
structures by ab initio plane-wave pseudopotential
density functional theory method through the Cam-
bridge Serial Total Energy Package (CASTEP) pro-
gram, together with quasi-harmonic Debye model. It
is found that the zero-temperature transition pres-
sures from anatase to columbite and from rutile

to columbite are 4.55 GPa and 19.92 GPa, respec-
tively. The zero-pressure transition temperatures
from anatase to rutile and from columbite to rutile
are 950 and 1500 K, respectively. Our results are well
consistent with the available experimental data and
other theoretical results. Moreover, the dependence
of the normalized primitive cell volume V/V0 on pres-
sure and the dependences of thermal expansion coeffi-
cient α on temperature and pressure are also obtained
successfully.
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