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Abstract
The glass transition and diffusion in liquid TiO2 have been studied in a model
containing 3000 atoms via molecular dynamics (MD) simulation. The density
dependence of the glass transition temperature, Tg, of liquid TiO2 has been
found and is discussed. Diffusion of atomic species in 3.80 g cm−3 TiO2

models has been investigated over a wide temperature range from 2100 to
7000 K. We found that the temperature dependence of the diffusion constant of
atomic species follows an Arrhenius law at relatively low temperatures above
the melting point, and at higher temperatures it deviates from an Arrhenius
law. Differences between the structures of amorphous TiO2 models at three
different densities in the range from 3.80 to 4.20 g cm−3 have been found and
are discussed. In addition, a transition from a low-density liquid (ldl) form to a
high-density liquid (hdl) form was found and is discussed.

1. Introduction

For the past three decades, much attention has been given to TiO2 and titanium oxide-
based materials due to their useful photocatalytic, optical, thermal and mechanical properties
(see [1–18] and references therein). Titanium oxide naturally occurs in the three polymorphs:
rutile, anatase and brookite; of them, rutile is the most common in nature and the most stable
phase under ambient conditions [3]. On the other hand, for technological reasons TiO2 is
mainly produced as thin film, powder or nanoparticles by employing various techniques such
as electron or ion beam deposition, reactive evaporation, plasma plating, sputtering or the
relatively new sol–gel method, etc [4, 6, 9, 11, 12, 14, 17]. The initially obtained titania
is usually amorphous or poorly crystalline, and it is further thermally treated in order to get
materials with the desired technological properties. It has been found that thermal treatment
affects both the morphology and the atomic-scale structure of the initially produced TiO2.
Depending on the sample technological history, phase transitions from amorphous to different
crystalline states such as anatase [18–20], rutile [21] or brookite [22] might occur upon further
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thermal treatment. This means that amorphous TiO2 is an important phase among TiO2

polymorphs. On the other hand, this material also has an importance in both technology and
materials science due to its short-range order structure that is different from its crystalline
counterparts. Indeed, much attention has been paid to the structure, properties and different
applications of amorphous TiO2 by both experiments and computer simulations (see [9] and
references therein). So far, our understanding of the structure and properties of amorphous TiO2

is poor, and detailed information on an atomistic level can be provided by computer simulation.
There is a limited number of simulation works related to the liquid and amorphous TiO2; this
may be due to the lack of good interatomic potentials for the system. Petkov et al used reverse
Monte Carlo simulations to highlight the microscopic structure of amorphous TiO2 together
with an experimental analysis, and the atomic arrangement in amorphous TiO2 has been found
to resemble that which occurs in brookite and is an assembly of short, staggered chains of TiO6

octahedra [9]. Our recent MD simulation results of liquid and amorphous TiO2 at the density of
3.80 g cm−3 share many trends observed by Petkov et al, and the local structure of amorphous
TiO2 has been analyzed in more detail [23].

However, our understanding of the structure and properties of liquid and amorphous TiO2

is still limited. No work related to the diffusion of atomic species in liquid TiO2, the glass
transition or the density dependence of the local structure of amorphous TiO2 has been found
in the literature. Therefore, it is worth carrying out such a study by computer simulation, and
this is our main aim here in the present work.

2. Calculations

We carry out the simulations for liquid and amorphous TiO2 models in a cube under periodic
boundary conditions containing 3000 atoms (both Ti and O atoms together). We use the Verlet
algorithm, and one MD step is equal to 1.6 fs. Several interatomic potentials have been
reported for crystalline TiO2 (see [3, 24–33]). Through a detailed analysis of the different
force fields for titania, Collins et al concluded that the force field developed for crystalline TiO2

proposed by Matsui and Akaogi (MA) is the most suitable for MD simulating TiO2 (see [3, 33]).
The MA potentials are composed of the pairwise additive Coulomb, dispersion and repulsion
interactions. The energy parameters of the MA potentials were determined to reproduce
the crystal structures of rutile, anatase and brookite, and the measured elastic constants of
rutile. By using such potentials they successfully reproduced a wide range of properties of the
four polymorphs of TiO2 crystals mentioned above, including the crystal structures, volume
compressibility, volume thermal expansivity and enthalpy relationships between them. After
intensive testing we found that the MA potentials are good for simulating liquid and amorphous
TiO2 [23]. The MA potentials have the following form [3]:

Ui j(r) = Zi Z j
e2

r
+ f (Bi + B j) exp[(Ai + A j − r)/(Bi + B j)] − Ci C j

r 6
, (1)

with i, j = Ti, O. Here r is the interatomic distance and Zi , Z j are the charges of ions:

ZTi = +2.196 and ZO = −1.098. The quantity f is a standard force of 4.184 kJ Å
−1

mol−1.
The other parameters of the potentials are shown in table 1. More details about the MA
potentials can be found in [3].

Coulomb interactions were taken into account by means of the Ewald–Hansen
method [34]. The equilibrated melt at 7000 K was obtained by relaxing a random configuration
over 5 × 104 MD steps. The system was cooled down from the melt at constant volume
corresponding to the adopted density. The temperature of the system was controlled by the
velocity scaling. The temperature of the system was decreased linearly in time as T = T0 −γ t ;
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Figure 1. Temperature dependence of the potential energy of the 3.80 g cm−3 TiO2 model.

Table 1. Energy parameters of the MA potentials.

Element A (Å) B (Å) C (Å
3

kJ
1
2 mol− 1

2 )

Ti 1.1823 0.077 22.5
O 1.6339 0.117 54.0

here γ is a cooling rate of 4.2945 × 1013 K s−1 and T0 is the initial temperature of 7000 K.
Because the density of amorphous TiO2 is not unique (it depends on the purity of the samples),
we paid great attention to the value of 3.80 g cm−3, which is close to that obtained in practice
for amorphous TiO2 films [35]. However, the density of crystalline TiO2 is 3.83 g cm−3,
4.17 g cm−3 and 4.24 g cm−3 for anatase, brookite and rutile, respectively [12]. Therefore, we
also simulated amorphous TiO2 models at three different densities, 3.80, 4.00 and 4.20 g cm−3,
in order to compare the structures with each other. The glass transition temperature was
determined in models at five different densities ranging from 3.80 to 5.00 g cm−3 in order
to observe the density dependence of Tg. In order to calculate the coordination number
distributions and bond-angle distributions in liquid and amorphous TiO2, we adopted the fixed
values RTi−Ti = 4.00 Å, RTi−O = 2.50 Å and RO−O = 3.50 Å. Here R denotes a cutoff
radius, which was chosen as the position of the minimum after the first peak in the partial
radial distribution function (PRDF) for the amorphous state at 350 K and at 3.80 g cm−3. The
amorphous models at 350 K were relaxed over 5 × 104 MD steps before evaluating the static
quantities. In order to improve the statistics of the results for diffusion of atomic species in
liquid TiO2 at 3.80 g cm−3, calculated data for diffusion were averaged over two independent
runs and the system at each temperature was relaxed over 105 MD steps (or 160 ps).

3. Results and discussion

3.1. Density dependence of the glass transition temperature Tg

The glass phase transition temperature, Tg, is an important quantity of glasses, and its
determination attracts great interest. We determined Tg via the intersection of a linear high-
and low-temperature extrapolation of the system potential energy as was done for GeO2 [36].
As shown in figure 1, Tg of liquid TiO2 at 3.80 g cm−3 is equal to 1250 K. There is no
experimental value for Tg of liquid TiO2 to compare with. However, this value is not far
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Figure 2. Density dependence of the glass transition temperature of liquid TiO2 models.

from the value Tg = 1450 K for silica obtained in practice [36]. It is essential to notice
that the melting temperature for crystalline TiO2 is Tm = 2123 K [37]. On the other hand,
due to the unrealistic high quenching rates used in the simulation (i.e. around 1012–1013 K s−1

versus the experimental value of around 106–107 K s−1), a discrepancy between simulated and
experimental Tg can be expected. In order to highlight the cooling rate effects on Tg of liquid
TiO2 at 3.80 g cm−3, we estimated Tg by using three different cooling rates. We found that Tg

is equal to 1465 and 1217 K for the cooling rates of 4.2945 × 1014 and 8.589 × 1012 K s−1,
respectively. This means that Tg decreases with decreasing cooling rate like those usually
found in practice or by computer simulation. Basing on the power of current computers one
cannot apply cooling rates of around 106–107 K s−1 like those used in practice. And hence, via
extrapolating to the lower cooling rates often used in practice, we found Tg ≈ 1200 K for liquid
TiO2 at the ambient pressure density. Moreover, the density of amorphous TiO2 is not unique;
it depends on the fabricating conditions and on the content of impurity in the samples [35].
Therefore, it is worth studying the density dependence of Tg for liquid TiO2. We also found
the value for Tg of liquid TiO2 at different densities via the temperature dependence of the
system potential energy. We found that Tg is equal to 1250, 1289, 1341, 1436 and 1733 K
for the system at 3.80, 4.00, 4.20, 4.60 and 5.00 g cm−3, respectively. Figure 2 shows that Tg

increases linearly with the density. However, at the very high density of 5.00 g cm−3, a strong
deviation from linearity was found. Possibly, at relatively low densities the linear enhancement
of Tg is caused by the close-packing structure effects. At the very high density of 5.00 g cm−3,
an ldl → hdl transition might occur in the system, and this would lead to the strong deviation
from linearity of the curve presented in figure 2. It is essential to notice that the high-density
amorphous form of TiO2 has been found at high pressure in practice and it is worth carrying
out a study in this direction [38].

We found the linear density dependence of Tg for liquid TiO2 over densities ranging from
3.80 to 4.60 g cm−3 to be Tg = a + bρ. Here, a = 352 K, b = 235.43 cm3 g−1 and ρ is
the density of liquid TiO2 in g cm−3. The pressure dependence (or density dependence) of the
glass transition temperature attracts great interest; however, due to the difficulty in carrying out
experiments at very high pressures there is a limited number of works related to the pressure
dependence of Tg. For example, the effect of pressure on the glass transition temperature
Tg has been estimated via the temperature dependence of the DC electric conductivity in
alkaline, alkaline earth silicate and silica glasses [39]. According to the data presented
in [39], Tg increases or decreases linearly with pressure P depending on the substances. The
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Figure 3. Radial distribution functions of amorphous TiO2 models at T = 350 K.

value of Tg in anorthite glass varies with pressure as Tg = 848 ◦C + 5.3 ◦C GPa−1 × P
(pressure P in GPa), in albite as Tg = 688 ◦C − 9.4 ◦C GPa−1 × P and in silica glass as
Tg = 1050 ◦C + 50 ◦C GPa−1 × P . This means that the increment or decrement with P in Tg

strongly depends on the chemical composition of substances.

3.2. Structural properties of amorphous TiO2

It was found that amorphous TiO2 models at the density of 3.80 g cm−3 have a slightly
octahedral network structure with the mean coordination number ZTi−O ≈ 6.0 and ZO−Ti ≈
3.0 [23]. It is interesting to see the structure of amorphous TiO2 models at other ambient
pressure densities such as 4.00 and 4.20 g cm−3. As shown in figure 3, the PRDFs of the
TiO2 models change slightly with increasing density from 3.80 to 4.20 g cm−3, indicating the
similar structure of the models. Two important remarks can be made here. First, a splitting
of the first peak in the PRDF for the Ti–Ti pair has been found for all densities studied, like
that observed in experiment, i.e. the prepeak is centered at around 3.00 Å and the main peak
is at 3.47 Å, versus 3.00 Å and 3.55 Å obtained in experiment, respectively [9] (see table 2).
As discussed in [9], the shorter Ti–Ti interatomic distance of 3.00 Å is related to the pairs
of Ti atoms centering octahedra linked by the edge, and the longer distance of 3.55 Å is of
the pairs of Ti atoms from octahedra having a common vertex. The same explanation can be
drawn here for our systems. However, the prepeak becomes less pronounced at higher density,
indicating slight changes in the fraction of octahedra linked by the edge in our models. Second,
a small peak at around 3.70 Å for the PRDF of the O–O pair has been found for all three
models. Accordance to our recent calculations [23], such a small peak occurs only at relatively
low temperatures together with the appearance of the prepeak in the PRDF for the Ti–Ti pair
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Table 2. Structural characteristics of amorphous TiO2. ri j : position of the first peaks in PRDFs;
gi j : the height of the first peaks in the PRDFs; Zi j : the average coordination number (1–1 for the
Ti–Ti pair, 1–2 for the Ti–O pair, 2–1 for the O–Ti pair, 2–2 for the O–O pair).

ri j (Å) gi j Zi j
Density
(g cm−3) References 1–1 1–2 2–2 1–1 1–2 2–2 1–1 1–2 2–1 2–2

3.80 [23] 3.00–3.47 1.85 2.59 3.15 8.27 2.75 8.92 5.76 2.88 10.7
4.00 Present work 3.02–3.45 1.85 2.56 3.22 7.91 2.78 9.38 5.88 2.94 11.2
4.20 Present work 3.02–3.41 1.85 2.52 3.04 7.93 2.95 9.92 6.03 3.02 11.6

Exp. data [9] 3.00–3.55 1.96 2.67 4.47 5.60 2.97 8.80 5.40 2.70 10.5

Table 3. Fraction of Ti atoms with coordination number ZTi−O = 4, 5, 6, 7 and 8; and fraction of
O atoms with ZO−Ti = 2, 3 and 4 in amorphous TiO2.

ZTi−O ZO−Ti
Density
(g cm−3) 4 5 6 7 8 2 3 4

3.80 0.007 0.264 0.689 0.038 0.002 0.162 0.793 0.045
4.00 0.000 0.183 0.754 0.063 0.000 0.111 0.839 0.050
4.20 0.000 0.113 0.747 0.135 0.005 0.078 0.829 0.093

and it is related to the typical O–O distance of octahedra linked by the edge. Therefore, the
appearance of an additional small peak in PRDF for the O–O pair at low temperatures is related
to a greater degree of close-packing structure in the system, i.e. it is related to the occurrence
of an octahedral phase in the system. Such a small peak at around 3.70 Å in the PRDF for the
O–O pair was also found experimentally for TiO2 layers obtained by sol–gel dip coating [9].

More details of the structure of the models can be found in tables 2 and 3. One
can see that the mean interatomic distance for Ti–Ti and O–O pairs becomes shorter while
the mean coordination number for all atomic pairs increases with increasing density of the
system, indicating the formation of a greater degree of close-packing structure (table 2).
However, the changes are not very great, in that the structure of the models at the three
densities remains a slightly distorted octahedral network. The octahedrality is enhanced with
increasing density. We also show the coordination number and bond-angle distributions for
the model at 4.00 g cm−3; they are very similar to those observed previously for the model at
3.80 g cm−3 [23] in that the Ti atoms are mainly surrounded by six O ones and the O atoms are
surrounded by three Ti (see figures 4 and 5). The Ti–O–Ti bond-angle distribution also has two
peaks related to the two types of linkage between octahedra in the system.

Moreover, although we found that amorphous TiO2 has an octahedral network structure
with mean ZTi−O ≈ 6 and ZO−Ti ≈ 3 at all three different densities studied, i.e. it is locally
similar to the local structure of crystalline TiO2 in which it was found that ZTi−O = 6 and
ZO−Ti = 3 [9], the former differs from the latter by interatomic distances that vary over a
wide range and by the existence of a significant number of structural defects (i.e. Ti atoms with
ZTi−O �= 6 and O atoms with ZO−Ti �= 3; see table 3). On the other hand, table 3 shows that
the fraction of Ti atoms with ZTi−O = 6 and the fraction of O atoms with ZO−Ti = 3 dominate
in the system at three different densities and it reaches a maximum value at the density of
4.00 g cm−3, while the fraction of relatively under-coordinated atoms (Ti and O) decreases with
increasing density. In contrast, the fraction of over-coordinated atoms increases (see table 3).
Such under-coordinated or over-coordinated Ti and O atoms can be considered as structural
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Figure 4. Coordination number distributions of the amorphous TiO2 model at 4.00 g cm−3 and at
T = 350 K.

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

Figure 5. Bond-angle distributions of the amorphous TiO2 model at 4.00 g cm−3 and at T = 350 K.

point defects in amorphous TiO2. The differences between fractions of structural defects in
the amorphous TiO2 models at three different densities are significant. In addition, due to
the structure lacking periodic order, there is a possible large amount of another type of point
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Figure 6. Temperature dependence of the system pressure along the isochore for liquid and
amorphous TiO2 at three different densities.

Table 4. Parameters of the equation P = aT + b (GPa) for the isochore of the TiO2 models.

Density (g cm−3) a (10−4 GPa K−1) b (GPa)

3.80 38.300 ± 0.316 −7.350 ± 0.131
4.00 45.001 ± 0.317 −6.145 ± 0.131
4.20 51.502 ± 0.391 −3.761 ± 0.162

defect in amorphous TiO2, i.e. vacancy-like defects [34]. It was found that there is a significant
amount of large pores, which can exchange their position with the nearest-neighbor atoms and
act as vacancies in the diffusion process in amorphous Al2O3 [34]. For crystalline TiO2, it was
pointed out that point defects can play a major role in a variety of surface phenomena, i.e. in
bulk-assisted reoxidation, in restructuring and reconstruction processes or in the adsorption of
sulfur and other inorganic compounds (see [12] and references therein). Similar phenomena
for an amorphous TiO2, probably, can be expected especially for thin films or for nanoparticles
in which the surface plays an important role in the structure and properties of substances.

It is also of interest to show the temperature dependence of pressure in the system along
the isochore at three different densities, and that it can be described well for temperatures in the
range from 350 to 7000 K by the following equation of state: P = aT +b (GPa) (see figure 6).
Parameters for the equation are given in table 4.

3.3. Temperature dependence of the diffusion constant in liquid TiO2

We study diffusion only in the liquid TiO2 at 3.80 g cm−3, and due to close structures, similar
results for diffusion in the models at 4.00 and 4.20 g cm−3 can be expected. One can find the
diffusion constant of atomic species in the system via the Einstein relation: limt→∞ 〈r2(t)〉

6t = D;
here 〈r 2(t)〉 is the mean-squared displacement (MSD) of atoms. The time dependence of 〈r 2(t)〉
for Ti atoms in liquid TiO2 at three different temperatures can be found in figure 7. One can
see clearly two regimes in the curves: a ballistic one at short times and a diffusive one at longer
times. At low temperatures, these two regimes are separated by a plateau regime. The plateau
regime is related to the caging effects, which are more pronounced at lower temperatures.
Similar results have been obtained for O atoms (not shown).

8
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Figure 7. Mean-squared displacement of Ti atoms in liquid 3.80 g cm−3 TiO2 models at three
different temperatures.

Figure 8. 1/T dependence of the diffusion constant of atoms in liquid 3.80 g cm−3 TiO2 models.
The straight lines serve as a guide for the eyes.

The temperature dependence of the diffusion constant of atomic species in liquid TiO2

has been found, and it is presented in figure 8; the error of estimating the diffusion constant
is smaller than the size of the symbol presented in the curves. One can see that at relatively
low temperatures above the melting point it follows an Arrhenius law and it deviates from
an Arrhenius law at higher temperatures. However, the deviation is not strong, unlike those
observed for other network structure liquid oxides such as SiO2, Al2O3 and GeO2 [40–43].
With regard to an Arrhenius law, D = D0 exp(− E

kBT ), we found that the pre-exponential

constant D0 is equal to 9.045 × 10−4 and 13.085 × 10−4 cm2 s−1 for Ti and O, respectively.
However, the activation energy is rather small: 0.855 and 0.805 eV for Ti and O, respectively.
We have no experimental data for liquid TiO2 to compare with. However, such a value for an
activation energy is much smaller than that observed in practice for silica, where it is equal
to 4.70 and 6.00 eV for oxygen and silicon, respectively [44, 45]. Low activation energy for
diffusion of atomic species in liquid TiO2 might be related to the different contributions of ionic
and covalent bonds to the cohesive energy of the system compared with those that exist in silica
(i.e. it is worth noticing that TiO2 is an iono-covalent system).

9
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Table 5. Density dependence of the structural characteristics of liquid TiO2 upon pressurization at
constant T = 2800 K.

ri j Zi j

ρ (g cm−3) Pressure (GPa) Ti–Ti Ti–O O–O Ti–Ti Ti–O O–Ti O–O

3.8 2.92 3.25 1.81 2.52 8.54 5.52 2.76 10.51
4.1 8.33 3.29 1.81 2.48 9.31 5.79 2.89 11.15
4.4 15.70 3.23 1.81 2.44 10.18 6.11 3.06 11.79
4.7 25.80 3.16 1.81 2.40 10.91 6.49 3.25 12.21
5.0 39.83 3.10 1.81 2.35 11.45 6.86 3.43 12.69
5.3 56.93 3.04 1.81 2.32 11.98 7.22 3.61 13.13

3.4. Liquid–liquid phase transition in liquid TiO2

For crystalline TiO2, under a high pressure of 20 GPa and at 770 ◦C, a pressure-induced rutile
to baddeleyite transition has been found experimentally. It is accompanied with a volume
reduction of about 9%, and the coordination number of Ti increases from six to seven [46].
High-pressure crystalline TiO2 has the same structure as baddeleyite, the stable phase of ZrO2

at ambient conditions [46]. On the other hand, the pressure-induced ldl → hdl phase transition
has been found in different tetrahedral network structure liquids such as SiO2, H2O, GeO2 or
Al2O3·2SiO2 (see [47–51] and references therein). And such a transition is often accompanied
with an anomalous diffusion of atomic species, wherein the diffusivity first increases and then
decreases with pressure. Therefore, it is of interest to carry out a study on the pressure-induced
ldl → hdl phase transition in liquid TiO2, since it has not been studied yet.

The initial 3.8 g cm−3 model of liquid TiO2 was isotropically compressed at constant
T = 2800 K by steps of 0.3 up to 5.3 g cm−3, when the ldl → hdl transition in liquid TiO2

completely occurs. After each volume change the system was relaxed over 104 MD steps
to reach an equilibrium state at constant density and temperature. In order to calculate the
diffusion constant of the atomic species in equilibrium liquids at each density, the system was
relaxed further for 105 MD steps. One can see in table 5 that the mean interatomic distance for
Ti–Ti and O–O pairs decreases with growing density of the system (or pressure) while the mean
coordination number for all atomic pairs increases, indicating the formation of a greater degree
of close-packing structure caused by pressurization. In contrast, the mean interatomic distance
for the Ti–O pair remains unchanged with density due to the strong Ti–O bond. Moreover, at
the ambient pressure density of around 3.8–4.1 g cm−3, liquid TiO2 (i.e. the ldl form) has an
octahedral network structure with ZTi−O ≈ 6 and ZO−Ti ≈ 3, and at 5.0–5.3 g cm−3 we found
the new hdl form with ZTi−O ≈ 7 and ZO−Ti ≈ 3.5. This confirms our suggestion above that the
ldl → hdl transition may occur at around 5.0 g cm−3, and it leads to the deviation from linearity
of the density dependence of Tg of the liquid TiO2 models (see figure 2). This means that we
clearly found an ldl → hdl transition in the liquid TiO2 models (see table 5). More details of
the structure evolution upon the ldl → hdl transition in liquid TiO2 models can be found via the
density dependence of TiOn units in figure 9. While the fraction of TiO4 and TiO5 decreases
with increasing density, the fraction of TiO7 and TiO8 increases. At around 5.0–5.3 g cm−3,
TiO7 units dominate in the system, ensuring that the ldl → hdl transition occurs completely.
In contrast, the fraction of TiO6 increases, passes through a maximum at around the density
of 4.3 g cm−3 and then it decreases with further increasing density of the system (figure 9).
Figure 9 also shows that the structure evolution in liquid TiO2 caused by pressurization is
gradual, unlike those observed in crystalline TiO2 [46]. On the other hand, in the high-pressure
crystalline form, the Ti atoms are equally surrounded by seven O atoms with ZTi−O = 7 [46];
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Figure 9. Density dependence of structural TiOn units in liquid TiO2 at 2800 K under compression.

Figure 10. Density dependence of the diffusion constant of atomic species in liquid TiO2 at 2800 K
under compression.

the hdl form differs from the high-pressure crystalline form by interatomic distances varying
over wide value range and by the existence of a significant number of structural point defects
(i.e. TiO5, TiO6 and TiO8). It is essential to notice that the percentage of TiO7 in the hdl form
of the liquid TiO2 model at 2800 K is just equal to 50%, and the percentage for defects is also
equal to 50%.

It is interesting to study the density dependence of diffusivity of atomic species in liquid
TiO2 upon pressurization; it monotonically decreases with increasing density (figure 10). The
error in estimating the diffusion constant is smaller than the size of the symbol presented in the
curves. This means that the ldl → hdl transition in liquid TiO2 models is not accompanied by
an anomalous diffusion, i.e. the diffusivity first increases and then decreases with pressure,
unlike those observed in tetrahedral network structure liquids. The important role of the
intermediate structural units such as TO5 (T = Si, Ge, Al etc) has been pointed out for an
anomalous diffusion to occur during the ldl → hdl transition from a tetrahedral to an octahedral
network structure in several liquids (i.e. transformation from the form with ZT−O = 4 to the
one with ZT−O = 6). It was found that the maximum diffusivity occurs when TO5 units are
the most abundant in the systems [51]. In the present work, due to the lack of intermediate
structural units for the ldl → hdl transition in liquid TiO2 (i.e. it just transforms from the form

11
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with ZTi−O = 6 to the one with ZTi−O = 7) the anomalous diffusion of atomic species does not
occur.

4. Conclusions

Our calculations show that in the density range from 3.80 to 4.20 g cm−3, i.e. the ambient
pressure density of crystalline and amorphous TiO2, amorphous TiO2 has a slightly distorted
octahedral network structure with the mean coordination number ZTi−O ≈ 6.0 and ZO−Ti ≈
3.0. This is in good agreement with the experimental data. The glass transition temperature
of liquid TiO2 at ambient pressure is at around 1200 K. Moreover, we found a linear density
dependence of Tg for liquid TiO2: Tg = a + bρ. Here, a = 352 K, b = 235.43 cm3 g−1

and ρ is the density of liquid TiO2 in g cm−3. However, at high density, strong deviation from
linearity (i.e. from Tg = a + bρ) has been found. The phenomenon is related to the structural
transformation from a low-density form to a high-density form of liquid TiO2. Furthermore,
we found that the temperature dependence of the diffusion constant in 3.80 g cm−3 liquid TiO2

follows an Arrhenius law at relatively low temperatures and it deviates from it at higher ones,
like those observed in other network structure oxides. We found an ldl → hdl transition in
liquid TiO2, and it is not accompanied by an anomalous diffusion of atomic species. Due to the
limited number of works related to the simulation of liquid and amorphous TiO2, our results
give an additional understanding of such an important material.
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