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ABSTRACT 

This study investigates the structural and electronic properties of the anatase and rutile TiO2 systems by 

employing the Quantum Espresso (QE) software using first-principles calculations based on Density 

Functional Theory (DFT). Optimized lattice constants (a = 3.788, 4.627 a.u. and c = 9.491, 2.979 a.u.) and 

the internal parameter u (0.209, 0.305), were obtained for anatase and rutile TiO2 phases, respectively. 

Unit cell volumes were also calculated. Furthermore, the Birch-Murnaghan equation of state was used to 

obtain the equilibrium volume (937.5, 428.3 a.u.3), the bulk modulus (198.5, 222.5 GPa), and the pressure 

derivative of the bulk modulus (4.18, 4.37) for both phases. The results are in good agreement with the 

experimental data and the theoretical results published in other studies. Finally, the energy band gap of 

both samples was calculated (1.8 and 1.6 eV, respectively) and compared with published results obtained 

from the Density Of Electron States (DOS). 
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I. INTRODUCTION  

Titanium dioxide has been extensively studied for its 
interesting electrical [1-2], electronic, and structural properties, 
both experimentally [3-6] and theoretically [7-9]. In addition to 
its usage as alloy sheets [10-12] and the experimental 
investigation of the dielectric properties of PVC films doped 
with TiO2 [13]. In [14], the photocatalytic and magnetic 
properties of TiO2 were studied. Its applications extend to solar 
cell structures, where it is used as an excellent transport layer 
[15]. In an ab initio study in [16], various properties of anatase 
titanium dioxide nanoparticles were investigated. This study 
provided some empirical insight into how the mechanical 
properties of anatase improved by implementing the Linear 
Combinations of Atomic Orbitals (LCAO) method. In [17], a 

pressure-induced study of the structural and electronic bandgap 
properties of anatase and rutile was conducted using the 
ultrasoft pseudopotential plane-wave method. Both anatase and 
rutile TiO2 have a tetragonal crystal structure, I41/amd and 
P42/mnm space groups, respectively. The Density-Functional 
Theory (DFT) is used in simulation programs. In [18], an X-
Ray Diffraction (XRD) study was performed, and the lattice 
parameters of anatase were experimentally determined as 
a=3.7842 Å, c=9.4938 Å. For rutile, the parameters were given 
in [19] as a=4.5938 Å and c=2.9586 Å. 

II. COMPUTATIONAL METHOD AND 
SIMULATIONS 

This study was performed using Plane-Wave self-consistent 
field (PWscf), an essential component of QE within the DFT 
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framework [20-21]. In addition to scf calculations, non-self-
consistent field (nscf) calculations were performed. 
Furthermore, the dos card, available within the QE code, was 
used to calculate the Density Of Electron States (DOS). The 
energy-volume (ev) tool was also used to calculate the bulk 
modulus from the total energy and unit cell volume values. The 
pseudopotentials employed in this study were the ultrasoft 
pseudopotentials (PP) "Ti.pw91-sp-van_ak.UPF" for titanium 
and "O.pw91-van_ak.UPF" for oxygen, with the Perdew-Wang 
91 gradient-corrected function type following the Vanderbilt 
ultrasoft method [22]. DFT is commonly employed in the 
investigation of the structural properties of alkali metal 
hydrides [23]. 

A. K-Points Mesh Test 

To choose the correct set of k-points for accurate 
calculations, convergence tests concerning the total energy 
were performed for different k-point grids. For Monkhorst-
Pack [24] grid parameters (nk1 + nk2 +nk3), the k's were kept 
equal to one and varied n from 2 to 10. This was done at first to 
have a general idea about the total number of points needed. 
The second step was to test the z-direction separately since the 
anatase unit cell is longer along the z-direction compared to x- 
and y-directions, therefore, fewer k-points are needed in the z-
direction. This is because the dimension in the reciprocal lattice 
is inversely proportional to the dimension in the real space. 
Hence, to attain matching density in the x- and y-axis, fewer k-
points are needed in the z-direction. The rutile unit cell is 
shorter along the z-axis, so more k-points are needed in this 
direction. The last step in the k-points test was to test the x- and 
y- directions keeping the selected number of points in the z-
direction unaltered. According to the tests, a grid of 8×8×4 k-
points was chosen for the anatase and 5×5×9 k-points for the 
rutile, as shown in Figures 1 and 2, respectively. 

As can be inferred from Figures 1 and 2, the total energy 
decreases as n increases. The convergence threshold on the 
total energy was set to 10-4 Ry as a stop condition for the 
iteration. However, the difference in the energy is not 
significant after the k-points mesh (8×8×4) for anatase and 
(5×5×9) for rutile. This encouraged us to choose these sets as 
the finest k-points grids in the scf calculations. 

 

 
Fig. 1.  The total energy (Ry) of the anatase phase versus the n×n×4 k-
points grid. 

 
Fig. 2.  The total energy (Ry) of the rutile phase versus the n×n×9 k-points 
grid. 

B. Plane Wave Cutoff Test 

Optimization of kinetic energy cutoff was performed to 
limit the number of plane waves whose energy is less than or 
equal to the kinetic energy shift. This is necessary to achieve 
accurate computational results. To ensure convergence of the 
total energy with the kinetic energy cutoff for wavefunctions 
(ecutwfc), a series of calculations of the total energy of 
unrelaxed anatase and rutile unit cells were performed via a 
range of cutoff energies starting from 20 to 120 Ry in steps of 
20 Ry. The results are shown in Figures 3 and 4 for anatase and 
rutile, respectively. As a condition for the iteration to stop, the 
convergence threshold on total energy was set to 10-4 Ry. Note 
that the energy difference between ecutwfc 80 Ry and 90 Ry is 
significantly very small. This is why the value of 80 Ry was 
accepted as an optimum value for ecutwfc in simulations. 

 

 
Fig. 3.  The total energy convergence versus the kinetic energy cut-off for 
the wavefunctions of anatase. 

 
Fig. 4.  The total energy convergence versus the kinetic energy cut-off for 
the wavefunctions of rutile. 
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III. RESULTS AND DISCUSSION 

A.  Structural Optimization 

Keeping the optimal values of ecutwfc (80 Ry) and the k-
points sets for anatase (8×8×4) and rutile (5×5×9), simulations 
were carried out for different values of the cell lattice constant 
while keeping the lattice ratio (i.e., the c-axis length to the a-
axis length in the tetragonal lattice) unaltered. The scf code was 
executed for different values of the cell lattice constant, 7.1507 
± 01 a.u. and 8.6814 ± 0.1 a.u. for anatase and rutile, 
respectively. The resulting total energies versus the cell lattice 
values were then graphed and fitted using a standard cubic 
equation. The fitting parameters showed that the minimum total 
energy was achieved when the lattice constant value was 
7.1732 a.u. and 8.7384, i.e., with only a 0.3% and 0.6% error of 
the experimental values for anatase and rutile, respectively. 

B. Relaxed State 

QE was used for variable cell calculations to optimize the 
atomic coordinates, atomic positions, and volume of the unit 
cell by minimizing the total energy and atomic forces to obtain 
accurate results. Figure 5 presents the relaxed lattice cells of 
anatase and rutile with the help of the xcrysden software [25]. 
Table I shows the optimized structural parameters a, b, c, and u 
(the internal parameter) calculated for both anatase and rutile. 
As can be observed, the calculated structural parameters for 
both anatase and rutile agree very well with the experimental 
values. The optimized parameters for anatase agree well with 
the experimental values and are better than some previous 
theoretical results, for instance, the results obtained in [26] by 
employing the Full-Potential Linearized Augmented Plane-
Wave (FLAPW) method. However, in [17], the pressure-
induced structural and electronic bandgap properties of anatase 
and rutile TiO2 were studied using the GGA proposed by 
Perdew-Burke-Ernzerhof (PBE) for the exchange-correlation 
potential, obtaining an overestimated value for the lattice 

constant c=9.852 Å (0.181 Å difference). However, the other 
parameters agreed well with those of this study for anatase. 

 

  
(a) (b) 

Fig. 5.  Anatase (a) and rutile (b) relaxed structures. Red represents an 
oxygen atom. 

Furthermore, as shown in Table I, the structural parameter 
values for rutile TiO2 follow the experimental data better than 
the theoretical studies mentioned. 

C. Bulk Modulus and Equation of State 

To obtain the bulk modulus value, the ev.x (energy versus 
volume) package of QE was used, which allows to calculate the 
bulk modulus for the relaxed system using the Birch-
Murnaghan equation of state [28]. Several scf input files were 
compiled with different values of lattice parameters. Then from 
the output files, the total energy values at different volumes of 
the unit cell were collected in a new input file and executed 
using ev.x. Table II shows the output values of the bulk 
modulus, the pressure derivative of the bulk modulus, and the 
equilibrium volume of the unit cell for both anatase and rutile. 

TABLE I.  OPTIMIZED LATTICE PARAMETERS FOR ANATASE AND RUTILE OF TIO2 PHASES: EXPERIMENTAL AND THEORETICAL 
VALUES 

Sample Parameter Experimental Data This study 
Other works 

FLAPW [26] GGA-PBE [11] 

Anatase 
a (Å) 3.784 [18, 19] 3.788 3.692 3.798 
c (Å) 9.494 [18, 19] 9.491 9.471 9.852 

u 0.208 [27] 0.209 0.206 0.206 

Rutile 
a (Å) 4.594 [18, 19] 4.627 4.656 4.705 
c (Å) 2.959 [18, 19] 2.979 2.967 2.966 

u 0.305 [27] 0.305 0.305 0.308 

TABLE II.  COMPUTED AND EXPERIMENTAL VALUES OF BULK MODULUS (B�), BULK MODULUS DERIVATIVE (B�
� ), AND UNIT 

CELL VOLUME (V�) OF ANATASE AND RUTILE 

Sample Parameter 
This study Experimental 

data [29] 

Other theoretical studies 

Fitting ev package GGA-PBE [17]  GGA-PW91 [30] 

Anatase 
Bo (GPa) 205.9 198.5 179 188 146.0 
B�
�  4.24 4.18 4.5 3.7 4.0 

Vo (a.u.)3 936.6 937.5 919.7 959.3 908.1 

Rutile 

 GGA-PBE [31] 

Bo (GPa) 228.0 222.5 211 244 210 
B�
�  4.3 4.37 6.5 3.6 5.8 

Vo (a.u.)3 428.4 428.3 421.4 443.2 413.6 
 

Furthermore, another method was used to calculate the bulk 
modulus by running several scf files with the optimized values 

obtained from vc-relax calculations. Then the total energies and 
the unit cell volumes were collected for different input values 
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of the lattice parameters. Afterward, the Birch-Murnaghan 
equation of state [28] was used to fit the calculated total 
energies at various unit-cell volumes. The main difference 
between the two methods is that the first one (ev.x) did not 
require running the optimization process using vc-relax. This is 
shown in Figures 6 and 7 for anatase and rutile, respectively. 
The value of the pressure derivative (B�� ) was assumed to be 
not less than 4 in this fitting. The results are shown in Table II 
along with the experimental data and other theoretical values 
obtained by employing different computational methods. 

 

 
Fig. 6.  The total energy versus the unit cell volume of the anatase phase. 
The line represents the fitted data using the equation of state. 

 
Fig. 7.  The total energy versus the unit cell volume of the rutile phase. 
The line represents the fitted data using the equation of state. 

From the data shown in Table II, it is clear that both 
methods, ev.x tool and the direct use of the equation of state, 
used to fit the total energy concerning the unit-cell volume 
yielded close values. For example, considering anatase, the 
difference in the bulk modulus values between the two methods 
is only 7.4 GPa. Although both values are slightly larger 
compared to the experimental data, the value obtained using the 
ev feature is better compared to the one revealed by the fitting. 
The study in [11], which used the GGA-PBE method, recorded 
better values for anatase but overestimated the unit cell volume 
value. The rutile data in this study are much closer to the 
experimental values. Compared to [30], which used the PW91-
GGA method, the values calculated in this study are better. In 
[31], GGA parameterized by PBE was used, obtaining a better 
value for the bulk modulus of rutile, but it undervalued the unit 
cell volume. 

D. Density of States 

Figures 8 and 9 show the calculated density of electron 
states in anatase and rutile, respectively. The oxygen 2s-states 
are located in the band between -18 and -15 eV, while the 2p-
states band, which covers the range -5 to 0 eV, represents the 
valence band. The conduction band, which consists mostly of 
the titanium 3d-states, spreads in the range of 2 to 5 eV, away 
from the valence band by about 1.8 eV for anatase and 1.6 eV 
for rutile. These values represent the energy band gaps 
calculated in this study. It can be noticed that the energy band 
gap values are underestimated compared to the experimental 
values reported in [32], which were 3.20 eV for anatase and 
3.03 eV for rutile. This is a known disadvantage of DFT 
calculations, as, in general, DFT-calculated energy bandgaps 
are critically underestimated [33, 34]. The disagreement 
reported in the literature reaches 50%. However, in [35], a 
large-scale DFT study was conducted on the influence of the 
exchange-correlation function in the calculation of electronic 
band gaps of solids. This study identified optimal parameters 
that yield a family of functions adapted for the calculation of 
energy bandgaps. 

 

 
Fig. 8.  Density of electron states in anatase optimized using QE. 

 
Fig. 9.  Density of electron states of rutile optimized using QE. 

In an ab initio study of excited electron dynamics in anatase 
and rutile [36], a value of 1.5 eV energy band gap was recorded 
for both titanium dioxide phases. In another computational 
study [37], 2.04 eV was achieved for anatase and 1.78 eV for 
rutile. The data in these studies were better than those in this 
study, but still very low compared to the experimental data. 
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IV. CONCLUSION 

This study used the DFT method and Quantum ESPRESSO 
(QE) open-source software to investigate the structural and 
mechanical properties of the anatase and rutile titanium dioxide 
(TiO2) phases. The results include optimized structures and 
lattice parameters (a = 3.788, 4.627 a.u. and c = 9.491, 2.979 
a.u. and u = 0.209, 0.305), minimum unit cell volumes (937.5, 
428.3 a.u.3), bulk modulus and its derivative (198.5, 222.5 GPa 
and 4.18, 4.37), and energy band gaps (1.8, 1.6 eV), for anatase 
and rutile, respectively. The importance of this study is evident 
in the accurate measurements, which agree well with the 
published experimental and theoretical results, demonstrating 
the accuracy and reliability of the computational method. 
Furthermore, this study provides important information 
regarding the mechanical properties of anatase and rutile. This 
is significant for understanding how these materials can be 
used in structural and engineering applications. This study 
relates to previous ones, and therefore, its findings are 
comparable with the experimental data and show good 
agreement. This verification is an important step in 
computational materials science. This study contributes to the 
literature and provides detailed and consistent information on 
the mechanical properties of anatase and rutile TiO2. However, 
it is recommended to consider the approach in [35] when 
investigating bandgaps, which used other functions specifically 
designed for this purpose. A proposed evaluation of this 
method to calculate the bandgaps opens the way for future 
research to polish the current findings. 
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