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ARTICLE INFO ABSTRACT

Keywords: The high photoactivity of titanium dioxide at UV region has attracted ample attention over recent. The present
Rutile TiO, work aims to predict highly photoactive TiO, crystal structures under high/ultrahigh pressure (up 300 GPa).
Band gap Global minimizations of rutile TiO, band gap were performed using first-principles calculations combined with

High/ultrahigh pressure

the evolutionary algorithm USPEX (Universal Structure Prediction: Evolutionary Xtallography). Among several
Crystal structure prediction

phases predicted, three semiconductors with low band gaps were selected to study their structural, thermo-
dynamic, dynamical, and electronic properties. These phases show new symmetry (P4/nmm), coordination
number up to nine, and the lowest enthalpy of formation values (until —9.27 eV) ever reported to TiO, com-
pounds. In order to confirm the USPEX efficiency, a comparison between band gaps obtained by GGA, GGA + U,
and HSEO06 calculations was performed. Relative stability and bulk modulus of dynamically stable phases are
also investigated. Finally, our calculations reveal that R-semiconductor-300 exhibits the lowest direct band gap

predicted for TiO, to date.

1. Introduction

In solid-state physics, electronic band theory classifies materials
based on their own energy band structure into four main categories:
metals, insulators, semiconductors, and semimetals. In the case of me-
tals, the fermi energy (Ep) crosses through at least one band, which
means that the valence band overlaps the conduction band. In in-
sulators the valence and conduction bands are separated by a large gap
(Eg > 4eV), whereas there is a small gap in semiconductors
(0 < E; < 4eV). Semimetals are semiconductors with a negative in-
direct bandgap [1]. As a result of its high activity under UV irradiation,
TiO, has been the most studied semiconductor photocatalyst [2]. It has
also attracted a great deal of attention because of its outstanding phy-
sical properties [3-11], which shows a rich structural phase diagram
including many polymorphs [12-14], among them the three common
phases rutile (P4,/mnm, D;) [15,16], anatase (I4,/amd, Dj) [17,18],
and brookite (OI, Pbca, D;;7) [19,20] are mainly found in nature [21].

Rutile has been well explored due to its versatile physical and
chemical properties, especially its high stability [22], its crystal struc-
ture has been determined with lattice parameters a = 4.5937 A and
c=209581A [21]. Several studies have revealed that rutile has a direct
band gap of 3.06 eV and an indirect one of 3.10eV [23]. It is obvious
that the band-edge positions (conduction band and valence band) of

TiO, photocatalyst play a crucial role in the capture of solar energy
[24-26]. Therefore, semiconductor material should have a smaller band
gap to increasing the visible light absorption, which enhances its pho-
tocatalytic activity [2].

Studying the properties of condensed matter subjected to very high
pressures describes efficiently their behaviour under extreme condi-
tions. Compression of solids leads atoms to bring closer, causing an
increase in the overlap of electronic orbitals and inducing modifications
in the nature of chemical bonds and electronic band structure. These
changes push the materials to undergo new transitions as the mod-
ifications occurring continuously or discontinuously create new dif-
ferent physical and structural properties [27]. Studying these changes
in extreme conditions provides understanding the nature of phase
transformations [28], crystal to amorphous transitions [29], chemical
changes [30], valence transitions [31] as good as changes in the di-
electric function [32].

An enormous amount of research has indicated that the compression
can manipulate effectively the electronic properties of materials,
through which the insulator-to-metal [33], metal-to-semiconductor
[34,35], semiconductor-to-semimetal [36] or metal-to-semimetal tran-
sition [37] takes place.

In this paper, we predict possible crystal polymorphs of TiO, with
low band gap at high/ultrahigh pressures (up 300GPa) using
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Fig. 1. (a) Example of evolutionary band gap minimization: an ab initio run for rutile; (b) histogram of number of structures predicted at each pressure.

evolutionary algorithm USPEX (Universal Structure Prediction:
Evolutionary Xtallography), which operates with populations of struc-
tures. From parent structures, new population is produced according to
its fitness rank (enthalpy by default) using one of three operators:
heredity, permutation or mutation. After that, the locally optimal
structure having lowest-enthalpy is selected for producing structures of
the next generation, and so on until reaching a sufficient number of new
structures. By the way, energy calculations and local optimization are
done by external codes interfaced with USPEX (usually, VASP [38],
SIESTA [39] or GULP [40]) [41]. This method demonstrated a re-
markable, nearly 100%, success rate when it was applied on several
dozen compounds with well-known structures [42].

2. Theoretical methods

Our approach is based on the evolutionary algorithm USPEX
[43-471], the fitness function was chosen to be the band gap instead of
the free energy. In our case, a candidate solution is a locally optimized
with respect to the energy, rather than band gap, to ensure that the
structure is chemically realistic. Afterwards, all bad candidates (their
quality is determined by the value of the band gap) were eliminated
[44].

Our structure prediction runs for TiO, were performed at high
pressure (0, 10, 25, 50, 75, and 100 GPa) and ultrahigh pressure (175,
200, 225, 250, 275, and 300 GPa) all at zero Kelvin, and for systems
containing 6 atoms/cell. The population size was in the range 15-20,
typical structure prediction runs required ~10-25 generations. The first
generation was produced randomly, whereas succeeding generations
were obtained by applying heredity (50%), softmutation (20%), and
latmutation (10%) operations, while 20% of each generation was pro-
duced using symmetric random generator.

In this study, evolutionary searches were achieved with local opti-
mization using density functional theory (DFT) [48,49] within the spin-
polarized GGA-PBE functional [50], and the projector-augmented wave
method [51,52], as implemented in the VASP software [52-54], plane
wave kinetic energy cutoff was set to 320 eV. All ab initio calculations
used plane-wave basis sets and Monkhorst-Pack meshes for Brillouin
zone, sufficient for excellent convergence in the total energy, stress
tensor, and bandgap.

The enthalpies of formation for the TiO, phases identified after each
generation of the USPEX structure prediction run are also calculated.
The enthalpy is given relative to the energy of the optimized elemental
phases of Ti and O as follows:

AH; = E(Ti O,) —

[xE (TD) + yE(0)]/(x + y) @
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where E stands for the total energy per atom of the phase, while x and y
stand for the stoichiometric proportions of Ti and O, respectively [55],
in TiO, phases (fixed-composition binary system), with x =1 and
y=2.

On the other hand, according to the empirical Eq. (2) [56,57] we
can define the band gap as follow:

E a
Epr = 1.36 X (—g) ,
Ege 2

where, Eg: intrinsic breakdown field (V nm™%), E,: band gap (eV),
E,. = 4.0eV, and a = 3 for semiconductors, and a = 1 for insulators.

GGA is well known to underestimate the band gap by 10-40%, and
more accurate values can be found by other methods such as: the GW
approximation or hybrid functionals, but, here, DFT band gaps have
used as approximate and useful guide values [58].

The dynamical stability was investigated by phonon calculations as
implemented in the PHONOPY code [59]. Band structure and partial
density of states (PDOS) have been performed using the CASTEP
module [60] of Materials Studio, with generalized gradient approx-
imation (GGA) and the screened hybrid functional by Heyd, Scuseria
and Ernzerhof (HSE06). Crystal structures of best predicted phases are
generated using VESTA [61] software (Fig. 3 and Fig. S3). Origin pro-
gram was used to create the artwork [62].

3. Results and discussion
3.1. Statistical aspects of simulation results

A typical evolutionary prediction of TiO, low band gap structures
using the rutile experimental cell parameters (6 atoms/cell) at 0 GPa is
shown in Fig. 1(a), similar simulations were also run at high pressure (10,
25, 50, 75, and 100 GPa) and ultrahigh pressure (175, 200, 225, 250, 275,
and 300 GPa) as displayed in Fig. S1. The histogram plots in Fig. 1(b)
recapitulate the number of structures predicted at each pressure, it is re-
markable that compression leads to semiconductor-to-metal, metal-to-
semimetal or semiconductor-to-semimetal reversible transition in rutile
due to the reduction of interatomic distances and strengthening of in-
teratomic interactions. This is well in line with published results
[29,35,36,63], where rutile tends generally to become a semimetal,
especially at ultrahigh pressure. Our searches at various pressures (in total,
we sampled 3505 structures) produced a large number of allotropes with
low band gap, knowing that rutile is most/lowest transformable at 75 GPa
(437 structures) and 275 GPa (168 structures) respectively. Besides, the
band gap values recorded in this work ranging from —1.09 eV predicted at
275 GPa to 2.89 eV at 10 GPa.
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Fig. 2. The phonon band structure and phonon DOS charts for stable R-semiconductors.

3.2. Structural and thermodynamic properties

In order to facilitate the representation of the new compounds
predicted in this study, we have named them as follow: Initial letter-
Type-Pressure. The first part of the name (Initial letter) is simply the
initial name of TiO, parent structure, the second part (Type) represents
the nature of the new structure, i.e., semimetal, metal or semiconductor,
while the last part (Pressure) is the applied pressure (GPa). For ex-
ample: R-semiconductor-O denotes the lowest band gap semiconductor
produced from rutile at 0 GPa.

Our phonon computations (Fig. 2) for R-semiconductor-0, R-semi-
conductor-100, and R-semiconductor-300 did not reveal any imaginary
frequencies confirming that these structures are minima, while all the
rest of the semiconductors illustrated in Fig. S2 is dynamically unstable.

The crystal structures of the stable lowest band gap semiconductors
are depicted in Fig. 3, their calculated structural parameters, their gaps
and their enthalpies of formation are displayed in Table 1. More in-
formation about metastable lowest band gap semiconductors are

available in Fig. S3 and Table S1.

Our results show that rutile could crystallize in C2/m (at 0 GPa) and
P3ml (at 300 GPa) space groups. This is the first report, to our
knowledge, of the pressure-induced phase transition to P4/nmm (at
100 GPa) structure among all titanate compounds. For R-semi-
conductor-0, O atoms form an irregular hendecahedron (Polyhedral
volume = 14.52 A%) with Ti atoms sitting at the 4i (0.320, 0.000,
0.278) Wyckoff site, and O atoms sitting at the 4i (—0.344, 0.000,
0.063) and 4i (—0.086, 0.000, —0.387) Wyckoff sites. In R-semi-
conductor-100, and R-semiconductor-300, O atoms built a distorted
polyhedron with polyhedral volume = 15.03 A3, and 12.89 A3 respec-
tively. The cation occupying 2c (0.250, 0.250, 0.248) site while the
anions are at 2a (0.750, 0.250, 0.000) and 2c (0.250, 0.250, —0.367)
sites in R-semiconductor-100, however, Ti ions are at 1a (0.000, 0.000,
0.209) and O ions occupying 1c (0.666, 0.333, 0.181) and 1b (0.333,
0.666, —0.291) in R-semiconductor-300. In both R-semiconductor-100
and R-semiconductor-300, each Ti is coordinated to nine O ions with Ti-
O average bond length estimated to 1.94 A and 1.880 A respectively. R-

Fig. 3. Polyhedra structures for stable TiO, semiconductors: (a) R-semiconductor-0, (b) R-semiconductor-100, and (c) R-semiconductor-300. Blue atoms depict Ti,

while red atoms present O.
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Table 1
Details of crystal structure of R-semiconductors.
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TiO, structure Space group (No.)  Structure parameters (f\, )

R-semiconductor-0 C2/m (12) a=721,b=273,c=541,p3 =119

R-semiconductor-100  P4/nmm (129) a=281,b=281,c=4.81

R-semiconductor-300  P3ml (156) a=289,b=289 c=212

Wyckoff positions Enthalpy of formation (eV/atom)  Bandgap E, (eV)
Ti 4i (0.320, 0.000, 0.278), -9.27 0.11
01 4i (—0.344, 0.000, 0.063),
02 4i (—0.086, 0.000, —0.387)
Ti 2¢ (0.250, 0.250, 0.248), —4.86 0.21
01 2a (0.750, 0.250, 0.000),
02 2c (0.250, 0.250, —0.367)
Ti 1a (0.000, 0.000, 0.209), +3.61 0.11

01 1c (0.666, 0.333, 0.181),
02 1b (0.333, 0.666, —0.291)

semiconductor-0 has coordination number of eight with Ti-O average
distance of 2.02 A.

By the way, the predicted favoured structure of TiO, is C2/m with
a=1721 A, b =273 f\, andc = 5.41 A, that is quite far to the known C2/
m TiO, lattice parameters, ie., TiO»-(B) [64] with a = 12.30 10\,
b=3.76A and c = 6.61A and another C2/m [65] structure with
a=14.26A, b =298A and ¢ = 4.78 A. Therefore, this major differ-
ence in C2/m structures, which caused especially by compression along
adirection, leads to intrinsic variation in band gap values from
E; = 2.6 eV [64] in the case of TiO,-(B) and E; = 2.1 eV [65] for the
second C2/m structure to E; = 0.1 eV in our structure.

Likewise, a new phase of TiO5 with P3m1 symmetry were predicted
using density functional theory (DFT) [65]. Its unit cell has the fol-
lowing lattice parameters: a = 6.02A, b = 6.024, and ¢ = 14.78A.
However, from our calculations, R-semiconductor-300 has a P3ml
symmetry and lattice vectors a = 2.89 A, b = 2.894, and ¢ = 2.12A.
Despite the fact that these two phases have the same symmetry, their
structures are rather dissimilar with largely various band gap values,
ie., E; (P3m1) = 1.73 eV (using GGA) [65] and E, (R-semiconductor-
300) = 0.11eV.

A few years ago, the Fe,P-type (P62m) structure predicted at
210 GPa, which was considered as the highest-pressure phase of TiO,,
was found to have the highest coordination number (ninefold) among
the known TiO, polymorphs [66]. However, a ten-coordinated TiO,
structure with space group I4/mmm (CaCo-type) was recently dis-
covered above 650-690 GPa, knowing that significant differences in the
electronic properties between Fe,P-type and CaC,-type structures were
found [67,68]. In this study, R-semiconductors have coordination
number of six at 10 GPa, seven at 25 and 50 GPa, eight at 0 GPa, nine at
75, 100 and 300 GPa, and ten at 175-275 GPa. J. Muscat et al. [69]
found that O ions are more compressible than Ti ions at high pressure,
such that it is possible to form more anions around each cation hence
increasing the Ti-O attraction interaction. This leads to an increase in
the coordination of Ti-O ions from six (R-semiconductor-10) to ten (R-
semiconductor-275).

On the other hand, the current calculations demonstrate that high
pressure semiconductors are characterized by lower coordination
number and higher band gap (Eg moy = 0.13 eV) compared with ultra-
high pressure semiconductors, which have higher coordination number
and lower band gap (E;me = 0.12 V). Subsequently, band gap de-
creases generally with coordination number because of decreasing bond
strength which leads to increasing the dielectric constant. These results
are in excellent agreement with recent results obtained by theoretical
computation [58].

We have investigated also the change in the unit cell parameters of
R-semiconductors (see Fig. 4(a)), we have observed that the freedom of
movement of Ti ions along the ¢ direction makes it the most com-
pressible direction, while the three directions tend to resist compression
from 175GPa to 275GPa. Fig. 4(b) portrays the evolution of the
average polyhedral Ti-O, the nearest Ti-Ti, and O-O bond distances.
Clearly, the change in Ti-Ti and O-O bond lengths is not evident due to
the free movement of the nearest Ti and O ions in order to rearranging
the polyhedron, whereas Ti-O bond distances are so similar.
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Analysing our enthalpy of formation results, we note that only R-
semiconductor-300 is thermodynamically unstable. Besides that, R-
semiconductor-0 and R-semiconductor-100 are newly predicted struc-
tures with highly lower enthalpies (—9.27 and —4.86eV/atom re-
spectively) compared to the formation energy values of the 39 known
stable polymorphs of TiO,, which range from —3.52 to —0.80 eV/atom
[65].

3.3. Relative stability

We have used BFGS algorithm [70] to perform geometry optimi-
zation for rutile TiO,, R-semiconductor-0, R-semiconductor-100, and R-
semiconductor-300. The equilibrium volume V;, bulk modulus B, and
its first derivative B, were calculated through Birch Murnaghan equa-
tion (3) of state [71] as presented below, for all phases, cell optimiza-
tions were done for fifteen different pressures.

3B,

[ 3 [t | S

Predicted equilibrium volume of rutile 62.90 10\3, bulk modulus
215 GPa and its pressure derivative 4.39, as listed in Table 2, are con-
sistent with the recent high-pressure experiments [72,73] and first-
principles calculations [74,75]. R-semiconductor-0 and R-semi-
conductor-100 exhibit lower bulk modulus (51, 41 GPa respectively)
compared to rutile, which means that these new structures are less hard
than rutile. According to R-semiconductor-300’s bulk modulus
(212 GPa), we can say that R-semiconductor-300 is as hard as rutile.

Moreover, we can deduce the transition pressures of crystal phase
by determining the enthalpies of rutile, R-semiconductor-0, R-semi-
conductor-100, and R-semiconductor-300 under hydrostatic pressure
from O to 300 GPa as illustrated in Fig. 5. The most stable structure at
ambient conditions is rutile, where the enthalpy of R-semiconductor-0
is lower than that of both R-semiconductor-100 and R-semiconductor-
300. The first phase transition, which corresponds to the R-semi-
conductor-100 to R-semiconductor-0 transformation, occurs about
15.62 GPa. Under increasing pressure, R-semiconductor-100, R-semi-
conductor-0, and R-semiconductor-300 convert to rutile at 38.52,
64.93, and 114.30GPa, respectively. Above 38.52GPa R-semi-
conductor-100 becomes the most stable phase. Remarkably, these
predicted transformations are in stark contrast to USPEX results, this
difference may be due to the sensitivity of relative stability calculations
to the treatment of electronic exchange and correlation [17] and to the
numerical details of the calculations [76].

P(V) =

3.4. Electronic properties

In order to establish the validity of band gap values found by USPEX
for the semiconductors selected in this work, we have calculated the
band energies at high symmetry k-points using GGA-PBE, GGA + U,
and HSEO06 functionals. M. E. Arroyo-de Dompablo et al. [77] found
that the DFT + U (U=5 eV) method is well suitable to investigate the
properties of TiO, polymorphs. For easy comparison, Fig. 6 depicts the
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Table 2

Equilibrium volumes V; (10\3/ two formula), bulk moduli B, (GPa), and first
pressure derivative B, of rutile, R-semiconductor-0, R-semiconductor-100, and
R-semiconductor-300 at 0 GPa.

Phase Method Vo (A% B, (GPa) B(;

Rutile Present work 62.90 215 4.39
Expt. [10,11] 62.00-62.44 211-235 6.84-4.00
Other calc [12,13] 63.78-63.3 215-235 5.35-4

R-semiconductor-0 Present work 70.23 51 4.43

R-semiconductor-100  Present work 59.43 41 8.69

R-semiconductor-300  Present work 56.50 212 3.15
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Fig. 5. Calculated enthalpy of R-semiconductor-0, R-semiconductor-100, and
R-semiconductor-300 as a function of pressure, with the rutile phase as the
reference state.

band gaps estimated using GGA, GGA + U, and HSE06. Comparing with
band gap values predicted by USPEX (E;=0.11eV at O0GPa,
E;=021eV at 100GPa, and E,=0.11eV at 300GPa), all of
GGA, GGA + U, and HSE06 have overestimated them. Remark-
ably, within the GGA + U the optimization of the GGA band
gaps is achieved at 0GPa (Eggoa+u) = 0.52 eV, Eg(gea=0, 30eV),
100 GPa (Eg (Gea+u) = 1.05 eV, Eg (664)=0, 93 eV), and at 300GPa
(Eg (Goa+uy = 0.36 eV, Eg(goa) = 0.26eV).We note that GGA +U
method usually tends to underestimate the band gaps [77-79], how-
ever, the band gaps done by HSE06 are always overestimated. Thus, the

2,5 —e—GGA -
—he—GGA+U
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2 154
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©
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T
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I ¢ 3
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Fig. 6. Pressure dependence of the band gap of R-semiconductors at high/ul-
trahigh pressure obtained by GGA, GGA + U, and HSEO06.

actual values should be confined between GGA + U and HSE06 values,
which ensures that our structures really have low band gaps.

As an understanding of electronic properties of R-semiconductor-0,
R-semiconductor-100, and R-semiconductor-300 is important to the
work presented in this paper, we describe their band structures and
densities of states in some detail (see Fig. 7). The HSE06 band structure
of R-semiconductor-O revealed that it has an indirect band gap of
1.44 eV with the VBM between I' and F and the CBM at Z, however, an
indirect band gap of 0.52 eV with the CBM at I was found by GGA + U
calculation. For R-semiconductor-100, the HSEO6 calculation yields an
indirect band gap of 2.46 eV with the VBM between Z and I' and the
CBM at I', while GGA + U gives an indirect band gap of 1.05 eV with
the VBM at Z and the CBM at I'. From the HSE06 calculation, the
minimum direct band gap for R-semiconductor-300 is 0.68 eV between
I and F, the same band gap was found by GGA + U method but it was
estimated to 0.36 eV. By the way, projected densities of states (PDOS)
report that the three structures have dominant O 2p and Ti 3d orbitals
in the valence and conduction bands, respectively.

Otherwise, the smallest band gap recorded for TiO, polymorphs
belongs to Fe,P-type structure, which is predicted at 160 GPa with
E, =0.66eV (GGA) [68]. Thus, R-semiconductor-300 shows the
new lowest band gap predicted for titanium dioxide to date
(Eq (664)=0.26 eV). In addition, DBG (direct band gap) semiconductors
have generally high efficiency since no phonon assistance is needed for
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the minimum gap excitation [80]. Comparison to experimental/ theo-
retical data is not possible as equilibrated experiments/calculations at
0, 100, and 300 GPa, to our knowledge, have not yet been performed.

4. Conclusion and outlook

In summary, we have studied the structural, thermodynamic, dy-
namical, and electronic properties of new TiO, phases predicted by
USPEX at high/ultrahigh pressure. Our results show that compression
leads to reversible semiconductor-to-metal, metal-to-semimetal and
semiconductor-to-semimetal transitions in rutile. Among twelve se-
lected semiconductors with low band gaps, only R-semiconductor-0, R-
semiconductor-100, and R-semiconductor-300 are dynamically stable.
These new structures are characterized by highly lower enthalpies of
formation (—9.27 eV/atom for R-semiconductor-0 and —4.86 eV/atom
for R-semiconductor-100) and new recorded symmetry (P4/nmm)
which belongs to R-semiconductor-100. We found also that under
compression, R-semiconductor-100 transforms directly to R-semi-
conductor-0 at 15 GPa, and, upon release of pressure, R-semiconductor-
100, R-semiconductor-0, and R-semiconductor-300 convert to rutile at
38, 65, and 114 GPa respectively, which are in contrast to USPEX
predictions. Bulk modulus results suggest that R-semiconductor-0 and
R-semiconductor-100 are softer than rutile, while R-semiconductor-300
is as hard as rutile. Otherwise, comparison between band gaps obtained
by GGA, GGA + U, and HSEO6 calculations yields: (i) all of GGA,
GGA + U, and HSEO06 overestimate the band gaps predicted by USPEX;
(ii) USPEX has successfully discovered new TiO, phases with very low
band gaps in spite of its negligence to dynamical stability aspects,
which imposes certain fundamental issues. We present also, in this
study, a new stable TiO, polymorph with the lowest direct band gap
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ever recorded for titanium dioxide (Eg = 0.26 eV). Finally, under-
standing the high/ultrahigh pressure behaviour of new TiO, structures
with low band gaps predicted from anatase and brookite, will be the
subject of a forthcoming work.
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