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Titanium dioxide (TiO,) has a wide range of industrial applications (e.g., photocatalysis and solar cells). Pressure causes

profound structural and electronic changes of TiO,, leading to the fundamental modification of its physical properties. We

www.rsc.org/

here report the metallization of TiO, at high pressure through first-principles swarm structure searching calculations.

Metallization accompanies the stabilization of a body-centered tetragonal CaCy-type structure (space group /4/mmm),

which is more stable than the Fe,P-type structure above 690 GPa. This phase adopts a ten-fold coordinated structure

consisted of face-sharing TiO;, dodecahedrons, the highest coordination number among all TiO, phases known so far. In

contrast to the nine-fold Fe,P-type structure, the higher coordination and denser polyhedral packing makes the CaC,-type

structure energetically favorable. Our work enables an opportunity for understanding the structure and electronic

property of TiO, at high pressure.

1 Introduction

Titanium dioxide (TiO,) is of particular interest due to its versatile
physical and chemical properties. Therefore, it has extensively been
used in a wide variety of applications including pigment,m
photocatalysis,m solar ceIIs,[3] electrochemistry,m dynamic random
access memory modules,[sl and ceramic industries.”! In particular,
the structure and property of TiO, are strongly dependent on the
specific environment. Various polymorphs have been observed
under varying chemical, temperature, and pressure conditions.
High-pressure phase transitions of TiO, have attracted special
attention because these phases exhibit unusual properties (e.g.
ultrahard and uItrastiff,[7'8] a quasi-direct band gap character,[gl
unusual compression behavior[m]). In addition, high-pressure phase
transitions of TiO, can be regarded as a lower-pressure analogy of
Si0,, the most abundant component of the Earth’s mantle.®!
Pressure-induced phase transitions of TiO, also serve as analogues
of the structures adopted in many other important AX,
compounds.[s’ = Recently, structural behaviour and mechanical
property of nanocrystalline TiO, under pressure has been
extensively investigated.m'm It is found that the bulk modulus of a

nano TiO2 sample strongly depends on the particle size.

TiO, has a rich phase diagram under high pressure.[g‘ 11, 1516] Up

to now, at least 8 solid phases have been identified. Specifically, the
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rutile and anatase phases transform to a columbite (a¢-PbO,) form
between 4.5 and 7 GPa,[m and then to a baddeleyite structure
(2rO,) at around 20 GPa,[ls'm] then to an brookite phase (space
group Pbca)[sl, followed by a cotunnite structure with Pnma
symmetry.[& 19-21] Recently, first-principles calculations predicted a
new phase of TiO, with Pca2, symmetry at around 50 GPa,[lo’ =
although it has not been found experimentally. Up to now, the
highest pressure phase of TiO, identified is the Fe,P-type (P-62m)
structure at 210 GPa,m] which was found to have the smallest band
gap and the highest coordination number (nine-fold) among the
known TiO, phases. It is well known that high pressure can tune the
band gap and induce insulator or semiconductor to metal phase
transition. ™ 22°) Light absorption of TiO, can be enhanced by
reducing its band gap or metallization. This is a necessary premise
for improving the photocatalytic activity of TiOz.[ZG'Zsl In particular,
pressured induced metallization of TiO, has not been reported thus
far.

For this purpose, we have extensively explored the high-pressure
phases of TiO, by using unbiased structure searching techniques
and first-principles density functional calculations. We discovered a
novel tetragonal CaC,-type structure with /4/mmm symmetry stable
above 690 GPa consisting of a ten-fold coordination of Ti atom. It is
found that there are significant differences in the electronic
properties between Fe,P-type and CaC,-type structures.

2 Computational details

Our structure searching simulations are performed through the in-
house developed CALYPSO structure prediction method based on a
particle swarm optimization algorithm via a global minimization of
free energy surfaces merging ab initio total energy calculations as
implemented in the CALYPSO code.”*? The most remarkable
feature of this methodology is the capability of predicting the
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ground-state structure with only the knowledge of chemical
composition. Our method has been benchmarked on various known
systems, ranging from to binary and ternary
compounds.[zg’ 3134 The underlying ab initio structural relaxations

elements

and electronic band structure calculations were performed in the
framework of density functional theory within the Perdew—Burke—
Ernzerhof parameterizationBS] as implemented in the VASP (Vienna
Ab Initio simulation package) code.B® The electron-ion interaction
was described by projected-augmented-wave potentials with
3d24523p63$2 and 2522p4 as valence electrons for Ti and O,
respectively. The use of the plane-wave kinetic energy cutoff of
1000 eV and Monkhorst-Pack k-meshes with grid spacing of 2m x
0.03 A" were chosen to ensure that all the enthalpy calculations are
well converged to better than 1 meV/atom. The validity of the used
PAW potential at currently studied pressures (< 700 GPA) has
earlier been carefully checked (Fig. S1) by comparing with full-
potential linearized augmented plane wave (FP-LAPW) method as
implemented in the ELK code.’”! The phonon calculations were
performed to determine the dynamical stability through supercell
method as implemented in the PHONOPY code.®® It is noted that
all calculations have been made at 0 K.

3 Results and discussion

Structure predictions through the CALYPSO code with 1-4 formula
units (f.u.) per simulation cell were performed at pressure range of
0-800 GPa. The experimental structures were all successfully
reproduced, validating our methodology in application to dense
TiO,. The calculated enthalpies per formula unit as a function of
pressure with respect to Fe,P-type structure are plotted in Fig. 1. At
low pressure regions, our simulations readily found rutile and
anatase phases at ambient pressure. With increasing the pressure,
our simulations found the columbite (a-Pb0O,), baddeleyite (ZrO,),
Ol (Pbca) and Cotunnite (Pnma) structures proposed earlier. For the
Post-Cotunnite regions, the Pnma structure transforms to Fe,P-type
(P-62m) structure. The calculated transition pressures for these
phases along with other calculated and experimental data were
given in Table 1. It is found that our results are in reasonable
agreement with the previous calculations.™ The slight difference
between calculation and measurement might originate from the
temperature effect, which is not considered in our calculation.
Moreover, the experimental structural parameters are also well
reproduced by our calculations (Table S1), supporting on the
validity of pseudopotentials adopted in this work.

With increasing pressure, we indentify a body-centered
tetragonal CaC2[39] or BaOz-type[4°] structure (space group I14/mmm,
two formula units per cell, see Fig. 2b) that become energetically
favorable at ~690 GPa. Interestingly, the CaC,-type structure
consists of face-sharing Ti-O dodecahedrons. Each Ti atom is
centered in dodecahedron to form ten-fold binding with O having
eight of the Ti-O distances being 1.80 A and the other two 1.79 A.
This is the highest coordination number among the known TiO,
phases. It should be noted that the distance between the two
nearest oxygen atoms is 1.76 A. It means that this structure does
not contain dumbbell carbon and oxygen as observed in CaCz36 and
BaOz-type37. The phonon dispersive curves confirm that the
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14/mmm structure is dynamically stable (Fig. S2). The CaC,-type
phase is structurally very distinct from Fe,P-type consisting of fairly
regular TiOq tricapped trigonal prisms with a closely compact lattice
(Fig. 2a). Ti-O distances in Fe,P-type structure are slightly shorter
(1.64 and 1.79 A) than those in CaC,-type.
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Fig. 1 The relative enthalpy per formula unit with respect to Fe,P-
type structure as a function of pressure within PBE calculations at T
= 0 K. (a) is for the pressure regime between 0 and 50 GPa, and (b)
for the high-pressure post-cotunnite regime.

Table 1. Computed transition pressures (GPa) for thee considered
phases, as compared to experimental and other theoretical data.

Phase Space group Transition pressure
Anatase 14,/amd This work 0.0 GPa
Other calc. 0. 0GPa™
Columbite Pbcn This work 3.5 GPa
Other calc. 3.0 GPa™
Baddeleyite P2,/c This work 11.5 GPa
Expt. 20.0 GPal*?
Other calc. 12.0 GPa™"
Cotunnite Pnma This work >33.5 GPa
Expt. 48-56 GPa, 1800 K**!
Other calc. 40.0 GPa™!
Fe,P-Type P-62m This work 149.5 GPa
Other calc. 147.0 GPa*!
CaC,-type 14/mmm This work 689.0 GPa
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Fig. 2 Crystal structures for the Fe,P-type (a) and CaC,-type (b) of
TiO, at 700 GPa. Small and large spheres represent O and Ti atoms,
respectively. The lattice parameters for the Fe,P-type structure are
a=b=4.3833 A and c = 2.3868 A. The atomic coordinates are Ti (1a)
(0, 0, 0), Ti (2d) (0.333, 0.667, 0.5), O (3g) (0, 0.259, 0.5), and O (3f)
(0.406, 0.406, 0). The lattice parameters for the CaC,-type structure
area=b=2.1985 A and c = 5.3617 A. The atomic coordinates are Ti
(2b) (0, 0, 0.5) and O (4e) (0, 0, 0.837), respectively.

To analyze the Ti-O bonding character and phase mechanism,
electron localization function (ELF)MS] and Bader chargem] of the
Fe,P-type and CaC,-type structures are calculated. Analysis of the
ELF for CaC,-type structures shows a very small value (~0.23)
between Ti and O atoms (Fig. S3), which is typical for ionic and
metallic bonding.[m The calculated Bader charges are +1.74 and
-0.87e on the Ti and O atoms, respectively. This results show that
Ti-O is ionic bonding and corresponds to an ionicity of ~43%. In
Fe,P-type, the charges on the Ti and O atoms, obtained from the
Bader charge analysis, are +1.99 and -0.99e, respectively. This
equates to an ionicity of ~50%. Obviously, ionicity in CaC,-type is
smaller than that in Fe,P-type. In general, structures with lower
ionic are less sensitive to the Coulomb interactions between
neighboring atoms. Thus, the stabilizing effect in CaC,-type is less
remarkable than this in Fe,P-type. This is also consistent with the
longer Ti-O distances in CaC,-type. At certain pressure p, the
structure with the lowest enthalpy H =U+pV is the most stable,
where U and V are the energy and volume per formula unit,
respectively.[48] In general, structures with smaller volumes are
favorable at high pressure. Variation of the unit cell volume as a
function of pressure for the Fe,P-type and CaC,-type structures
were shown in Fig. 3. It is found that the CaC,-type unit cell volume
is smaller than that of Fe,P-type. This phase transition reduces the
volume by ~3.37% relative to the Fe,P-type structure, which
amounts to a lowering of the pV term in the enthalpy of ~1.86 eV

This journal is © The Royal Society of Chemistry 20xx
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per formula unit (Fig. S4a). However, U of the CaC,-type is larger
than this of Fe,P-type (Fig. S4b), which is also agreement with the
above ionic analysis. In combination of U and pV terms, CaC,-type is
energetically favorable above 690 GPa (Fig. 1b). Those indicates
that the lower (tetragonal) symmetry unit cell of the CaC,-type
structure become much denser and stable than the hexagonal one
at the transition pressure, which is attributed to the higher
coordination and denser polyhedral packing.
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=
=
o 1321
E AV/V =3.37%
S 128}
124
600 650 700 750 800
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Fig. 3 Variation of the unit cell volume as a function of pressure for
the Fe,P-type and CaC,-type structures. Vertical dotted line
indicates the transition pressure.

Subsequently, we investigated the effect of pressure on the band
gaps for Fe,P-type and CaC,-type structures, respectively (Fig. 4).
The band gaps of the Fe,P-type structure gradually decrease with
increasing pressure. Among the known TiO, polymorphs, the Fe,P-
type structure was found to have the smallest band gap (0.66 eV at
160 GPa),m] which compares well with our value of 0.62 eV. Above
160 GPa, the band gap is further reduced. However, pressure-
induced metallization are not observed until the CaC,-type
transition at ~690 GPa. It is interesting to find that CaC,-type
structure is metallic over the whole studied pressure range. The
electronic band structure and projected density of states (PDOS) at
700 GPa for the Fe,P-type and CaC,-type structures were shown in
Fig. 5. For the CaC,-type structure, the valence band is
predominantly O 2p in character, with a small contribution from the
Ti 3d components. While the conduction band is mainly composed
of Ti 3d components mixed with a small contribution from the O 2p.
The valence band composition for the Fe,P-type is similar to those
of in CaC,-type. Notably, Ti 3d components mainly contribute to the
conduction band. This character is mainly responsible for the band
gap narrowing in FezP-type.[u] It should be noted that this
transition pressure (690 GPa) for the CaC,-type structure is
unrealistic for present experimental techniques, which might help
to trigger new experimental development.

There appear large dispersion bands crossing the Fermi level (E)
and a flat band in the vicinity of E; close to the I point. The
simultaneous occurrence of “flat band-steep band”***% near the
Fermi level is considered as favourable conditions for enhancing
electron pairing, which is essential to superconducting behaviour.
This character promotes our interests to investigate its

J. Name., 2013, 00, 1-3 | 3
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superconductive behaviour. The calculated logarithmic phonon
momentum w,, and electron—phonon coupling parameter A are
1384.4 K and 0.23, respectively. Using the Allen and Dynes modified
MaMillan formula,[sn the estimated superconducting transition
temperature T, is 0.03 K (taking value of 0.1 for the effective
Coulomb repulsion parameter pu*), which is ascribed to the rather
weak electron—phonon coupling.
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Fig. 4 Pressure dependence of band gaps of the Fe,P-type and CaC,-
type structures. The vertical dotted line represents the phase
transition pressure, which is also the metallization pressure.
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Fig. 5 Electronic band structure and projected density of states for
the Fe,P-type (a) and CaC,-type (b) of TiO, at 700 GPa. The
horizontal dashed line indicates the calculated Fermi energy.
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4 Conclusions

In summary, a novel ten-coordinated TiO, polymorph with CaC,-
type symmetry has been predicted through first-principles swarm
structure  searching  calculations. This phase become
thermodynamically stable above ~690 GPa, and was found to be up
to ~3.4% denser than that of the Fe,P-type structure. It is found
that ionicity in CaC,-type is smaller than that in Fe,P-type.
Therefore, the favourable energetics of CaC,-type mainly originates
from close packing. Fe,P-type and CaC,-type structures have
distinct electronic band structures and the metallization of TiO,
occurs concomitantly with the phase transition to CaC,-type. We
hope that this work will stimulate further theoretical and
experimental studies of TiO, at high pressure.
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