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ABSTRACT: The effect of high hydrostatic and [001] uniaxial By

%
pressures on TiO, anatase was studied under the framework of ! S DFT/B3LYP-D 4GP
periodic calculations with the inclusion of DFT-D2 dispersion ™ NSRS & @ .’
potential adjusted for this system (B3LYP-D*). The role of Qs @ i
dispersion in distorted unit cells was evaluated in terms of lattice  pig e " S ) -
parameters, elastic constants, equation of state, vibrational properties, “*°" e & il =l & < 2
and electronic properties (band structure and density of states). A ’ fﬁ‘ A" 4 § 8 ~
more reliable description at high pressures was achieved because the | © @d¢ & 9 ¢
B3LYP-D* presented an improvement in all properties for L.OL"O & le 7 o
undistorted bulk over conventional B3LYP and B3LYP-D. From T Q@" N 399354
density of states analysis, we observed that the contribution of ol %@x\“ - arsi Uniaxial pressure

& ndistorted structure

crystalline orbitals to the edge of valence and conduction bands
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a Q\“?

changed within applied pressure. The studied distortions can give
some insight into behavior of electronic and structural properties due to local stress in anatase bulk from doping, defects, and

physical tensions in nanometric forms.

1. INTRODUCTION

Titanium dioxide (TiO,) is a versatile wide-gap semiconductor
of scientific and technological importance, with potential
applications as hydrogen production from water splitting,'
dye-sensitized solar cell,” microbiological agent,® photocatalyst,*
catalytic support,” and others.

In the nature, TiO, has three common polymorphs: rutile,
anatase, and brookite.” The anatase phase has received much
attention lately due to its superior photocatalytic properties
along with advances in crystal synthesis (morphology control
with exposure of high reactive facets’) that emerged by
computational and experimental studies.®

Predictions of anatase behavior under variable conditions of
solvent, atmosphere, temperature, and pressure can guide its
technological application. Some studies explored the pressure
effects on structural, thermochemical, and electronic structure
of TiO, polymorphs’™'® and led to the identification of new
types of physical and chemical behavior of interesting materials.

External stress can induce elastic strain and perturb the
atomic bonding environment in bulk and surface structures.
This effect are almost inevitable in nanostructures, thin films,
and quantum dots fabrication.'” Recently, it was observed that
an application of external pressure increases aluminum and
chromium solubility into TiO, within the formation of new
orthorhombic TiO, polymorph with CaCl, structure.'>'*
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By means of computational calculations, high-pressure effects
on selected directions can be simulated to provide several
chemical and physical properties of solids. Beltran et al.'®
studied the pressure-induced phase transition of TiO,
polymorphs (anatase, rutile, and brookite) by periodic B3LYP
computations. A valuable study conducted by Calatayud et al.”
explored the chemical bonding and electronic structure of
anatase under pressure up to 16 GPa by B3LYP and AIM
(atoms in molecules) formalism. In a recent study, Mahmood
et al.'” investigated the effect of hydrostatic pressure (0—70
GPa) on the electronic, elastic constants, and optical properties
of rutile TiO, within the DFT/PBE method.

High external pressure can also influence the chemical
potential of point defects, as reported by Yoo et al,,'® who used
LDA+U and HSE hybrid functional to evaluate the oxygen
vacancy chain formation in TiO, rutile under external strain
and proposed its potential application in resistive random
access memory.

Thulin and coworkers'® studied electronic band structure of
anatase over a range of biaxial strain by DFT/GGA and
quasiparticle theory calculations within the GW approximation
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Figure 1. Representation of primitive and conventional TiO, anatase unit cell. The central [TiO4] octahedra is in green.

to understand how pressure induced the narrowing on band
gap and its effect on photoanode and photoelectrochemical
properties. Similarly, Yin et al.”’® observed that the higher
variations in band gap of anatase occur along the soft [001]
crystal direction.

For better accuracy in periodic models simulations, weak
interaction as dispersive energies can be taken into account.
Conventional DFT methods require the inclusion of semi-
empirical terms to describe these phenomena.”’™ DFT
augmented with an empirical dispersion term to pure Khon—
Sham DFT energy (DFT-D) has demonstrated high accuracy
in many different applications,”*** leading to a closer
agreement with experimental data.

The general form of total energy in the DFT-D method is
given by*® Eppr_p = Exs_prr + Eyp where Exg_ppr is the usual
self-consistent Kohn—Sham energy from the arbitrary density
functional and Eg,, is a semiempirical dispersion term.
CRYSTALO9 package®”*® adopts the DFT- D2°° adapted to
periodic systems, as shown by eq 1

ﬂ(
Fu= s % X R
i=l j=i+l1 g t;,g (1)
where the summation is over all atom pairs and g lattice vectors
with the exclusion of the i = j contribution for g = 0, s¢ is a

scaling factor that depends only on the functional used (1.05
for B3LYP), c/ is the dispersion coefficient for the atom pair ij
computed by using a geometric mean, and Ry, is the
interatomic distance between atoms i in the reference cell
and j in the neighboring cells at distance ligll. The damping
function ( fdmp) (eq 2) is used to avoid near-singularities for

small R;, distances and is given by eq 2.

1

—d(Ryg/Ryqw—1)

Sump Ri) = 1+e (2)

where d = 20 is the constant that determines the steepness of
the damping function and R 4y is the sum of van der Waals
(vdW) atomic radii for atom pair ij.

Dispersion interactions are ubiquitous in nature as a result of
dynamical correlations between fluctuating charge distribu-
629 and then can be taken into account for an better
accuracy on periodic models simulations. Recently, we’
reported an augmented on TiO, anatase structure description
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by periodic B3LYP-D* calculations using optimized titanium
and oxygen cutoff radii in eq 2, with better results when
compared with conventional B3LYP and B3LYP-D for
undistorted anatase bulk.

In the present study, the behavior of TiO, anatase under high
hydrostatic and [001] uniaxial pressures was investigated using
periodic DFT calculations. The role of dispersion potential with
DFT/B3LYP-D and DFT/B3LYP-D*** was evaluated and
discussed in terms of lattice parameters, elastic constants,
equation of state (EOS), normal vibrational modes, and
electronic properties (band structure and density of states).
The characteristics of [TiOg4) octahedra deformations induced
by pressure were discussed based in Ti—O chemical bonding.

2. THEORETICAL CALCULATIONS AND MODELS
SYSTEM

2.1. Anatase Structural Description. Anatase structure
was modeled with a conventional unit cell composed of four
units of TiO, in the periodic 3D structure [(TiO,),], (Figure
1).

TiO, anatase has a tetragonal structure belonging to the I4,/
amd space group and defined by two lattice parameters (a and
¢) and one internal coordinate u (u = d®_qo/c, where d_g is
the apical Ti—O bond length). This structure can be described
as a stacked edge sharing octahedra of formal Ti*' cation
coordinated by six O*~ anions. These octahedra centered on Ti
atom are distorted and have different bond lengths between
apical (df_o) and equatorial (df_g) Ti—O bonds that form an
angle of 180° (0,,~Ti—0,,) and 20 & 156° of (Oq—Ti—O,,).
The internal parameter u determines the degree of shift on Ti—
O apical bonds and leads to a local symmetry changing from
D,; — Dy, of [TiO4] octahedra in the extreme case when u =
0.250. The local symmetry (C,,) of oxygen remains under this
condition.

2.2. Computational Details. Structural, vibrational, and
electronic properties of undistorted (default structure at zero
external pressure) TiO, anatase bulk, as well as the distorted
systems, were investigated by means of periodic first-principles
calculations in the framework of density functional theory
(DFT) with the B3LYP hybrid functional®* using the
CRYSTAL 09 package.””*® CRYSTAL 09 uses Gaussian-type
basis set to represent crystalline orbitals as a linear combination
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Figure 2. Idealized anatase unit cell with variable lattice and internal parameters to access central octahedra D,; = Dy; — O), symmetry. The central

octahedra of titanium are shown in green.

of Bloch functions defined in terms of local functions (atomic
orbitals).

The oxygen and titanium centers were described by 6-31G*
and 6-21(d-31)G all-electron basis set, respectively. The level of
calculation accuracy for the Coulomb and exchange series was
controlled by five thresholds set to (1078, 1078 1078 1078,
107"®). The shrinking factor (Pack—Monkhorst and Gilat net)
was set to 6, corresponding to 40 independent k points in the
irreducible part of the Brillouin zone integration. A very large
grid with 99 radial points and 974 angular points was adopted.
The convergence threshold was set to 107, 107"°, and 10™® Ha
for SCF energy calculation on optimization, vibrational
frequencies, and elastic constants, respectively.

Calculations were done with the inclusion of the dispersion
potential to evaluate the relevance of dispersive energy in the
high-pressure environment, as reported in ref 30.

Elastic constants were evaluated numerically from analytical
gradients® and analyzed to determine the soft directions in
bulk and predict its behavior under pressure. The elastic
constants are second derivatives of the energy density with

respect to strain components and provide important
information on mechanical response to the external forces
and its structural stability. Elastic constants changing within
pressure were also determined.

The EOS was obtained to determine the relationship
between energy, volume, and pressure starting from the
undistorted structure. All structural parameters were full-
optimized at fixed volumes (V) in the range 0.80 < V/V; <
1.20 with increment of 0.01V;, where V, is the equilibrium unit
cell volume under isothermal conditions (T = 298 K). The
values of zero-pressure bulk modulus (B,) and its pressure
derivative (B,') were generated by a fitting procedure within
E(V) third-order Birch—Murnaghan EOS.**

Hydrostatic and [001] uniaxial pressure were determined by
applying fixed pressure (0.0 < P/GPa < 45) on unit cells by
means of strain tensors H (eq 3) and U (eq 4), respectively,
acting upon the A matrix that contains Cartesian components
of the three elementary lattice vectors of the unstrained
crystallographic unit cell to build the unit cells A" and A”.

1+ 6 0 0 (1 + 5)(1 0 0
A =AH= offl o 146 o |= 0 (1+6)a 0
¢ 0 0 1+96 0 0 (1 +68)c 3)
a 0 0]|1 O 0 a 0 0
A"=AU=|0a 001 0 |=|0a 0
00 c|]lo 01+ 00 (1+6)c 4)
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Distorted structures were obtained by minimizing the total
energy in relation to lattice parameters and atomic coordinates
after each strain deformation.

The infrared and Raman shifts within pressure were also
studied. The vibrational frequencies at the I' point were
computed within the harmonic approximation by diagonalizing
the mass-weighted Hessian matrix. Details of the computational
vibrational frequencies scheme can be found in refs 35 and 36

Electronic band structures were obtained at the appropriate
high-symmetry path in the first Brillouin zone,>" and the
density of states (DOS) were calculated according to the
Fourier—Legendre technique, with polynomial degree equal to
10.

The graphical manipulations were carried out with
MOLDRAW®® and VESTA® for Microsoft Windows. The
XCrySDen software for Linux was used to build electrostatic
potential and charge-density maps.*’

2.3. Model System for Octahedra Distortion. To
evaluate the electronic structure with octahedra [TiOg]
distortion, a series of auxiliary single-point calculations were
performed, allowing a variation of the internal parameter u in
the range of 0.208 (standard undistorted cell) < u < 0.250 from
default unit cell at B3LYP-D* level, as shown in Figure 2.

The u parameter controls the degree of squeezing of [TiOg],
and its variation enabled access to the local symmetry D, (u <
0.250) — D,; (u = 0250). The ¢/a ratio determines the
polyhedral elongation, and an additional modification to ¢/a =
2 enabled access to Dy; — O, local symmetry on [TiOg]
octahedra. Their electronic structures were explored by
projected density of states (PDOS).

These idealized periodic models can be useful to understand
point defects and local unit cell deformations in metastable
phases of anatase and structural motifs close to surfaces and
interfaces, as a consequence of uncompleted coordination. Over
the past decade, our research group has explored the effect of
symmetry breaking on the introduction of intermediate
electronic levels in the forbidden band gap and associated it
with the photoluminescence phenomena,*' ~** which is linked
to order—disorder effects due to the interaction between
ordered (o) and distorted (d) clusters ([TiO4],—[TiOgl4),
with a global effect of decreasing the band gap.

3. RESULTS AND DISCUSSION

3.1. Structural Properties. The calculated cell parameters
for undistorted TiO, bulk structure at B3LYP, B3LYP-D, and
B3LYP-D* levels, as previously reported,® as well as recent
theoretical calculations (with B3LYP and HSE06) and
experimental values from single crystal are shown in Table 1.
Published lattice parameters using B3LYP and the recent
hybrid functional HSE06* are still far from experimental
values. For the ¢ parameter (z direction), the present B3LYP
and B3LYP-D calculations overestimate this value by ~2%, as
compared with experimental data. B3LYP-D**° are in good
agreement with experimental data from anatase single crystal,*’
which makes it more reliable to study of distorted unit cell.

The hydrostatic pressure is isotropic and therefore acts
equally in all directions, exercising a significant effect on soft
directions. Uniaxial pressure acts in only one direction on the
unit cell. The elastic constant (C,j) calculations provide reliable
information about those and are composed of the second
derivatives of the energy density with respect to strain
components (eq S).
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Table 1. Theoretical and Experimental Lattice Parameters a,
¢, u, ¢/a, and Conventional Unit Cell Volume (V,) for
Undistorted TiO, Anatase

parameters/A

method a=b c u c/a VO/A3
B3LYP-D** 3.7875 9.5146 0.2082 2.512 136.5
B3LYP-D“ 3.7698 9.7192 0.2057 2.578 138.1
B3LYP® 3.7972 9.7069 0.2055 2.556 140.0
B3LYP® 3.7723 9.9285 0.2028 2632 141.3
B3LYP*® 3.8117 9.7136 2.548 141.1
B3LYP® 3.7923 9.8240 0.2033 2.590 1413
HSE06* 3.755 9.561 0207 2.546 134.8
HSE06* 3.766 9.609 2.551 136.3
exp*® 3.7842 9.5146 0.2081 2.514 1363
exp®’ 3.78512 9.51185 2.513 136.3

“This work and ref 30.
R E:
v 0€,0¢; (5)

In the anatase tetragonal system, the six constants
independent of strain are (C;; = Cy,), Cpy, (Ci3 = Cy3), Cy3
(Cyy = Css), and Cgq. Mechanically, C;; and Cy; corresponds to
longitudinal distortion in [100] and [001] directions,
respectively. C;, and C;; are scissors mode in [110] and
[101] directions, respectively. C,, and Cgg are elastic moduli for
the twisting shear strains €3 and €, and their related stresses.

The calculated C; values for undistorted bulk by B3LYP,
B3LYP-D, and B3LYP-D* were in accordance with other
reported theoretical results, with an increasing order C,; > Cy;3
> Cp, > Cj3 > Cg6 > Cyy, as reported in ref 30. For the best of
our knowledge, experimental C; values for anatase single crystal
were not found in literature. A reliable description of elastic
constants allows us to calculate some related properties, such as
acoustic wave speeds in different directions, load deflection,
internal strain, and thermoelastic stress; it also helps to analyze
the red/blue shift of vibrational frequencies within pressure.

3.2. Equation of State. The relative DFT ground-state
equilibrium energies as a function of volume and the isothermal
pressure—volume diagram are shown in Figure 3a,b,
respectively, calculated at the B3LYP, B3LYP-D, and B3LYP-
D* levels. The role of the dispersion potential is to decrease the
total energy, mainly for compressed structures (Figure 3¢),
because the interatomic distance (Rij,g) between atoms i in the
reference cell and j in the neighboring cells at distance llgll is in
the denominator in eq 2. The dispersion energies as a function
of volume are shown in Figure 3c. The small B3LYP-D*
dispersion energy in relation to B3LYP-D is a consequence of
Riqw prrp* < Ryaw pET-D-

The fitted EOS (E,V) provided the equilibrium geometry V,
and bulk modulus By, displayed in Table 2. The bulk modulus is
defined as the ratio of the infinitesimal pressure increase to the
resulting relative decrease in the volume By = —V(dP/dV) =
V(0®E/0V?), and it measures the resistance to uniform
compression. The highest value of B, by B3LYP-D* is due to
the dispersion inclusion and a consequence of cell contraction,
as compared with the conventional B3LYP method.

Experimental data from volume—pressure at room temper-
ature for anatase bulk vary between 179 + 2 GPa (single
crystals) and 190 + 10 GPa (polycrystalline system).*’
Recently, it was observed that bulk modulus in nanocrystalline

dx.doi.org/10.1021/jp311572y | J. Phys. Chem. C 2013, 117, 7050—7061
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Figure 3. (a) Total energy versus unit cell volume, (b) volume-pressure diagram, and (c) dependence of dispersion energy within volume at B3LYP,
B3LYP-D, and B3LYP-D* levels.

Table 2. Bulk Modulus By, Bulk Modulus Pressure First
Derivative B,’, and Equilibrium Volume V, of Anatase
Conventional Unit Cell from EOS at B3LYP, B3LYP-D, and

B3LYP-D*

method

B3LYP-D*“

B3LYP-D”

B3LYP?

B3LYP’

LDA®

GGA®

single crystal (s.c.

s.c. (20 nm)*®

s.c. (40 nm)*

polycrystalline*”
“This work and ref 30.

N

EOS

B,/GPa By’ V, /A3
206.6 3.07 136.5
192.4 227 138.1
191.6 2.81 140.0
200.3 2.54 141.3
175 135.4
169.9 227 141.1
179 £ 2 45+ 10 1363
169 + 9 136.6
198 + 10 136.2
190 + 10 53 + 10

anatase under hydrostatic conditions (up to ~11 GPa) is
strongly dependent on particle size in the range between 20
and 40 nm.*® Theoretical calculations from GGA (B, = 169.9
GPa*) and B3LYP (B, = 200.3 GPa®) have shown a wide
range for this property.

Some improvements in the bulk modulus value can be
reliable for the thermodynamic assessment of the phase stability
and other pressure-related properties.

3.3. Hydrostatic and Uniaxial Pressure. The behaviors of
lattice parameters under hydrostatic and uniaxial pressure are
shown in Figure 4a—c.

As already stated, the hydrostatic pressure affects all cell
parameters at the same time with different intensity due to the
softness presented in some directions. In anatase, the [001]
direction is more soft than [100] = [010], which explains the
higher compressibility in this direction, especially when the
uniaxial pressure was applied, due to the tension on a (Figure
4a) and b (Figure 4b) parameters.

The variation of internal coordinate u with external pressure
is shown in Figure 4c. The direct relationship of u within dfi_q
leads to octahedra distortion (faster in uniaxial than in
hydrostatic) due to the tendency of local point-group change
from D,; to D, It was also observed that while d7i_ decreased
under hydrostatic pressure, it tended to increase under the
uniaxial due to the tension in [100] and [010] directions.

In both (hydrostatic and uniaxial) strain, for ¢ and u
parameters at lower pressures, BALYP-D had a similar behavior
to B3LYP; however at higher pressures, B3LYP-D lattice
parameters converged to B3LYP-D* as a consequence of the
ratio (R;/R.qw) decrease in dumping function. For the a
parameter, B3LYP and B3LYP-D* had the same trends under
lower pressures because those two frameworks had a better
description of this parameter when compared with B3LYP-D
for the undistorted structure. (See Table 1.)
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——B3LYP-D
4.05 (a) 10.04 (b) 02507(C) ——p3LypPD*
4.00 1 0.245 1
3.95 uniaxial ,,"/ 959 0.240 1
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Figure 4. Lattice parameters behavior under hydrostatic and uniaxial strain calculated at BLYP, B3LYP-D, and B3LYP-D* levels: (a) a parameter,

(b) ¢ parameter, and (c) u parameter.
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Table 3. Theoretical Elastic Constants C; (in GPa) of Undistorted and Distorted TiO, Anatase Bulk at B3LYP-D* Level

hydrostatic/GPa uniaxial/ GPa

undistorted 2.9 7.4 14.7 294 44.1 2.9 7.4 14.7 29.4 44.1
Cu 319.3 4193 461.1 530.6 672.9 817.6 4015 415.7 432.0 444.5 4292
Ciy 1588.5 159.3 163.4 171.5 182.2 184.3 149.8 141.9 129.7 112.8 103.2
Cy 147.0 152.6 158.2 165.0 164.3 153.3 140.4 130.9 115.8 103.0 108.7
Cy; 233.7 239.1 244.4 251.7 263.0 292.1 236.1 244.4 260.7 300.6 3349
Cyy 46.3 44.9 42.9 38.5 18.5 142 45.4 372 13.6 47.1 128.6
Ces 659 67.7 70.1 74.3 83.2 91.3 67.7 69.9 72.5 72.8 68.2
By* 198.5 206.6 213.5 224.2 236.1 252.5 196.5 195.1 193.0 196.0 201.6

“Obtained from elastic deformations.

The existence of hydrostatic or uniaxial strain led to different
behavior in the bulk elastic constants, as shown in Table 3
calculated at the B3LYP-D* level. Bulk modulus was also
determined by the ELASTCON algorithm,33 where crystalline
deformations are followed by geometry optimization and the
elastic constants are numerically computed by a Levenberg—
Marquardt (LM) curve fitting,>®

The elastic constants tended to increase within strain in the
same direction of C;, as observed for hydrostatic distorted bulk
for Cy;, Cyy, Cy3 Cs3 and Cgs. The sharpest C;; increase occurs
under hydrostatic pressure for the C); constant, and for Cy; it
occurs under uniaxial pressure due to the expansion of a and b
parameters when the pressure was applied only in c.

Under hydrostatic pressure, the C,; and C,, constants
decrease inversely with pressure, even with the reduction of the
cell parameters. One must keep in mind that with the
shortening of bonds the electronic repulsion increases, and
thus the decrease in those constants is related to the atomic
repulsion. Furthermore, the C,, shear stress is facilitated
because it leads to a tension of unit cell.

An only decrease trend was observed for C;, and C;; under
uniaxial pressure due to the expansion of a and b, which also
deeply influenced C,;. For C,, the behavior under uniaxial
strain was very different from hydrostatic, which can be
attributed to changing the ¢/a ratio of 2.51 from undistorted
bulk to <2 in [001] compressed structure when the pressure
was >29.4 GPa, thus increasing C,, value.

Bulk modulus increased almost linearly under hydrostatic
pressure, whereas from uniaxial the B, initially decreased (lower
than default structure) until 14.7 GPa and subsequently
increased. This occurs due to the softness of ¢ and expansion
of a and b parameters. Only under pressure >29.4 GPa was the
compressed bulk modulus higher than B,

The resistance to compression in some directions can be
understood by means of charge density maps analysis. In Figure
S, the charge density contour is shown for the (010) plane of
anatase conventional cell at B3LYP-D*.

The charge-density distribution at Ti and O sites on the
(010) plane (Figure S) shows that the highest charge density
resides in the immediate vicinity of the nuclei with spherical
distribution. In the interatomic space, a nonspherical charge
distribution indicates the covalent character of Ti—O bond.

At 44.1 GPa, the unit cell under hydrostatic pressure had a
variation on apical (d%_g) and equatorial (d$i_,) Ti—O bond
lengths of —7.60 and +7.52 pm, respectively, while under
uniaxial pressure an increase in d7l_g of 6.27 pm and a notable
decrease in dfi_o of 13.20 pm were observed. As an effect,
isolines showed an enhancement on lateral repulsion of Ti
centers as compressed under hydrostatic pressure, in which a
remarkable increase in C;; elastic constant was observed. This

7055

Hydrostatic (44.1 GPa)

Undistorted (0.0 GPa) Uniaxial (44.1 GPa)

Figure S. Charge density maps in the (010) plane of conventional unit
cell by B3LYP-D* for undistorted and distorted anatase (44.1 GPa).
Titanium and oxygen atoms are in green and red spheres, respectively.

effect was mitigated when the system enabled a tension in
[100] and [010] directions as a response to external [001]
uniaxial pressure, resulting in a more linear chain of O.—Ti—
O, with an angle 26 of 175.9 versus 168.5° for the hydrostatic
system.

The overlap population analysis showed a relative variation
of +10% for Ti—O, and —47% for Ti—O,, under uniaxial
condition as a result of quasilinear O,—Ti—O,, covalent chain
and an inversion on bond length of Ti—O,, > Ti—O,, from
undistorted bulk to Ti—O,, > Ti—O,, at ~7 GPa, which led to
an ionic repulsion in [001] direction.

For hydrostatic system, the ionic character increased within
pressure in all directions. The relative overlap population had a
variation of —25% for Ti—O.4 and —48% for Ti—O,, at the
extreme case of 44.1 GPa.

The {001} family plane has attracted some attention due its
lower thermodynamic stability and high reactivity in catalysis
and photocatalysis.>*' ~** Electronic information of (001) plane
section in bulk can be extracted from charge density analysis,
shown in Figure 6.

The isolines showed a charge density accumulation in oxygen
centers (Mulliken charge = —0.9167 lel, instead —0.8770 lel in
undistorted bulk) and the relative oxidation of titanium
(Mulliken charge of +1.84 lel, instead +1.76 lel at zero

VRS

4

Co ).

\ A 4
A
Hydrostatic (44.1 GPa) Undistorted (0.0 GPa)

Uniaxial (44.1 GPa)

Figure 6. Charge density maps in the (001) plane of conventional unit
cell by B3LYP-D* for undistorted and distorted anatase (44.1 GPa).
Titanium center are in green spheres and oxygen is in red.
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pressure) that led to a higher interatomic repulsion on the
(001) plane for hydrostatically compressed unit cell. The
pressure in the ¢ axis from uniaxial pressure led to a small
variation of Mulliken charges but with inverse behavior in
relation to hydrostatic pressure.

Hereinafter, only B3LYP and B3LYP-D* were used for
vibrational, electronic band structure, and density of state
calculations for distorted structures.

3.4. Vibrational Properties. From the group theory, the
tetragonal anatase structure (space group D,,'”) has three
acoustic modes and 15 optical modes (A;q + 1A,, + 2B, + 1By,
+ 3B, + 2E,), in which the terms with subscript u and g are
infrared (IR) and Raman (R) active, respectively. The B,,
mode is silent. The analysis of IR and R vibrational modes
within the pressure enabled evaluates the short-range
interactions and the bond behavior under unit cell deformation.

The symmetry of these modes and the predicted frequencies
for anatase by B3LYP and B3LYP-D* are shown in Figure 7.

—© — — T <
—® 0 . & ° ) 3
o— o« = o0 ? ¢
o —) R (&

Egq/ ! Ey)/ em? E,q/ cm! A,/ em?! Bjgpy/ em!
131.4(84.4)  183.0(180.3) 198.6 (184.6) 326.8(317.1) 422.7(383.2)
| |
o— LY [ T —&
—~ 0 O leo | ? —®

o~ o ° o7 o° o
O % (l. & o
Eyq) / em! Bygey/ e Ayl em?! B,/ em™! Eys/ cm!
429.7(397.6)  S11.8(503.4) 523.9(518.2) 558.4(548.2)  635.9(621.2)

Figure 7. Vibrational modes of anatase within frequencies calculated at
B3LYP-D* and B3LYP (in parentheses) level. The vectors are on
relative and qualitative scales.

The A,, mode is IR-active for light polarized parallel to the
[001] direction, and the E, modes are active for light polarized
perpendicular to the ¢ axis. All E; and E, modes occur in the
[100] and [010] directions and are double-degenerated as a
consequence of tetragonal structure (lattice parameters a = b).

The A and B modes are in the [001] direction and stretch
longitudinally the Ti—O,, bond. The silent mode B,, does not
change the dipolar moment and thus is inactive by conventional
analysis at the I" point.

For undistorted structure, vibrational frequencies by B3LYP-
D* are in closest agreement with experimental single crystal
data than conventional B3LYP. Experimentally, infrared and
Raman modes are usually observed at 143 (Eg(l)), 198 (Eg(z)),
262 (Ey(1)), 367 (Ay,), 395 (B1g(513);6 435 (Ey) 512 (Byga),
518 (Alg), and 639 cm™ (Eg(3)). s

The frequency shifts for hydrostatic and uniaxial distorted
bulk are shown in Figure 8a,b, respectively.

Calculated B3LYP and B3LYP-D* modes shared the same
trends, but the BALYP modes were more irregular than those of
B3LYP-D*. This is particularly true for the modes Ey(;) under
hydrostatic pressure and E,(;) and E,(;) under uniaxial pressure
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Figure 8. Band shift of vibrational frequencies as a function of (a)
hydrostatic and (b) uniaxial pressure calculated by B3LYP and B3LYP-
D* methods.

due to the poorer structural description of the B3LYP without
the dispersion at higher pressures.

Under hydrostatic pressure, all modes had a blue shift
compared with the undistorted anatase, as expected, because
under the related strain both Ti—O (apical and equatorial)
bonds tended to decrease monotonically, thus increasing the
energy need to vibrate: [0(v; — Ugeguur)/OP]1 > 0. However, an
odd behavior was observed for the mode E,), which above
14.7 GPa had a red shift when compared with the previous
compressed structure [d(v; — v;_;)/0P]r. It can be explained by
correlating the vibrational modes within elastic constants
(Table 3) because of the intrinsic relationship of vibration
vector mode and symmetry. The odd behavior of the E,)
mode can be attributed to vectors that are in same direction as
C,; and C,,, that decreased above 14.7 GPa, as shown in Table
3.

Under uniaxial pressure, most modes have a blue shift
relative to undistorted structure, but all two-dimensional E
modes had odd behavior, except the E,,), because under
uniaxial compression the expansion of 4 and b is allowed by the
full-relaxed optimization procedure; thus, while the apical Ti—
O bond decreased, the equatorial increased. The modes E,
and E;) presented a red shift when compared with the
undistorted one. This happened because they are very
dependent on the equatorial bonds; besides the constants C,
and C;; were softened under the pressure. The Ey) had a
sequence of red shift (compared with the undistorted structure)
— blue shift — red shift (compared with the last compressed
structure) by the same explanation as the red shift behavior for
Eg3). The difference between those two modes is that the
principal vectors in Ey 3 are in lighter atom (O), whereas for
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Table 4. Band Gap (eV) at High Symmetric k Points in the First Brillouin Zone®

method path r X
B3LYP direct 3.91 4.87
indirect 3.61

B3LYP-D direct 3.96 491
indirect 3.64
B3LYP-D* direct 3.94 4.97
indirect 3.55

z V4 N N P
5.81 3.98 4.97 5.51 5.29
4.38 3.60 4.15 4.23 3.81
591 4.02 5.03 5.61 5.35
4.44 3.64 4.20 4.29 3.83
5.92 4.03 5.03 5.54 541
445 3.61 4.18 4.20 3.75

“Bold-faced attached the lower direct (I' > I') and indirect (k point — I') band gaps.

r XYz rZsNPY, ZXP

Ti-O o* eu
Ti-O n=* " t
Tid_ %
Xy
3
3.55eV
Ti (d7°)
—— Ti (dxz, dyz)
Y px Ti (dx:-y:)
Ti-O n — Ti(dxy)
. O (px, py)
Ti-O o — O (p2)
Total

Figure 9. Band structure and projected density of states (PDOS) for undistorted anatase at BILYP-D* level. The inset shows the Brillouin zone.

Ey () they are in the heavier centers (Ti). The only blue-shift
behavior observed for a 2-D mode was for Ey,) because the
principal vector of this mode is in apical position, where Ti—
O,, decreases with wavenumber increase.

Sekiya et al.”’ investigated the influence of pressure up to 6.7
GPa applied to anatase TiO, by Raman spectroscopy and
observed that frequencies changed linearly within the pressure
and most modes had a blue shift. However, they also observed
that Ey(,) frequencies decreased under hydrostatic pressure and
stated that this mode played an important role in the pressure-
induced phase transition (that occurred at 4.3 GPa). The
behavior of Ey ;) was also previously reported by Ohsaka et al>®
without linear decrease. This behavior was also observed in the
present study.

3.5. Electronic Structure. The role of dispersion energy on
the band structures was also examined, and the calculated direct
(d) and indirect (id) band gaps at high symmetric k points are
displayed in Table 4.

The smallest direct band gap was found for I' = I" point at
all levels. The smallest indirect band gap changed its path with
the inclusion of dispersion energy as a consequence of
structural improvement. The absolute values of calculated
band gaps for anatase by B3LYP-D* (3.949 and 3.5509 eV)
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were in close agreement with experimental ones (3.53(Y and
32009 eV)* and recent computations using HSE06 hybrid
functional (3.600Y eV).** Although B3LYP-D* had over-
estimated the band gap of TiO,, the general trends should not
be neglected.

In relation to B3LYP, the shift of band gap energies on
B3LYP-D* resulted from structural improvement by the
dispersion inclusion, with the shortening of Ti—O bonds and
adjustment of crystal-lattice parameters.

Figure 9 shows the electronic band structure and density of
states (DOS) for undistorted anatase at the B3LYP-D* level.
The band structure was constructed along the high-symmetry
direction of the first Brillouin zone.

The DOS analysis of TiO, anatase (Figure 9) showed that
the valence band (VB) is composed mostly of oxygen, and the
conduction band (CB) is composed mostly of titanium. A good
qualitative description for anatase electronic structure can be
found in ref 61. From PDOS analysis, Ti centers contributed to
CB with e, (d,> and d,”_,?) and t,, (d,, d,,, and d,,) orbitals,
while oxygen contributed to p,, p,, and p, orbitals.

From the viewpoint of chemical bond, orbital overlap regions
in PDOS allowed us to build the diagram shown in Figure 9,
where at lower energies Ti—O o bonds are formed by overlap
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of O (p, and p,,p,) and Ti (d,* and d,>_*) orbitals in the Ti;O
cluster plane; Ti—O 7 bonds out of the Ti;O cluster plane are
in the middle energy of VB; and at the top of the VB we
observed the O (pz) nonbonding states. In CB, Ti (3d)
splitting can be explained by the crystal field theory in the
octahedra field, where the bottom is composed mainly of Ti
(dxy) and Ti—O #* (d,,, dyz) states in the t,, region and at high
energies by Ti—O ¢* (d,% d,’_?) bonds in the e, states.
Degenerated states emerged from tetragonal symmetry.

The external pressure effect over electronic band gap path at
the B3LYP-D* is shown in Figure 10.

4.21 I'->T
4.0 D‘D/D/D 0. Hydrostatic
o \
S 381 NGO T .
5]
< 3694
% i.‘-\‘*-
341 Ny X->T
°
g 321 N W e
M E~&T
3.0 ]
2.8 Uniaxial
2~6 T L T L T LI T J LI 2 % £ F 3 LI |
0 5 10 15 20 25 30 35 40 45

Pressure / GPa

Figure 10. Behavior of direct and indirect band gap under hydrostatic
and uniaxial pressure at BALYP-D* level.

Hydrostatic and uniaxial strain had different effects on the
band gap path and its absolute values. Under the adopted
pressure range, the indirect (X — I') band gap always
decreased with pressure and is lower than the direct (I' —
') one for hydrostatic, which increased up to 15 GPa and
decreased after this pressure. For the strained unit cell in the
[001] direction, a crossing point of direct and indirect band gap
at ~40 GPa was observed, above which anatase became a direct
semiconductor with gap of ~2.8 eV. Although the anatase
phase is not thermodynamically stable at these pressures,
insights using this model can be useful for local strain with this
structure.

The elucidation of band gap behavior within pressure can be
found by means of PDOS analysis, as shown in Figure 11.

Under hydrostatic pressure, Figure 11a, the top of VB and
the bottom of CB increased within pressure, with a major
impact on VB as a result of bond length decrease and the
increase in bond energy. The tendency of increasing the local
[TiO¢] octahedra symmetry (from D,, to O,), led to a
degeneration of O (p,p,) with O (p,) and Ti (d,,,d,,) with Ti
(dxy) orbitals. A significant change in the shape of PDOS above
14.7 GPa was also observed.

The top of VB increased (~ 0.5 eV, from 0.0 to 44.1 GPa),
and the bottom of CB decreased slowly under uniaxial strain
(Figure 11b), unlike the hydrostatic one (Figure 1la). The
global effect on total DOS for uniaxial pressure came from the
Ti—0O,, decrease and Ti—O,, increase with pressure. The
energy states response followed the anisotropy and direction-
ality of external pressure. At high pressures, a split in Ti e,
crystalline orbitals followed the predicted order of octahedra
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D,y for Ti—O,, < Ti—0O,,
(dxz = dyz) > de_yZ > dzz'

3.6. Model System for Octahedra Distortion. The
PDOS for idealized high-symmetry anatase unit cell were also
studied (Figure 12). These structures were: (i) extended Ti—O
apical bond (planar square-like, D,;) with default lattice
parameters (ag, c¢,) from undistorted bulk and the extreme
value of u = 0.250; (ii) perfect octahedra [TiO4] (O, local
symmetry) with lattice parameters {a,, ¢ = 2a,, u = 0.250}; and
(iii) {a = ¢y/2, ¢ u = 0.250}.

The PDOS for D,; structure presented the edge of VB
composed mainly of O pz nonbonding orbital and deep states
composed of Ti—O o bond by the dxz-y2 and p,p, overlap. At
the middle energies, the VB was composed mainly of Ti—O &
bonding states. The orbital splitting due to [TiO4] distortion
was observed in CB, where the apical Ti—O increase led to a
planar square structure, with the ascending order of t,; and e,
orbitals: (d,, = dyz) > d, ~ d? > dxz—y2 and massive
contribution of antibonding p, oxygen orbital.

For periodic unit cells with local [TiOg4] O;, symmetry, PDOS
clearly showed a degeneration for Ti t,, and e, orbitals. The O
(pwpyp.) became nonhybridized-like orbitals and fully occupied
its respective axis. The lattice parameters changed between {aj,
¢ = 2a,, u = 0250} and {a = ¢;/2, ¢, u = 0.250}, in relation to
default ones that modified the absolute energies of states but
conserved the symmetry and profile of PDOS, as shown in
Figure 12.

which is, in ascending order: d,, >

4. CONCLUSIONS

The lattice parameter improvements with the inclusion of
adjusted Grimme dispersion (B3LYP-D*) for TiO, with
anatase structure led to a more stable structure under zero
external pressure conditions when compared with B3LYP and
B3LYP-D (from EOS results).

The structural improvement by B3LYP-D* allowed us to
investigate anatase structure at high pressures with reliable
description by means of hydrostatic and [001] uniaxial pressure
in the range of 0.0 to 44 GPa. Also, it was observed at higher
pressures that B3LYP-D and B3LYP-D* shared structural
similarities.

The behavior of elastic constants with pressure allowed us to
describe the soft directions in the bulk. The overall constants
and bulk modulus increased under hydrostatic pressure. Under
uniaxial pressure, the tension in [100] and [010] directions led
to an increase in equatorial Ti—O bonds and decreased the
apical one, which led to fluctuation in elastic constants behavior
and B,.

The vibrational modes at I" point were evaluated, and its
behavior within pressure was discussed based on the symmetry
of the modes, related elastic constants, and direction of external
pressure. A blue shift was observed for overall hydrostatically
compressed structures, whereas for the c-compressed structure
a red shift was observed for the 2-D modes. Furthermore, the
red shift behavior of Raman E(;) mode up to ~4 GPa already
observed by experimentalists under hydrostatic pressure was
also observed under B3LYP-D* in this study.

The changes of indirect band gap path were observed with
the inclusion of dispersion. For B3LYP-D¥, a decrease in band
gap with pressure was observed. Under uniaxial pressure, a
notable change occurred at ~40 GPa, in which anatase became
a direct semiconductor with band gap ~2.8 eV.

The role of local [TiO4] symmetry changing D,;, — Dy, —
O), was investigated by means of PDOS, and the degeneracy of
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Figure 11. Projected density of states (PDOS) of TiO, anatase under (a) hydrostatic and (b) uniaxial pressure at BBLYP-D*. Vertical red line shows
the top of VB and bottom of CB for undistorted structure.
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Figure 12. Projected density of states (PDOS) of TiO, anatase under different local octahedra symmetry from D,; = D,; — O, at the B3LYP-D*
level.

some states was observed. Some insights about these idealized Investigations involving photoluminescence phenomena due
structures are fruitful for local effects by dopants and other to [TiO4),—[TiOg]4 cluster interaction are already in develop-
structural modifiers in anatase bulk. ment in our group, whereas the chemical potential of point
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defects within pressure and the introduction of electronic levels
into forbidden band gap are also explored.
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