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Theoretical investigations concerning the possible titanium silicate polymorphs have been performed using
density functional theory at B3LYP level. Total-energy calculations and geometry optimizations have been
carried out for all phases involved. The following sequence of pressure-driven structural transitions has been
found: CrVO,-type, Cmcm (in parenthesis the transition pressure), — zircon-type, I4,/amd (0.8 GPa), —
scheelite-type, I4,/a (3.8 GPa). At higher pressure the last phase is found to be stable at least up to 25 GPa.
The equation of state of the different polymorphs is also reported. We found that the highest bulk modulus
corresponds to the zircon and scheelite phases with values of 248 and 238 GPa, respectively. The orthorhombic
Cmcm phase is the most compressible of all the studied structures with a bulk modulus of 124 GPa, being also
the most stable phase at ambient pressure. Finally, calculations of the electronic structure, vibrational and

dielectric properties of TiSiO, are also reported.
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I. INTRODUCTION

The ternary system consisting of mixtures of TiO, and
Si0, is important for applications in a wide variety of do-
mains. Dispersed TiO, in a SiO, matrix has shown very in-
teresting properties for its use as a catalyst and a catalytic
support material.' In addition, by mixing TiO, and SiO,, it is
possible to vary the refractive index of the composite mate-
rial from that of SiO, (1.45) to that of TiO, (2.55).>3 This
precise control of the refractive index over such a wide range
has been used for the fabrication of several optical devices
such as passive or active waveguides, antireflective coatings,
and notch filters.*® On the other hand, titanium silicate or
TiO,/Si0, mixed-oxide thin films offers the possibility to
reach extremely high dielectric-constant values.”'” This fact
is fundamental for achieving one of the semiconductor in-
dustry goals, the scaling of metal-oxide-semiconductor field-
effect transistors (MOSFET) to smaller and smaller physical
dimensions.

Transition metal orthosilicates, such as ZrSiO, (zircon)
and HfSiO, (hafnon), are well known minerals, which can be
also artificially produced. At ambient conditions, they crys-
tallize in the tetragonal zircon structure [space group (SG):
14,/amd, Z=4]."" Natural zircon is a common mineral in
Earth’s crust, and its ability to resist physical and chemical
alteration places it among the most commonly used minerals
to date geological events.!? It has been also suggested that
materials, such as zircon, could effectively retain radioactive
waste.!314 Because of the above described reasons, this fam-
ily of silicates is subject of a wide range of studies in earth
sciences, radioactive waste related research, and materials
science. In particular, several high-pressure studies have
been performed in ZrSiO, (Refs. 15-17) and HfSiO,.'® How-
ever; much less efforts have been dedicated to the study of
TiSiOy.

By analogy with ZrSiO, and HfSiO,, the structural, vibra-
tional, and dielectric properties of TiSiO,, at ambient pres-
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sure, have been theoretically studied assuming a zircon-type
structure.'® However, TiSiO4 has been up to now obtained
only as an amorphous thin film.?’ On the other hand, based
upon crystal-chemistry arguments,?! in addition to the
zircon-type structure, other structures like the tetragonal
scheelite structure (SG: I4,/a, Z=4) (Ref. 22) and the ortho-
rhombic CrVO,-type structure (SG: Cmcm, Z=4) (Ref. 23)
have been proposed for TiSiO,. Therefore, further research is
needed in order to characterize the structural, vibrational, and
electronic properties of TiSiO, at ambient and high-pressure.
Density-functional theory (DFT) calculations have proved to
be an efficient tool to improve the understanding of the main
physical properties of many oxides related to TiSiO,.!%?+%
In this work, DFT will be employed to study TiSiO,.

The aim of our research is to investigate the physical
properties of TiSiO, at ambient and high pressure. We used
the CRYSTALO6 code® to perform DFT calculations of the
crystal total-energy as a function of the volume. We also
carried out lattice-dynamic and band-structure calculations.
The refractive index of TiSiO, was characterized too. We
found that at ambient pressure TiSiO, crystallizes in the
CrVO,-type structure, being an indirect band-gap semicon-
ductor with a band-gap energy (E,) of 3.49 eV. Upon com-
pression, two phase transitions are predicted to take place to
the zircon-type and scheelite-type structures at 0.8 and 3.8
GPa, respectively. The low-pressure phase is more compress-
ible than other silicates having a bulk-modulus (B,) of 124
GPa, but the high-pressure phases show considerable smaller
compressibilities than ZrSiO,. Section II gives the computa-
tional details of the reported calculations. In Sec. III we de-
scribe the three crystal structures taken into account in this
work. In Sec. IV the obtained results are presented and dis-
cussed. Finally, our conclusions are collected in Sec. V.

II. METHODOLOGY

Calculations were performed with the CRYSTALO6 program
package.?® For the titanium atom, the 6-31G basis set devel-

©2009 The American Physical Society
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FIG. 1. (Color online). Structures of TiSiO, a) CrVOy-type, (b) zircon and (c) scheelite. SiO,4, TiOg, and TiOg polyhedra are shown.

oped by Rassolov et al.?” was modified by omitting the func-
tion of the lowest exponent of the three describing the va-
lence sp orbitals, and setting 1.0 as the s and p coefficients
and a=0.0840 for the exponent of the outermost sp shell, as
in previous papers.?®=% Oxygen and silicon atoms have been
described by the standard 6-31G™ and 6-21G™ basis set, re-
spectively. The optimized exponent of the d shell for O was
a=0.8 and those for the most external sp and d shells for Si
were, «=0.3 and a=0.5, respectively. The Becke’s three-
parameter hybrid nonlocal exchange functional®! combined
with the Lee-Yang-Parr gradient-corrected correlation func-
tional, B3LYP,*? has been used. Hybrid density-functional
methods have been extensively used for molecules, provid-
ing an accurate description of crystalline structures, bond
lengths, binding energies, and band-gap values.?* The diago-
nalization of the Fock matrix was performed at adequate
k-points grids (Pack-Monkhorst 1976) in the reciprocal
space, 21, 13, and 14 k points for orthorhombic, zircon and
scheelite phases, respectively. The thresholds controlling the
accuracy of the calculation of Coulomb and exchange inte-
grals were set to 1078 (ITOL1 to ITOL4) and 10~'* (ITOLS),
whereas the percent of Fock/Kohn-Sham matrices mixing
was set to 40 (IPMIX=40).2° A total optimization procedure
(FULLOPT) of the studied structures was made taking into
account as starting point the cell parameters and internal po-
sitions of isomorphic CrVO4,2 ZrSiO, (zircon),>* CaWO,
(scheelite),>* and other structures commonly found in ABO,
oxides. To compute the pressure effect, we find the values of
the geometrical parameters that minimize £ at a number of
fixed volumes using the external Melder-Mead algorithm,?
assuring a convergence in total energy better than 107 a.u.
in all cases. A fitting procedure of the computed energy-
volume data with the Birch-Murnaghan® equation of state
provides values of zero-pressure bulk modulus and its pres-
sure derivative as well as enthalpy-pressure curves for the
three studied polymorphs.3’

Band structures have been obtained along the appropriate
high-symmetry paths of the Brillouin zone. Vibrational fre-
quencies calculation in CRYSTAL was performed at the T’
point.”0 The dynamical matrix was computed by numerical
evaluation of the first-derivative of the analytical atomic gra-
dients. The point group symmetry of the system was fully
exploited to reduce the number of points to be considered.
On each numerical step, the residual symmetry was pre-

served during the SCF process and the gradients calculation.
Vibrational frequencies were computed at the I" point within
the harmonic approximation. Finally, to calculate the high-
frequency dielectric constant with CRYSTAL, in a first step the
response of the system to a static, constant electric field is
calculated by adding to the Hamiltonian operator a periodic
electric field. The number of unit cells in the applied field
direction was 4, and 40 points were chosen for the Fourier
transformation. By collecting a set of dielectric tensor values
as a function of the external electric field applied, we can
then evaluate the high-frequency dielectric constant (e,,)
with a fitting procedure.

II1. SELECTED STRUCTURES

One of the characteristics of pressure-induced phase tran-
sitions in ABO, compounds is the tendency to increase the
coordination number for both A and B cations.?! In particu-
lar, a systematic explanation of the crystal structures of many
ABO, oxides at ambient and high pressure has been pro-
posed based upon the cation A and cation B radii.?! This
systematic predicted precisely the high-pressure structural
sequence recently reported for ABO, vanadates.?® In the case
of TiSi0y,, it suggests three candidate structures for this com-
pound, CrVO,-type, zircon-type, and scheelite-type. These
and other structures frequently found in ABO, compounds
[monoclinic CoMoO,-type (SG: C2/m, Z=8), wolframite
(SG: P2/c¢, Z=2), and M-fergusonite (SG: 12/a, Z=4) and
orthorhombic barite-type (SG: Pnma, Z=4) have been con-
sidered in our calculations. As we will discus latter,
CrVO,-type, zircon-type, and scheelite-type are the energeti-
cally most competitive structures in the pressure range cov-
ered by our work. Since these are crystalline structures to
which the reader may not be familiarized with, we provide in
the following a brief description of them.

A. Orthorhombic CrVO,-type polymorph

Figure 1(a) shows a detail of the orthorhombic
CrVO,-type structure proposed for TiSiO,4, which belongs to
space group Cmcm. The framework structure of this poly-
morph is comprised of nearly regular edge-sharing octahedra
of TiOg. In addition, the silicon atoms occupy the tetrahedral
interstitial sites constructed by cubic close-packed oxygen
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atom arrays. In the figure, it can be seen that the TiOg4 octa-
hedra form chains that propagate in the ¢ axis, with these
chains linked one to another by SiO, tetrahedra. These tetra-
hedra share corners with the TiO4 octahedral units of the
chains. The main difference between this structure and the
tetragonal structures is the lower coordination of the Ti cat-
ion (coordination number six instead of eight). CrVOy, type is
also the less densely packed structure among those here con-
sidered.

B. Tetragonal zircon-type polymorph

Figure 1(b) shows a detail of the tetragonal zircon-type
structure proposed for TiSiO,4, which belongs to space group
14,/amd. This structure consists of isolated SiO, tetrahedra,
elongated parallel to the ¢ axis, sharing corners and edges
with TiOg triangular dodecahedra, which can be described as
two interpenetrating TiO, tetrahedra. These dodecahedra
share edges which each other to form chains parallel to the ¢
axis [see Fig. 1(b)]. The chains are joined laterally by four
edge-sharing dodecahedra, two in each of the crystallo-
graphically equivalent directions, a axis and b axis. The
chains of TiOg polyhedra are crossed linked by sharing cor-
ners with SiO, tetrahedra. The SiO,4 and TiOg polyhedra also
form an edge-connected chain of alternated SiO, and TiOg
polyhedra parallel to the ¢ axis, between which lie unoccu-
pied channels. These edge-connected chains comprise an es-
pecially strong feature in the structure as manifested in many
physical properties of zircon-type oxides.*

C. Tetragonal scheelite polymorph

Figure 1(c) shows a detail of the tetragonal scheelite-type
structure proposed for TiSiO,. Many ABO, compounds, with
A and B atoms having valence +4, crystallize in this struc-
ture (space group: I4,/a). From the cationic point of view,
the scheelite structure consists of two intercalated diamond
lattices: one for A cations and another for B cations. In the
scheelite-type polymorph of TiSiOy, the titanium cations are
coordinated by eight oxygen anions with two different dis-
tances, thus forming TiOg polyhedral units. On the other
hand, silicon cations are coordinated by four O anions, form-
ing relatively isolated SiO, tetrahedral units. The TiOg
dodecahedra in scheelite share edges with adjacent TiOg
polyhedra, forming zigzag chains along the ¢ axis. These
chains are crossed linked through SiO, tetrahedra by sharing
corners with them [see Fig. 1(c)]. Scheelite and zircon are
structures related via crystallographic twin operations.*
Among their similarities it should be noted that both struc-
tures show identical coordination environment. However the
SiO, tetrahedra in zircon are less distorted than those in the
scheelite structure, moreover, the latter structure is more
densely packed than the former.

IV. RESULTS AND DISCUSSION
A. Structural stability, EOS fittings, and local compressibility

Figure 2 shows the energy-volume curve for the different
polymorphs of TiSiO,. From it, the relative stability and co-
existence pressures of the phases can be extracted by the
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FIG. 2. Internal energy (Hartree) versus volume (A3) per for-
mula unit. The entalphy versus pressure curve for the TiSiO4 poly-
morphs is depicted in the inset (taking the CrVO,-type structure as
reference). In the figure we only show the results for those struc-
tures which are relevant for P <25 GPa.

common-tangent construction. For TiSiO, we found that at
ambient conditions the most stable phase is the CrVO,-type
one. This structure has been previously observed in vana-
dates, phosphates, chromates, sulphates, and selenates,? but
never before in a silicate. In addition, two phase transitions
are predicted to take place subsequently to the zircon and
scheelite phases at 0.8 and 3.8 GPa. The structural param-
eters of each phase are summarized in Table 1. The atomic
positions obtained for the different structures are similar to
those of isomorphic ABO, compounds; e.g., CrVO,,> Zr-
SiO4 (zircon),*' and CaWO, (scheelite).*> Also the aniso-
tropy of scheelite and the orthorhombic structure are similar
to that of compounds of their family. In contrast, for the
zircon phase we obtained a large value for the c¢/a axial ratio
(0.944) in comparison with the rest of the zircons in which
usually ¢/a<<0.91. A similar exception to this characteristic
has been observed in ThGeO, (¢/a=0.936), being attributed
to a strong repulsion between the Th and Ge cations.*® This
fact suggests that the repulsion between Ti and Si in zircon-
type TiSiO, is larger than that between Zr (Hf) and Si in
zircon (hafnon).

The fact that the CrVO,-type phase is the most stable
structure at ambient conditions is in good agreement with the
predictions made from the systematic drawn for ABO, com-
pounds using the Bastide’s diagram.?' This analysis predicts
that increasing the A cationic radius tends to increase the
coordination of this ion. In our case, Ti has a smaller ionic
radius (0.605 A for coordination 6) than Zr and Hf (0.84 and
0.83 A), and therefore a smaller coordination for the Ti cat-
ion is expected in TiSiO,4 than for Zr and Hf in ZrSiO, and
HfSiO,. This is exactly what is found when the CrVO,-type
structure (Ti six-coordinated) is compared with the zircon-
type structure (Ti eight-coordinated). Indeed, TiSiO, falls
into the stability field expected for the CrVO,-type structure
in the structural-field map reported by Errandonea and
Manjon.?! The finding that TiSiO, has a CrVO,-type struc-
ture is also consistent with the fact that TiPO, and TiVO,
crystallize in the CrVO,-type structure®® while ScPO, and
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TABLE 1. Structural parameters and bulk properties for the TiSiO, polymorphs.

CrVO, Zircon Scheelite
a (A) 5.2957 6.2570 (6.21) 45536
b (A) 7.9996 6.2570 (6.21) 45536
c (A) 6.2554 5.9351 (5.81) 10.1277
v (A% 66.3 58.1 (56.0) 52.5
Ti (x,y.2) 0 0 0 0 0.75 0.125 0 0.25 0.625
Si (x,v,2) 0 0.3470 0.25 0 0.25 0.375 0 0.25 0.125
0, (x,y.2) 0 0.2284 0.0414 0 0.0578 0.1918 0.2651 0.0719 0.0471

(0.0591)2 (0.0591)

0, (x,y,2) 0.2527 0.4707 0.25
B (GPa) 124.0 136.6 248.4 2744 238.2 267.1
B’ 4.7 4 53 4 6.6 4
drio (A) 1.842 2.052 1.966 (1.95) 2.232(2.19)* 1.979 2.200
dgio (A) 1.611 1.664 1.621 1.655

4Data from Reference 19.

ScVO, crystallize in the zircon-type structure (ionic radius
for Sc=0.87 A).4

In the inset of Figure 2 we illustrate the enthalpy-pressure
curve computed for TiSiO, (taking the CrVO,-type structure
as reference). At the transition pressure, P,, the relative vol-
ume change is calculated as AV,=[V,(P,)-V,(P,)]/V,(P)
where 2 and 1 stand, respectively, for the final and initial
phases involved. At 0.8 GPa our results show a transition
from CrVO, type to the zircon phase, with a large-volume
change of 11.8%. At 3.8 GPa a transition from zircon to
scheelite is obtained with a significant volume reduction of
8.5%. As we mentioned above, other structures have been
also considered in other calculations. However, we found
they are not stable from ambient pressure to 25 GPa. Some
of them, like the M-fergusonite structure are good candidates
to be a postscheelite structure at P>25 GPa, but this pos-
sible transition is beyond the scope of this work. We also
considered a possible decomposition of TiSiO, into its
simple oxides (SiO,+TiO,) taking into account the different
polymorphs observed for TiO, and SiO, below 25 GPa. We
found that decomposition is energetically not competitive
with the three polymorphs of TiSiO, that are predicted to
stabilize below 25 GPa. From our calculations we also ob-
tained the equation of state (EOS) for the three phases of
TiSiO,. The obtained EOS parameters are shown in Table I.

An analysis of these results points out that the
CrVO,-type structure has a computed zero-pressure bulk
modulus of 124 GPa. However, a higher value of 137 GPa is
obtained when the compression data are fitted by fixing the
bulk-modulus pressure derivative Byj=4. The computed bulk
modulus of zircon is 248 and 274 GPa (with Bj=4). This
value is in good agreement with the 265 GPa value predicted
from an empirical model that consider that in zircon-type and
scheelite-type structures B, is related to the cation charge
density of the TiOg polyhedra.?! For scheelite, we obtain 238
and 267 GPa (with B)=4), which is similar to the B
=270 GPa value obtained according to phenomenological

model.”! These results suggest that the low-pressure phase of
TiSiO,4 is more compressible than any of the tetragonal
phases. This observation is consistent with the fact that the
CrVO, type is an open structure fill with voids in-between
the different polyhedra (see Fig. 1). This fact allows that a
volume reduction of the structure could be induced not only
by a Si-O and Ti-O bond length reduction, but also by a
tilting of the SiO, tetrahedra, allowing a larger bulk com-
pressibility than in zircon and scheelite. The large compress-
ibility of CrVO,-type TiSiOy, is also consistent with the high-
pressure behavior observed in orthophosphates. Indeed,
CrVO,-type AIPO, has a B, of 127 GPa (similar to
CrVO,-type TiSiO,),* while zircon-structured phosphates
such as YbPO, and LuPO, present a B, close to 200 GPa.*¢
Note that also CrVO,-type oxides have usually a much larger
thermal expansivity than zircon-type and scheelite-type
oxides,*” which also supports the different mechanical prop-
erties we found for the orthorhombic structure.

It is interesting to comment here, that according to these
results, tetragonal TiSiO, can be considered an ultralow
compressibility silicate in spite that the Si atom is not highly
coordinated on it (Si-O coordination 4). The high incom-
pressibility of the zircon and scheelite phases indicates that
probably octahedrally coordinated silicon is not necessarily
required to generate ultrastiff silicates. Apparently, TiSiO,4
zircon and scheelite are the most incompressible materials
containing SiO, tetrahedra. Based upon correlations between
incompressibility and hardness, scheelite-structured TiSiO,
may thus represent a potential ultrahard material. Indeed,
stishovite SiO, (Si six-coordinated) has a B, of 292(13)
GPa,*® i.e., comparable to that of the HP phases of TiSiO,.
Note that the zircon-scheelite transition is usually a first-
order nonreversible transition. This suggest than uncom-
pressible scheelite-type TiSiO4 could be possible quenched
from high-pressure to ambient pressure, favoring its produc-
tion using large-volume presses.*’

Changes in observable properties induced by the phase
transitions can be also related to different local atomic ar-
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unit-cell parameters. Solid, dashed and dotted lines represents
CrVOy,-type, zircon, and scheelite phases, respectively.

rangements in the crystals. Thus the higher density of the
tetragonal structures can be traced back to the unit-cell vol-
ume reduction due to a more effective packing of the O
atoms surrounding the Ti atoms. In this way, the atomic dis-
placements across the CrVOy, type to the zircon transition are
clearly related to the environment evolution of the Ti cation.
For example, around P,, the orthorhombic phase has 2+4
Ti-O distances of 1.842/2.052 A, respectively, and four
Si-O distances of 1.638 A. The distortion of the TiOg4 octa-
hedra is reduced by pressure since the large equatorial dis-
tances are most compressible than the short axial distance
(see Fig. 3). On the other hand, at the same pressure, the 4
+4 Ti-O and the four Si-O shortest distances in the zircon
phase are 1.966/2.232 A and 1.621 A, respectively. There-
fore, in the first pressure-induced transition, we find that the
silicon coordination does not change and the Si-O bond
lengths remain almost unmodified, whereas the titanium co-
ordination increases and the Ti-O bond lengths become
larger, to make the formation of new bonds feasible. Thus,
the relatively short Ti-O bonds in the orthorhombic phase
become larger in the eightfold coordination of the tetragonal
phases but the higher coordination enhances their strength
and brings their compressibility close to that shown by the
Si-O bonds. As a consequence of this, the high-pressure
phases have the ultralow compressibility described above.
Figure 3 shows the evolution of both Si-O and Ti-O bond
distance with pressure. A comparison of the bond lengths of
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the zircon and scheelite polymorphs suggests that the Si—O
bonds of the SiOy, tetrahedra are relatively a little longer for
scheelite compared to the same bond in the zircon phase. On
the other hand, they are 10% more compressible in zircon
than in scheelite. Besides, in the case of the TiOg polyhe-
dron, four of eight Ti-O bonds are 25% more compressible in
zircon than in scheelite having the other four distances simi-
lar compressibility. These observations are in good agree-
ment with the fact that the scheelite structure is more densely
packed than the zircon one.

To close this section we would like to mention that
the compression of the CrVOy-type structure is more aniso-
tropic than that of the zircon and scheelite phases. This
can be seen in Fig. 3(b), where the variation of unit-cell
parameters with pressure is shown. In particular, the ¢ axis
of the orthorhombic structure is the most compressible
one. For it, we obtained the following linear compres-
sibilities . (0.0042 GPa™')>k,, (0.0027 GPa™')=«k,,
(0.0021 GPa™!). The large compressibility of the ¢ axis is
due to the fact that the TiOg octahedra chains are aligned
along this axis whereas along the other directions SiO, and
TiOg units are intercalated. Therefore, since pressure pro-
duces basically a reduction of the Ti-O bonds, the ¢ axis
should be the most compressible axes in the CrVO,-type
phase. Compression in zircon and scheelite is also nonisotro-
pic, but the differences between linear compressibilities are
not as large as in the orthorhombic phase. For zircon and
scheelite TiSiO, we found the following values of . (0.0020
and 0.0012 GPa™!, respectively) which are slightly higher
than «,, (0.0014 and 0.0007 GPa™!, respectively). Therefore,
in both structures c¢/a decreases upon compression. This be-
havior is typical of scheelite-structured oxides,>>! but the
opposite is usually observed in zircon-type oxides.’® We
think this behavior could be related with the exceptionally
large c¢/a ratio of zircon TiSiO,4. Probably compression com-
pensates the Ti-Si repulsion making this structure more simi-
lar to that of other zircon-structured oxides.

B. Phonon frequencies at the I" point

Group theoretical considerations lead to the following vi-
brational representation at the I' point for scheelite in the
standard notation:

[ scheetite = (3Ag +3B,) + (SBg +54,) + (SEg +5E,),

A and B modes are nondegenerate, whereas the £ modes are
doubly degenerate. Among these modes, one A, and one E,
correspond to the acoustic modes, being the rest optic modes.
In scheelites, the first member of the pairs is Raman active
and the second member is infrared (IR) active, except for the
B, silent modes that are not IR active. Consequently, we
expect 13 zone-center Raman-active modes in scheelite,

1—‘scheelite = 3Ag + SBg + SEg.

Group theory predicts the following vibrational representa-
tion for zircon:
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TABLE II. Phonon frequencies and Griineisen parameters for CrVO,-type, zircon and scheelite phases (Raman modes).

CrVO, Zircon Scheelite

Mode »(0) cm™ % Mode »(0) cm™! »* cm™! % Mode »(0) cm™ %
T(Ag) 215.17 1.45 T(Eg) 211.61 194.3 -1.77 T(Bg) 235.95 -0.11
T(Blg) 270.51 0.46 T(Blg) 248.69 258.9 3.55 T(Eg) 256.60 1.36
R(Blg) 328.34 2.27 T(Eg) 254.34 242.4 1.12 T(Bg) 292.66 0.35
R(Bzg) 337.99 0.02 T(Blg) 300.16 262.9 -1.96 T(Eg) 375.11 0.59
T(B3g) 379.86 1.93 Vz(Alg) 416.45 383.2 1.88 R(Ag) 400.42 1.68
R(B3g) 466.62 1.24 R(Eg) 428.61 430.1 2.71 VZ(Ag) 412.71 0.84
vy(A,) 474.80 0.98 v(Byy) 433.89 417.6 1.69 v(B,) 511.83 051
vi(Byy) 538.18 0.50 vy(E,) 592.72 5443 0.92 R(E,) 531.92 0.70
VZ(BZg) 538.60 1.18 V4(Blg) 674.85 627.2 1.26 V4(Eg) 594.63 0.80
V4(Ag) 583.54 0.59 Vl(Alg) 966.07 1011.4 2.01 V4(Bg) 698.67 0.58
vy(Bs,) 692.00 064 1(Ey) 976.56 945.4 201 (B 889.55 0.81
vy(By,) 837.95 076 By 1077.50 1047.2 210 n(Ay) 930.96 0.66
v3(Ag) 962.28 0.45 V3(Eg) 974.19 0.79
(A, 1014.14 0.57

v3(B3,) 1070.41 0.51

4Raman modes data from Reference 19.

inrcon = (2A1g + Blu) + (BZg + Alu) + (A2g + ZBZM)
+ (4B, +4A,,) + (SE, + 5E,).

Among these 26 modes 12 are Raman active I';0n=24,
+4B),+By,+5E, and 7 are IR active (3A,,+4E,). The rest
of the modes are acoustic (A,,+E,) or silent modes (B,
+Ay,+A 1, +2By,).

Group theory predicts that the CrVO,-type structure sup-
ports 36 modes which decompose as follows:

FCmcm = (SAg + 6Blu) + (4Blg + 3Au)
+(2By, +7By,) + (4B3, + 5B3,),

15 modes are Raman active ¢y =5A,+4B,+2B,,+4B;3,
and other 15 are active in the IR (5B;,+6B,,+4B5,). The
rest of the modes are acoustic (B;,+B,,+Bs,) or silent (34,)
modes.

The Raman spectra of the structures of interest can
be interpreted in terms of modes of the SiO, tetrahedra,
which can be considered as independent units in the struc-
tures. Thus, the scheelite, zircon, and CrVO, modes can
be classified either as internal (the SiO, center of mass
does not move) or as external (movements of the SiO, tetra-
hedra as rigid units). The assignment of the different vibra-
tional modes according with this description can be seen in
Tables I-II1.

The internal modes of the SiO, units are usually named
as: v, (symmetric stretching), v, (symmetric bending), v;
(asymmetric stretching), and v, (asymmetric bending).
Modes related to pure rotation or translation of the SiO, units
are denoted as R and T, respectively. The translational modes
are usually the lowest in frequency, the internal modes are
the highest in frequency, and the frequencies of the rotational

modes are between those of the translational and the internal
modes.

In Table II we give the mode assignment of the different
Raman-active phonon frequencies of the three structures to-
gether with the Griineisen parameters, y=[B,/ w(0)]dw/dP,
which have been calculated with the B values reported in
Table 1. We also provide the same information for infrared
modes in Table III. The phonon frequencies calculated for
the zircon structure agree reasonable well with those reported
by Rignanese et al.'” The only mode for which a consider-
able frequency difference is obtained is the rotational
Raman-active R(E,) mode for which we found a frequency
of 428 cm™! and previously a frequency of 544 cm™' was
reported.

The analysis of the Raman-active modes of the three
polymorphs shows that the tetragonal phases present soft
modes, i.e. T(E,) at 212 cm™! and T(B,,) at 300 cm™! for
the zircon and the T(B,) at 236 cm™! for the scheelite phase.
These modes are characterized by a decrease of the vibra-
tional frequency with pressure (negative Griineisen param-
eter). This feature is typical of scheelite-structure oxides>”
and suggests that at higher pressure scheelite-type TiSiO,4
should undergo a transition involving a strong coupling be-
tween a zone-centre optic mode and a strain of B, symmetry.
In addition to the softening of low-frequency zircon and
scheelite Raman modes, we obtain the same behavior for
some silent modes, inactive for both IR and Raman experi-
ments. For the zircon polymorph, two of these [R(B;,) and
R(A,,)] are very soft, and correspond to vibration modes of
zircon in which the SiO, tetrahedra rotate as a unit.

In Tables II and III, it can be seen that for the three stud-
ied structures there is a phonon gap between the frequencies
of the internal stretching modes and the rest of the modes.
This is typical of ABO, oxides and is basically related to the
fact that the v; and v; modes involve movements of the less
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TABLE III. IR modes.

CrVO, Zircon Scheelite
Mode »(0) cm™! % Mode »(0) cm™! »* cm™! v Mode »(0) cm™! v
7(B,,) 147.18 2.53 1(E,) 307.96 303.4 ~0.09 T(A,) 274.76 ~0.09
7(B,,) 239.64 0.60 T(A,,) 335.05 318.7 2.69 T(E,) 296.20 2.69
7(B,,) 259.49 0.61 R(E,) 410.68 374.1 0.4 w(A,) 363.36 0.44
7(B,,) 391.54 0.23 vi(E,) 447.26 433.1 2.70 R(E,) 41320 2.70
T(Bs,) 412.89 0.10 va(Ay) 638.03 606.4 1.30 vi(E,) 546.95 1.30
R(B,,) 42391 1.56 1y(E,) 906.49 876.7 2.17 1(A,) 649.56 2.17
R(Bs,) 444.87 0.41 v3(Any) 1032.56 10003 217 vs(A,) 84121 2.17
1y(Byy) 510.74 1.34 vs(E,) 888.57
va(Bs,) 524.75 0.81
v3(Bs,) 613.26 1.07
va(By,) 665.62 0.27
v4(Bay) 809.25 0.73
11(By,) 888.20 0.84
13(By,) 943.74 0.80
v3(By,) 994.40 0.32

#Transverse optic infrared modes data from Reference 19.

compressible bonds of the crystal (Si-O). In addition, these
modes can be well correlated with the stretching vibrations
of the free-ion (SiO4)~* molecule and those of SiO, tetrahe-
dra in SiO, polymorphs.3® This fact supports the assumption
that the frequency modes of TiSiOy, as a first approximation,
can be separated between internal and external vibrations. It
is interesting to compare the frequencies of zircon TiSiOy4
with other zircon-type silicates. All of them show similar
spectra with a 300 cm~! phonon gap between the internal
stretching modes and the rest of the modes. Usually, also the
frequency of the highest frequency mode can be correlated
mass of the transition metal cation. Indeed the v3(B,g) mode
has a frequency of 1009 cm™! in ZrSiO, and of 1018 cm™'
in HfSiOy; i.e., the heaviest the metal cation the largest the
phonon frequency.’* Therefore, a frequency smaller than
1009 cm™! is expected for the same mode in TiSiO,, which
suggests that the calculated frequencies can slightly overes-
timate the phonon frequencies of TiSiOy.

To close this section, it is interesting to note that the IR
phonons predicted for the orthorhombic phase of TiSiO, (the
one stable at ambient conditions) are very similar in fre-
quency with the IR vibrations measured in amorphous films
of TiSiO,. In particular, the amorphous Ti-O-Si and Si-O-Si
stretching vibrations?®> found around 930 and 1000 cm™,
respectively, the Si-O-Si bending vibration observed near
800 cm™', and the Ti-O vibration located about 430 cm™,
coincide with the IR modes predicted for CrVO,-type
TiSiO,. We think this is not a mere coincidence, and can be
due to the fact that the local order of amorphous TiSiO, is
similar to that of crystalline TiSiO,. The growth of amor-
phous TiSiO, with pulsed-laser deposition and chemical-
vapor deposition can be due to the presence of a kinetic
barrier that precludes the formation of crystalline TiSiO, at
the growing conditions. Probably, the combination of high-
pressure and high-temperature conditions could lead to a
successful preparation of crystalline TiSiOy,.

C. Electronic structure

The calculated band structures of TiSiO, were constructed
along the appropriate high-symmetry directions of the corre-
sponding irreducible Brillouin zones using the calculated lat-
tice parameters listed in Table I. TiSiO4 at ambient pressure
is a direct band-gap material, with the gap at the I" point of
the Brillouin zone (BZ) and E,=3.49 eV. Thus, it offers a
larger band gap and band offset with Si than rutile TiO,
[E,=3.0 eV (Ref. 56)], which constitute and advantage for
the reduction of the tunneling leakage current in MOSFET
devices.

For zircon-type TiSiO, the band gap is located at the
I"-point of the Brillouin Zone corresponding to a direct tran-
sition, whereas the scheelite and the orthorhombic
CrVO,-type phases present an indirect transition from I' to 3,
(in the path I'—Z) and from I" to S points of the correspond-
ing BZ, respectively. Note that the direct band gap at I" for
the scheelite structure is 4.30 eV very close to the minimum
indirect band gap. To the best of our knowledge there are no
experimental works exploring the electronic structure of the
TiSiO, system. However, the band-gap reported for scheelite
TiSiO, is similar to that of most of scheelite ABO,
compounds,’” which gives support to our predictions. The
analysis of the band structure reveals that in all the studied
phases the highest occupied band and the one immediately
beneath are of 2p (O) character and depend on the Ti-O
bond. The overlap between 2p (O) and 3d (Ti) crystal orbit-
als is stronger than that between 2p (O) and 3p (Si) ones.

The conduction bands (CB) arise from 4s and 3d states of
Ti atoms with their bottom located at the I point for the
zircon polymorph. The bottom of the CB in the scheelite
phase is situated at ¥ in the path between I" and Z points,
near Z, the first band of the CB is very flat, the gap is indirect
but the direct gap at I' presents a very close value. These
features resemble the band structure reported for other ABO,
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TABLE IV. Values of dielectric constant, &, refractive index, n, and band-gap energy, E,, at ambient pressure.

Phase a-Si0, TiO, Zircon Scheelite CrVO,-type
Component isotropic | 1 1 Il 1 [100] [010] [001]
£..(this work)
e 1.93 7.21 6.66* 5.92 8.81* 4.415.52% 4.48 5.56* 4.67 4.83 2.99 4.07 3.71
n (this work)
n* 1.39 2.68 2.58* 243 297* 2.10 2.35% 2.12 2.36% 2.16 2.20 1.73 2.02 1.93
n (exp) 1.48° [2.87°-2.584]

1.464 [2.749-2.484]

1.453 2.553
E, (this work) 4.50 4.27 3.49

4Calculated from Reference 19.

b@-8i0, (633 nm) (Reference 67).

“Extraordinary.

dOrdinary.

“Fused quartz and rutile (633 nm) (Reference 68).
fRutile (1064 nm) (Reference 68).

scheelites.’® In the case of the orthorhombic CrVO,-type
phase the electronic structure is characterized by an indirect
band gap since the top of the bottom of the CB is located at
the S (0,1/2,0) reciprocal space point. Here the direct energy
gap at I" is 3.52 eV very close also to the indirect value
(E,=3.49 eV).

The effect of the pressure on the band structures of all
polymorphs is also examined in the present study. The zero-
pressure values of the band-gap energy (E,) are as follow:
CrVO,-type (3.49 eV), zircon (4.50 eV), and scheelite-type
(4.27 eV). The variation of the band gap with pressure,
dEg/dP, for the zircon structure is positive with a value of
25.8 meV GPa™!. The electronic structure of the scheelite
phase is less deformable and also positive, being the corre-
sponding value of dE,/dP 7.3 meV GPa™'. On the other
hand, the orthorhombic (Cmcm) phase presents a negative
value of —25.4 meV GPa™! for dE,/dP. DFT calculations
can slightly overestimate the absolute value of E,, however,
they are known to be very precise in the determination of
dE,/dP.>° Therefore, our predictions for dE,/dP would be
helpful to understand the pressure behavior of the band struc-
ture of orthosilicates. Unfortunately, at the moment no pre-
vious estimations for these parameters in orthosilicates are
available to compare with. However, from our calculations
we can predict a large band-gap opening at the CrVO,-zircon
transition (AE,=1 eV) and a small band-gap collapse at the
zircon-scheelite transition (AE,=0.3 eV). In addition, the
possible blue shift of the band gap of scheelite TiSiO4 with
pressure is consistent with the behavior of other covalent
compounds such as spinel-structured oxides.*°

D. Dielectric permitivity

The response of crystals to external electric fields deter-
mines their dielectric behavior. To compute the dielectric
constant the main difficulty is the nonperiodic nature of the
macroscopic electric potential, meaning that the methods
based on Bloch’s theorem do not apply. The trick chosen

herein to overcome this problem is the use of a “sawtooth”
potential in conjunction with a supercell scheme for main-
taining the periodicity along the applied field direction, as
proposed by Kunc and Resta.?! In the present work, the finite
field sawtooth scheme implemented in the CRYSTALO6 code is
used.®? This method, although more expensive in terms of
computational power and time than for example the varia-
tional approach proposed by Souza et al.,%® has been used
successfully for calculating the dielectric constants and the
nonlinear indices of periodic systems.%-%6

By collecting a set of dielectric tensor values as a function
of the external applied electric field we can then evaluate the
electronic permittivity tensor or high-frequency dielectric
constant (g.) as well as the refractive index, n=ve,. The
calculated values of e, and n at ambient pressure are re-
ported in Table IV. The tetragonal phases present two inde-
pendent components of €., ¢ and ¢, parallel and perpen-
dicular to the ¢ axis, respectively. The CrVO,-type phase
presents three independent components parallel to each axis.
For comparison purposes, we also report the calculated val-
ues of &, and n for SiO, (a-cristobalite) and TiO, (rutile)
together with previous experimental and theoretical data. As
expected, TiSiO, has a dielectric constant in-between those
of TiO, and SiO,. In addition, its value increases as the
packing efficiency increases in the high-pressure phases. Re-
garding the zircon-type phase, the parameters calculated for
us are around 20% smaller than those calculated by
Rignanese.19 Similar differences are found for TiO,, but our
results agree better with the experimental results (see Table
IV). However, both works agree in suggesting that TiSiO, is
a potential high-« dielectric. Finally, we would like to stress
that apparently the anisotropy of the dielectric properties is
more notorious for the low-pressure orthorhombic structure
of TiSiO, than for the zircon and scheelite structures.

V. SUMMARY

We have studied the mechanical, dynamical, and elec-
tronic properties of TiSiO, at ambient and high pressure by
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means of DFT, lattice-dynamic and band-structure calcula-
tions. We found that at ambient conditions TiSiO, is pre-
dicted to crystallize in an orthorhombic structure isomorphic
to CrVO,. This is the first time that such structure is reported
for a silicate. Upon compression, two phase transitions are
predicted to take place to the tetragonal zircon-type and
scheelite-type structures at 0.8 and 3.8 GPa, respectively.
The scheelite phase remains stable at least up to 25 GPa.
Note that based upon crystallochemical arguments®'40 a
similar structural sequence is also possible for different ox-
ides isomorphic to CrVO, (vanadates, phosphates, chro-
mates, sulphates, and selenates). We also determined the
EOS for the three phases of TiSiO,, finding that the low-
pressure phase is more compressible than other silicates hav-
ing a bulk-modulus B, of 124 GPa. However, the high-
pressure phases show extremely low compressibilities.
Phonon frequencies for the different structures are also re-
ported, being the different modes assigned based upon our

PHYSICAL REVIEW B 80, 094105 (2009)

calculations and assuming that in the different structures the
Si0, tetrahedra are nearly isolated units. The pressure evo-
lution of different phonons is also described. Finally, the di-
electric constants, refractive index and band structure of the
different phases of TiSiO, are reported. According to our
calculations, TiSiO, is a wide band-gap semiconductor, with
a high dielectric constant, which upon compression could
become an ultrahard material. All these features make of
TiSiO, an interesting candidate for many technological ap-
plications.
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