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First-principles calculations of the crystal structures, bulk moduli, and relative stabilities of seven known and
hypothetical TiQ polymorphs(anatase, rutile, columbite, baddeleyite, cotunnite, pyrite, and fluorite structures
have been carried out with the all-electron linear combination of atomic orifit@80) and pseudopotential
planewave(PW) methods. The anatase versus rutile relative phase staliilitykeand zero pressure has been
investigated using high-quality basis sets and carefully controlled computational parameters. From the optimal
crystal structures obtained with the Hartree-Fock theory at various pressures, the bulk modulus and phase
transition pressures of various high-pressure polymorphs have been derived at the athermal limit. In most
cases, the calculated unit cell data agree to within 2% of the corresponding experimental determination.
Complete predicted structural dgianit cell constants and fractional atomic coordingge® presented for the
baddeleyite and pyrite forms. The calculated bulk moduli are within 10% of the most reliable experimental
results. Both the all-electron LCAO and pseudopotential PW methods predict anatase to be more stable than
rutile at 0 K and ambient pressure. The computed anatase-columbite, rutile-columbite, columbite-baddeleyite,
and baddeleyite-cotunnite phase transitions appear in the same order as observed in experiments, and the
transition pressures agree semiquantitatively with those measured. The pyrite and fluorite structures are pre-
dicted to be less stable than other polymorphs at pressures below 70 GPa in agreement with experiments.
Finally, the elastic properties, compressibilities and phase transformations of the various polymorphs are
discussed in terms of simple models based on the behavior of the constituent Ti-O polyhedra under compres-
sion.
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[. INTRODUCTION method<$ % However, the enthalpy change of the anatase to
rutile transformation remains somewhat controversial, with
TiO, occurs in Nature in three different forms which, in room-temperature experiments yielding values ranging from
order of abundance, are rutile, anatase, and brookite. Th&H ,gg= —11.7 kJ/mol(Ref. 7 to +0.42 kJ/mol(Ref. 10.
rutile form is widely used as a white pigment and opacifier.A number of first-principles studies have been performed to
The anatase phase finds applications in, among others, phgddress this issue in recent years. Whereas all the studies
tocatalysts and nanostructured solar c&lfsThe rutile and  reproduce observed crystal structures well, the predicted
anatase phases have been widely studied in recent years. Thgase stability is found to be sensitive to the treatment of
rarer mineral brookite is not used commercially; this, ejectronic exchange and correlattén®and on the numeri-
coupled with its relatively complicated structure, has led to.5| getails of the calculatioré.
few studies of its properties. High pressure X_ray_diﬁractidﬁ,16,21,23—25 and Raman
At elevated pressures Tihas a rich phase diagram with ¢ ectroscopy ~2°#’studies have revealed that rutile and ana-
a series of structural phase transformations. The structurtezfSe transform to a columbite structure at high pressure. The

and stability of the high-pressure phases of e of par- apressure at which this transformation occurs depends on the

ticular interest in Earth sciences, for these phases are an s?t'arting material: anatase transforms to columbite at 4—8

cessible analog of minerals in the Earth’s mantle. Rutile,TiO 20-22,p, | d luagish f .
is particularly attractive in this context because it is expected®P& ~ whereas rutile undergoes a sluggish transformation

to undergo a sequence of phase transformations with increadt @cout 10 GPE[1%20 Furthermore, the phase transforma-
ing pressure similar to that experienced by stishovite, %0 {ON from anatase to the columbite structure is dependent on
the Earth's mantle, but at more readily accessible pressure&hether or not a single crystal sample is (Seahd on the
Great interest in the high-pressure phases has also betgmperature at which the experiment is perforrffeth re-
stimulated by the recent discovery of the ultrahard ,Jedo- ~ cent x-ray-diffraction studies it has been reported that, at
tunnite phase. This phase can be stabilized in diamond-anvipom temperature, the columbite phase is only formed at
cell experiments at about 60 GPa, and is the hardest knowabout 7 GPa during decompression from a higher pressure
oxide materiaf its discovery has stimulated much interest in phase€>~*However, in Raman studies the transformation of
potential applications of pressure-stabilized phases. rutile and anatase directly to columbite has been observed at
There have been a number of attempts to determine the GPa'’~2>?284The columbite phase formed from either
relative stability of rutile and anatase using calorimetricrutile or anatase is metastable upon decompression, and can
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also be obtained at ambient pressures by acid dissolution @lectron exchange and correlation interactions must be ap-

Ti30g.2" proximated and a number of numerical approximations
Columbite-structured Ti@ transforms to a baddeleyite adopted.
structured phase between 12 and 17 &%42%This struc- In this paper the results of high-quality first-principles cal-

ture is significantly more complex than columbite, and isculations of the structure and phase stability of Ji&ver a
harder to obtain and characterize experimentally because #¥fide range of pressures are presented. For known polymor-
the difficulties involved in applying higher pressures and inPhs the computed data are compared to that observed in or-
quenching the high-pressure phase. This complexity alsger to establish th_e_ validity of predictions for_h|gher-pressure
means that it is computationally demanding to study theoretiPhases. The stability of some key results with respect to the
cally; to our knowledge, there has only been one previdus treatment of exchange and correlation and to numerical ap-
initio determination of the lattice vectors and internal coor-Proximations is explored. The delicate relative stability of
dinates of this phase. rutile and anatase at ambient pressure is studied using both
The situation regarding post-baddeleyite transigphas ~ high quality, all-electron, linear combination of atomic or-
been less clear until very recently. A number of observation®ital (LCAO) and pseudopotential, plane-watW) meth-
suggested a transformation to a cubic phase at pressures @S- A determination of the structures of the high-pressure
about 60 GPa but with insufficient data available to fully Phases baddeleyite and pyrite is presented. The stability of
determine the structur@:?®2° Several metal oxides, which the cotunnite phase relative to the pyrite and fluorite phases
are rutile structured at 0 GPa, are known to transform td€low 60 GPa is confirmed. Finally, these calculations offer
fluorite structured phases at high pressure, and, on this basiéaluable insights into the nature of the phase transformations
it has been postulated that this phase adopts a fluoritand the crucial Imk between the structure (_)famaterlal on the
structure?®?82° | ater studies including Rietveld refinement &tomic scale and its macroscopic properties. _
of x-ray-diffraction data from three rutile-structured oxides ~ The paper is organized as follows. In Sec. Il a brief de-
(Sn0,, PbO, and RuQ) revealed that the high-pressure SCription of structures of the different phases considered in
phase in these systems actually adopts a pyrite struiture this paper is given. Section Ill contains details of the com-
Several theoretical studies have been performed to assist Rtiational methods used. Computed data including the phase
the identification of these phases. In particular, the cubidtability, structure, and elastic properties of rutile and anatase
CaF, (fluorite) structuré® and a modification of this form are given in Sec. IV A, and data regarding the high-pressure
which is isostructural with FeS(pyrite) have been proposed Phases is given in Sec. IV B. These results are discussed in

Unfortunately, confirming the existence of these predicted
structures by performing experiments at such high pressures Il. POLYMORPHS OF TiO ,

poses many technical difficulti®which had, until recently,

precluded the detailed determination of the post-baddeleyite AS an understanding of the crystal structure and bonding
phase. However, a recent study which included Reitveld reof TiO, is important to the work presented in this paper, we
finement of phases synthesised at pressures up to 80 GHgscribe the structure of the various polymorphs in some
revealed a transition from a baddeleyite to a cotunnitedetail.

(PbC)) structure at 60 GPa, which was concurrently verified

by means of first-principles and lattice-dynamics A. Rutile

calculations . .

Calculations of carefully controlled numerical precision 1 Ne vast majority of studies of the bulk and surface prop-
have a key role to play in determining the stability and struc-ert'es_ of TiQ haye b_een of the rutile phase. The rutile struc-
ture of materials under conditions that are difficult to repro-ture, illustrated in Fig. 1, belongs to tfi#,/mnm tetrago-
duce in the laboratory. A detailed description of the richn@! Space group. The unit cell is defined by the lattice vectors
phase diagram, including phases with sixfold, sevenfold® @ndc and contains two Ti@units with Ti ions at(0,0,0
eightfold, and ninefold Ti-O coordinations is a challenge forand (3,3,3) and O ions att(u,u,0) and+(u+3,3-u,3).
any theoretical treatment of the bonding and energetics ofhe unit-cell parameters have been determined and subse-
TiO,. Much progress in understanding the bulk and defectjuently verified several times using x-Fiy° and neutron
chemistry of TiQ has been made with empirical forcefield diffraction?®*” and are found to bea=4.587 A, c
modeling®? However, such models often have limited pre- =2.954 A, andu=0.305 at 15 K(Ref. 37 (see Table )L
dictive power, failing when applied to systems not taken intoEach Ti ion is octahedrally coordinated to six O ions. The
account in the original parametrization of the model. DespiteliO, octahedron is distorted, with the apical Ti-O bond
recent efforts to develop force fields that can treat differentength(1.98 A) being slightly longer than the equatorial Ti-O
coordination environments, it has been found that their perbond length(1.95 A). The four equatorial O ions are copla-
formance varies from phase to phase depending on the propar occupying a rectangular arrangement with the long edge
erty being computed, and these models give poor results fa2.954 A along thec direction and the short edg&.53 A)
some phase¥ First-principles calculations provide an unbi- lying diagonally across the plane defined by thdirection.
ased and thus predictive approach to the modeling of phas@$e TiO; octahedra form chains that share edges along the
for which experimental data are not available. However, indirection and share vertices in tlaeb plane (see Fig. 6 in
applying first-principles techniques to complex materials,Sec. V).
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are four TiQ units per cell with Ti ions at+(0,u,3) and
+(3,u+3,7) and O ions at=(x,y,2), *(5-X,3-Y,2+3),
+(x+3,3-y,2), and ,y,3-z). The internal fractional coor-
dinates (u, x, y, and z) have been determined in high-
pressure x-ray-diffraction studies to be 0.171, 0.286, 0.376,
and 0.412, respectivef§.As with rutile and anatase, each Ti
ion is octahedrally coordinated to six O ions. The octahedron
is distorted with the cation displaced from the center of the
octahedron. The Ti-O bond distances range from 1.91 to 2.05
A, with a mean bond length similar to that of rutile. The
octahedra form planar chains sharing edges in a zigzag ar-
rangement along the direction (see Fig. 8 in Sec.

(b)

D. Baddeleyite

The baddeleyite phase is formed under compression to
about 20 GP&® The unit cell of this phase is displayed in
Fig. 1. Baddeleyite is often described as an intermediate
structure between rutile and fluorite, and is adopted by sev-
eral other materials including ZgOThe unit cell is mono-
clinic (space groug?2,/c) containing four TiQ units with
Ti and O ions at+(x,y,z;X,y+ 3,3-2). The lattice vectors
have been measured in x-ray studies and@ex&rapolated to
0 GPa a=4.662 A, b=4.969 A, c=4.911 A, andp
=99.4°2% The internal coordinates y, andz of the ions in
this structure have not previously been determined, to our
knowledge. Each Ti ion is coordinated to seven O ions, and
the oxygen ions form alternating threefold- and fourfold-
coordinated layers.

(d)

)

E. Fluorite

Very high-pressure experiments have suggested that TiO
s : R transforms to a cubic structure at pressures in excess of about
FIG. 1. The phases of TiOstudied here: rutiléa), anataséb), 52899 )
columbite(c), baddeleyite(d), fluorite (), pyrite (f), and cotunnite 60 GP&*#*#It has been suggested that this phase has the

(g). Large spheres represent the O ions, small spheres the Ti iondluorite (Cak) structure characterized by tiem3m space
group. Structural data for this phase have yet to be deter-

mined.
o _ _ The fluorite structure has one formula unit per primitive
The anatase structure, shown in Fig. 1, is characterized byell with the cation occupying th@,0,0 position while the
the tetragonal space groug/amd The unit cell contains  gnions are at-(%,%,2), as shown in Fig. 1. Each Ti ion is
two TiO, units with Tiions at(0,0,0 and (03,7) and Olions  coordinated to eight O ions, and hence each O ion is tetra-
at (0,0u), (0,0u), (02%,u+3) and (0%,3-u). As with  hedrally coordinated to Ti ions.
rutile, a, ¢, andu have been measured several times using
both x-ray*% and neutron diffractiof?*” to be 3.782 A, F. Pyrite
502 A 2 ivel Tabl . .
9.502 A, and 0.208, respectively, at about 30ske Table SnG,, RuG,, and ZrQ, which all have a rutile structure

I). Each Tiion is octahedrally coordinated to six O ions. The t 0 GPa, have also been observed to transform to a cubic

Ti-O octahedron is not regular and the Ti-O bond distance& . & Thi
are similar to those in rutil¢1.98 and 1.93 A for the long Structure at high pressuresThis structure was assumed to

- : be fluorite, but recent Rietveld refinement from x-ray-
2)nr(rjn Szr:g;;;— ! cﬁai?%ngl cl)iggtt::; ;ﬁg%eg?r\gig;i \(/)v?ttr? h:;(:rﬁ diffrggtion dat_a has revealgd that the CL_Jbic phase is actua!ly a
octahedron sharing four edgésee Fig. 7 in Sec. modified or dlstortedjuorlte structure isostructural to pyrite
FeS (space grougP?a3). As thePa3 space group is a sub-
group of Fm3m, a continuous phase transformation from
C. Columbite one to the other is possible. The main difference between this

The columbite structure, presented in Fig. 1, has an orthostructure and the fluorite structure is that the O ions are dis-

rhombic unit cell with thePbcn space group and lattice placed from=(3,7,%) to about=(0.34, 0.34, 0.3%(see Fig.
vectorsa=4.541 A b=5.493 A, andc=4.906 A. There 1). This leads to each Ti ion having an inner shell of six O

B. Anatase
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TABLE I. A selection of previous theoretical and experimental structural parameters for rutile and anatase
(in A). The abbreviations describing the methods used in the theoretical studies are given in Sec. lll. The
LCAO-HF (Refs. 11,57,58,63 and $%nd LCAO-LDA (Ref. 63 calculations are performed using the
CRYSTAL package. Numbers in parentheses indicate the percent deviation from low-temperature neutron-
diffraction experiments.

Method a c u
Rutile
PW-LDA SC (Ref. 14 4.555 (-0.70 2.922 (-1.08 0.304 (-0.33
PW-LDA SC (Ref. 14 4.528 (-1.29 2918 (-1.2) 0.303 (-0.66
PW-LDA SC (Ref. 61 4.567 (-0.49 2.932 (-0.749 0.305 (0.00
PW-LDA LC (Ref. 60 4.536 (-1.11 2915 (-1.32 0.304 (-0.33
PW-LDA LC (Ref. 59 4.653 (149 2.966 (0.4) 0.305 (0.00
PW-LDA LC (Ref. 13 4.603 (0.39 2.976 (0.79 0.304 (-0.33
PW-LDA LC (Ref. 62 4.638 (111 2.923 (-1.05 0.305 (0.00
PW-GGA LC (Ref. 13 4.624 (0.8 2.992 (1.29 0.305 (0.00
PW-GGA LC (Ref. 69 4.690 (2.2 2.990 (1.22 0.306 (0.33
OLCAO-LDA AE (Ref. 66 4.622 (0.77 2.983 (0.99 0.304 (-0.33
LCAO-HF LC (Ref. 579 4.555 (-0.70 2.998 (1.49 0.306 (0.33
LCAO-HF AE (Ref. 58 4.560 (-0.59 3.022 (2.30 0.305 (0.00
LCAO-HF AE (Ref. 65 4.529 (-1.26 3.088 (4.59 0.305 (0.00
LCAO-HF AE (Ref. 65 4.548 (-0.8H 2.993 (132 0.305 (0.00
LCAO-LDA AE (Ref. 63 4.529 (-1.26 2.942 (-0.41 0.304 (-0.33
X ray 298 K (Ref. 39 4.594 (0.1 2.958 (0.19 0.305 (0.00
Neutron 295 K(Ref. 37 4.593 (0.13 2.959 (0.17 0.305 (0.00
Neutron 15 K (Ref. 37 4.587 2.954 0.305
Anatase
PW-LDA SC (Ref. 14 3.744 (-1.00 9.497 (-0.05 0.207 (-0.48
PW-LDA SC (Ref. 14 3.747 (-0.93 9.334 (-1.77 0.210 (-0.96
PW-LDA LC (Ref. 13 3.781 (-0.03 9.793 (3.0 0.204 (-1.92
LCAO-HF LC (Ref. 1) 3.763 (-0.50 9.851 (3.67 0.202 (-2.88
X ray 301 K (Ref. 39 3.785 (0.08 9.514 (0.13 0.208 (0.00
Neutron 295 K(Ref. 37 3.785 (0.08 9.512 (0.11) 0.208 (0.00
Neutron 15 K (Ref. 37 3.782 9.502 0.208
ions with a further two O ions slightly further awq6+2)- ll. METHOD

fold coordination. In light of these findings and the lack of

reliable data for TiQ at very high pressures, it seems pos-
sible that TiQ may also adopt thé*>a3 structure. To the
authors’ knowledge, this possibility has not been explored
previous work.

The calculations presented have been performed using the
LCAO, all-electron,cRysTAL98 software?® with supplemen-
. tary calculations performed using the PW pseudopotential
Noftwarecaster®:
In the LCAO formalism implemented icRYSTAL98 the

crystalline orbitals are expanded as a linear combination of
G. Cotunnite atom centered Gaussian orbitals wighp, or d symmetry
(the basis set All-electron (AE) calculations were per-
formed in which there is no shape approximation to the po-
ential or density. A variety of treatments of exchange and
orrelation were used: Hartree-Fo(F) theory, where ex-
change is computed exactly but correlation is neglected, and

The cotunnite (PbG) structured TiQ was recently dis-
covered in high pressure diamond anvil experiments at pre
sures above 60 GPa. The unit cell of cotunnite is illustrate
in Fig. 1. This structure is orthorhombic, belonging to the
space grouf®nmawith the lattice vectors determined at 61 density functional theoryDFT) using the local-density ap-
GPa to bea=5.163 A, b=2.989 A, andc=5.966 A. proximation (LDA)**® and the generalized gradient ap-

There are four Ti@ formula units per unit cell with ions at proximation(GGA).*

*(X,3.2, X+3,7,3-2), where for the Ti ionsx=0.264 and The main numerical approximation in these calculations

z=0.110; for one O ionx=0.346 andz=0.422; and for the is the choice of the basis set. High quality all-electron basis
second O ionx=0.012 andz=0.325. The Ti ions are nine- sets developed and optimized for use in rutile Jlilk and

fold coordinated to O and the O ions form elongated tri-surface studiéS“*®have been uset{.A basis set having three
capped trigonal prisms containing the titanium atoms. independent radial functions to describe each valence elec-
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tron is denoted as a triple-valence all-elect(@WAE) basis P=1.5K[(Vo/V)B=(Vo/V)*Px[1-0.754—K")
set. The TVAE basis set has been used extensively in previ- o3
ous studies of TiQ*%48-%|n the current study this basis set X(Vo/V)“°=1]. 2

is supplemented by the addition ofdassymmetry polariza- S

tion function on the O ions to produce the TVAE* basis set.For all phases, cell optimizations were performed for at least
While this additional flexibility has only a minor effect on Nine different pressures.

the description of the rutile phase, it is found to be important

for an accurate description of the anatase structure: the error IV. RESULTS

in the c lattice constant of the latter is reduced from 5% to y _ _ _

2%. It has recently been demonstrated that although theA. Structure, phase stability, and elastic properties of rutile
TVAE* basis set describes structural properties consistently and anatase at 0 GPa

well, it is not sufficient to converge subtle differences in the pefore discussing the high-pressure phases the relative
energies of related structur#s’® In order to converge the  stapility of rutile and anatase at 0 GPa is considered in some
energy difference between phases we have thus used thRtail. Above 870 K, anatase and brookite are found to trans-
TVAE** basis set in which an additional diffusésymmetry  form irreversibly to rutile’ The enthalpy change in the ana-
function on the titanium ions is includ€d . tase to rutile transformation has been measured using calori-
~ The sampling ok space s also an important approxima- metric techniques. There are significant differences in the
tion. Pack-Monkhorst grid8°" of shrinking parameters 4—8 yajues reported in the literature: from the exothermic values
were used depending on the phase being treated. Tests AH,0e= —11.7 kd/moll  AHggg= —6.56 kJ/mol
showed that this was sufficient to converge structures to bengnz —3.26 kJ/mof and AHgy=—0.42 kJ/mol® to

ter than 0.01 A, total energies to 0.25 kJ/mol, and energyhe endothermic values OAHj;g— +11.66 and AH g
differences between phases to 0.025 kJ/mol. = 40.42 kJ/molt©

A further approximation in the present study is related to  aq 5 prerequisite to determining the energetics of the two
the use of local basis functions. The truncation of the d'recbhases, it is important that fully unconstrained and carefully

space summations of the Coulomb and exchange series i$nyerged structures are obtained. In Table I, a summary of
controlled by five Gaussian overlap criteria. The control ofia results from a selection of experimental and recent
these approximations was described in detail elsewiéfe. i studies of the structural parameters of rutile and ana-

Tests showed that using values of 1010°°, 10°7, 1077, {356 is presented. Early HE®PW-LDA 5°%2and combined
and 10 *results in a numerical error of around 2 kJ/mol andyrk and DFT stuciies of ruti’Fé yielded I’attice parameters to
less than 0.01 A per unit cell in the relative energies andyithin 2% of experiment. More recent studies that have
structures of different phases. In the calculations comparinggken advantage of improvements in the theoretical tech-
the delicate stabilitygof rutiée andganatag;se, we us?ad very higfhiques and available computing power to perform calcula-
tolerancegup to 10°°, 10°%, 10°7, 10 °, and 10 ™). The  tjons with improved treatments of exchange and correlation
structural optimizations were converged to a displacement O(fDFT calculations based on the GGRefs. 13 and 64and
Ies§4 than 0.01 A, or an energy difference of less tharhigher numerical accuracimproved basis setsRef. 69
10" kJ/mol using a Br.oyde3n—FIetcher—GoIdfarb-Shannohave yielded results consistent with those from the earlier
(BFGS minimization algorithn . _ work. There have been only a few publications of the lattice
Supplementary PW-pseudopotential calculations wergarameters of anatase computed usiy initio methods.
performed using theasTepsoftware?* The LDA and GGA | cAQ-HF (Ref. 11 and PW-LDA (Ref. 13 studies using
functionals used were the same as for the LCAO calculagyrge core pseudopotentials yielded structures with 3—4 %
tions. The Ti (3, 2s, and 2) and O (1) core states were grrors in thec lattice constant, but later work using small
described using small-cot&C) ultrasoft pseudopotentiafs.  core pseudopotentials reduced these errors to 1—2 %. Studies
Previous work has shown that large-cék€) pseudopoten-  of the energetics of rutile, anatase and brookite with the
tials that incorporate Ti $and 3 states can lead to signifi- orthogonalized-linear-combinations-of-atomic-orbitals meth-
cant errors in the calculation of structural and energetiqq within the LDA predicted reasonably accurate lattice pa-
properties® The sampling ok space was performed using a rameters for rutile, but the other two phases were not relaxed
Monkhorst-Pack nét of shrinking factor 4. A range of fly,66
plane-wave cutoff energie€(,) from 300 to 600 eV was  Generally speaking, all thab initio studies of rutile and
used to ensure convergence of the structure and relative egnatase have yielded structural parameters to within a few
ergies of different phases to about 0.001 A and 2 kJ/mol pepercent of experiment. The structural parameters computed
unit cell, respectively. The calculations of Ti@t high pres- in the current study are given in Table 1. While the present
sures were performed by applying an hydrostatic pressurgiF, LDA, and GGA calculations all yield lattice parameters

and minimizing the enthalpy in reasonable agreement with experiment, there are clear
trends with regards to treatment of exchange and correlation.
H=U+PV (1) For rutile, HF theory tends to underestimat@nd overesti-
matec, resulting in an overestimate of the cell volume, the
with respect to all structural parameters. LDA leads to an underestimate of battandc and the GGA
Bulk moduli have been computed by fitting to a Birch- to an overestimate of both and c. Similar trends are also
Murnaghan equation of state of the fofm seen for anatase. Although all the LCAO calculations over-
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TABLE II. The optimized structural parameters of rutile and anatasé) computed usingb initio methods. Numbers in parentheses
indicate the percent deviation from experiment.

Method Basis Rutile Anatase
a c u a c u
LCAO
HF TVAE* 4575 (-0.26 2999 (152 0306 (033 3.781 (-0.03 9.735 (245 0.203 (-2.40
TVAE* 4579 (-0.17 2989 (118 0.306 (0.33 3.780 (-0.09 9.716 (229 0.203 (-2.40
LDA TVAE* 4539 (-1.09 2953 (-0.03 0.305 (0.00 3.739 (-1.14 9.694 (2.02 0.205 (-1.49
TVAE** 4548 (-0.85 2944 (-0.39 0.305 (0.00 3.729 (-1.40 9.695 (2.03 0.204 (-1.92
GGA TVAE* 4627 (087 2981 (091) 0305 (0.00 3.794 (032 9.712 (221 0.206 (-0.99
TVAE* 4623 (0.79 2987 (112 0.306 (033 3.801 (050 9.719 (228 0.206 (-0.99
PW
LDA 340 4574 (-0.28 2.927 (-0.91) 0.304 (-0.33 3.758 (-0.63 9.495 (-0.0» 0.208 (0.00
380 4562 (-0.55 2920 (-1.15 0.304 (-0.33 3.746 (-0.95 9.480 (-0.23 0.208 (0.00
GGA 340 4651 (140 2964 (0349 0307 (066 3.792 (0.2 9.714 (223 0.206 (-0.99

380 4641 (118 2958 (0.14 0305 (0.00 3.777 (-0.13 9.818 (3.33 0.205 (-1.49

estimatec, the LCAO-LDA calculations yield the smallest PW-LDA and PW-GGA calculations wusing LC

overestimate. The structures in Table | computed using @seudopotentiat predicted the structure of the rutile, ana-

LCAO formalism with an AE basis set show the same trendgase, brookite, and columbite phases to within 2% of experi-

as the current results. ment. However, these calculations were in disagreement with
When making comparisons with the previous PW resultsregard to the phase stability of rutile and anatase. The LDA

it is important to note that the pseudopotential approximatiorcalculations predict rutile to be more stable than anatase by

can have a significant effect on the computed structures. Ca.11 kJ/mol, whereas the GGA calculations yield anatase as

culations on bulk and surfaces of Ti(polymorphs have the more stable phase by 4.82 kJ/mol.

demonstrated that the LC pseudopotential approximation A recent PW-LDA study found that the relative stability

tends to give results in significantly worse agreement withof the two phases is sensitive to the pseudopotential even

experiment compared to the SC pseudopoteffiim.the cur-  when SC pseudopotentials are usédiwo different SC

rent study, all PW calculations have been performed usingseudopotentials were tested, with one type yielding anatase

SC pseudopotentials, and give the same trends as the preds the more stable form by 5.852 kJ/m@oulier Martin

ous PW-SC and LCAO-AE results, whereas a number of PWseudopotentialand the other predicting rutile to be the

calculations in Table | employed LC pseudopotentials and anore stable form by 4.598 kJ/m¢Teter pseudopotentigllt

large scatter is seen in the trends of these computed struis clear that the predicted relative stability of the two phases

tures. For example, the PW-LC calculations of rutile per-is very sensitive to the numerical approximations and to the

formed with the LDA have predicted an underestimateaof treatment of exchange and correlation adopted.

andc®® an overestimate ai andc,***°and an overestimate  In Table Il the influence of the basis set on the computed

of a but an underestimate @f® energy difference between rutile and anatase is reported. As
For anatase, incorporating é-symmetry polarization the basis set is improved, the total energy varies significantly

function on the O basis set leads to a significant improvebut the energy differences are far less sensitive with the ana-

ment in the agreement with experiment. A thorough discustase phase clearly the more stable. The PW calculations per-

sion of the influence of basis set on the computed structure dbrmed in the current study with a SC pseudopotential also

rutile and anatase was given elsewh&rds can be seen

from Table Il, a, ¢, andu are within 2% of experiment with TABLE Ill. Calculated energy difference 0E=E, e

d functions, whereas the parameter can be as much as 5% _g_ _ petween rutile and anatase.

too large without it. This indicates that the O ion responds to

its nonspherical environment with quadrupolar distortionsyethod SE (kJ/mol)
which cannot be treated adequately using osly and
p-symmetry functions. LCAO Basis set

An early comparison of the energetics of rutile and ana- TVAE* TVAE**
tase using LCAO-HF theory with smaller basis sets than thatlF 2.72 4.25
used in the current study yielded structural parameters ihDA -0.32 1.88
good agreement with experiment and found anatase to be tigGA 5.46 7.59
lower-energy phase by 2.51 kJ/nIThe addition ofa pos-  PW Eeut (€V)
teriori correlation based on DFTRef. 12 reversed this 340 380
trend, yielding rutile as the more stable phase by betweenpA 3.31 2.13
2.96 and 11.50 kJ/mol, depending on the correlation funcega 7.17 9.68
tional used.
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TABLE IV. The bulk moduli(in GP3 of the various phases of Tiromputed in the current work with
the TVAE* basis set using HF and LDA treatments of exchange and correlation. The LCAG¢1E. 63
and 65 and LCAO-LDA (Ref. 63 calculations have been performed using dre'sTaL98 package.

Method Rutile  Anatase Columbite Baddeleyite Pyrite Fluorite Cotunnite
LCAO-HF 239+10 20210 264t10 30010 318£10 331+10 380-10
LCAO-LDA 241+10 195+10 27310 308t10

LCAO-HF (Ref. 63 281

LCAO-LDA (Ref. 63 264

LCAO-HF (Ref. 65 304

LCAO-HF (Ref. 65 236

LCAO-LDA (Ref. 66 209 272

PW-LDA (Ref. 59 240

PW-LDA (Ref. 30 243 194 247 249 282

PW-LDA (Ref. 13 244 190 215 287

X ray (Ref. 33 178+1

X ray (Ref. 25 179+ 2 258+ 8 290+ 10

X ray (Ref. 85 253+ 4

X ray (Ref. 20 59 98 522

X ray (Ref. 78 211+7

X ray (Ref. 22 360

X ray (Ref. 23 230+ 20 260+ 30 290+ 20

X ray (Ref. 5 178+1 304+6 431+10

predict anatase to be the more stable form with the LDA an@xperiments yielded a bulk modulus of around 180 &F3.
GGA relative stabilities in excellent agreement with the re-Arlt et al?® pointed out that the use of single crystal as
sults from the LCAO calculations, performed using theopposed to powder samples can have an influence on the
TVAE** basis set. Additional tests performed with the measured bulk modulus but this effect was found to be

CASTEP code using very high-energy cutoffap to 600 eV

within the experimental error barfd79 GPa for a single-

did not have a significant influence on either the order of thecrystal sample and 19010 GPa for a powder samplerhe

phases or the magnitude of the stability.

computed bulk modulus of rutile in the current work is in

As noted above, a previous HF study found anatase to bgood agreement with experiment being only around 10% too

the more stable phase but additionagposterioricorrelation

high and is in excellent agreement with previous PW

corrections reversed this treftiWe have calculated the studiest**%5°The discrepancy between the rutile bulk modu-
“correlation corrected” total energies of rutile and anataselus computed in this study and that from the recent all-
using the TVAE** basis set within the HF approximation electron LCAO studies using very similar computational
using all the available exchange-correlation functionals intechniques is due to the fitting procedure used to compute the

CRYSTAL98. Using a variety of LDA (Perdew-Zunget

Vosko-Wilk-Nusair®’ \on Barth-Hedirt® and
Perdew-Wanff~") and GGA  (Colle-Salvetti’®
Wigner-Levy/®  Perdew  86*  Perdew  91°

Perdew-Wan§®"+"® Becke’® Perdew-Burke-Ernzerhdf,
and Lee-Yang-Paff) functionals asa posterioricorrections
to the HF total energy yields a value 6E, ijic.anatase Of

bulk modulus. In the current study, the Birch-Murnaghan
equation of staf® has been used to extract the bulk modulus,
whereas the values from the previous LCAO studies were
computed from a polynomial fit of the energy-volume curve.
Computing the bulk modulus with the fitting procedure de-
scribed in Ref. 63, values of 277 GRHF) and 253 GPa

(LDA) were obtained. Clearly, the fitting procedure has a

between 3.1 and 3.5 kJ/mol for LDA functionals and -1.5 andsignificant influence on the predicted modulus. The Birch-
-9.5 kJ/mol for GGA functionals. Clearly, the use of self- Murnaghan equation of state is used in this study because
consistent exchange and correlation is required for reliablenost experimental studies use this equation of state to extract

results.

bulk moduli from pressure-volume data.

The computed bulk moduli of rutile and anatase and the The bulk modulus of anatase is calculated to be lower
phases discussed in Sec. IV B are presented in Table IV. Thidan that of rutile(by about 15% in agreement with experi-
bulk modulus of rutile has been measured to be about 21fhent. The computed bulk modulus of about 200 GPa is in

GPa’®-8with more recent studies verifying this valti

reasonable agreement with previous PW-LDA calculations

Until recently, there was considerable disagreement in thevhich found it to be about 190 GR&efs. 13 and 30and
literature as to even the approximate magnitude of the exthe experimental value of 180 G2
perimental bulk modulus of anatase, with measurements The calculations of Mo and Chirf§,which predicted ana-

ranging from 59 GPgRef. 21 to 360 GP&? Two recent

tase to have a higher bulk modulus than rutile, were per-

independent measurements have clarified the matter: boformed under the constraint of a fixeth ratio during opti-
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Velums () FIG. 3. Effect of pressure on the lattice parameters of rutile

FIG. 2. The change in/a ratio with cell volume of rutile and TiO, computed within the HF approximation. Experimental data are
anatase computed within the HF approximation. from Ref. 83.

mization of the volume at a given applied pressure. HowevetVith previous results from LDA calculations and x-ray-
the current calculations demonstrate that rutile and anatadliffraction experiments. The, b, andc lattice parameters
both undergo anisotropic compression. The computed chang@MPuted with HF and LDA methods are within 1% of ex-
in the o/a ratio with pressure for the two phases is illustratedP€riment. The predicted cell volume is overestimated by the
in Fig. 2. The ratio increases for rutile and decreases foHF methods(by 0.34% and underestmated by the LDy
anatase as the cell volume is reduced. The longer cell vectd-3279; these trends are consistent with those calculated for
(a for rutile andc for anataspis the more compressible in the rutile and anatase phaséec. IV A). The current HF
both structures, in agreement with experimentaland LDA calculatllons predpt internal coordlnates'ln excel-
observation&23:337883(see Fig. 3 Constraining the unit lent agreement with experimental observatfdrend in rea-

cell to a fixedd/a ratio leads to significant errors in the com- Sonable agreement with the results of recent PW-LDA

: 0
puted structure and bulk modulus. calculations? _ _
For baddeleyite, the computed lattice vectors are in excel-

lent agreementwithin around 1% with those observetf. To
our knowledge, there have been no experimental determina-
TiO, has a rich phase diagram and forms a number ofion of the internal coordinates of this phase. The lattice vec-
high-pressure phases, as described in Sec. I. Many of thesers and internal coordinates of cotunnite have recently been
phases have not been well characterized. For example, teeasured, and the current calculations are in agreement
existence of the fluorite phase of Ti®as only been tenta- with this data(see Table V. For the pyrite and fluorite
tively assigned, and it is not certain whether the fluorite ancbhases, no experimental data on their structures are avail-
pyrite phases can exist between baddeleyite and cotunnite able; the structure computed here for the fluorite phase is in
if they are post-cotunnite. Although there have been theoretreasonable agreement with previals initio studies:>=°
ical calculations of the fluorite structure®® there have been The computed bulk moduli, along with the known experi-
no predictions of the structure or energetics of the pyrite omental determinations for all the phases considered in this
cotunnite phases. In order to understand the high-pressupaper, are presented in Table IV. The bulk modulus of
phase diagram of TiQ) we have performed HF calculations columbite TiGQ, was measured in an early study to be 98
of the rutile, anatase, columbite, baddeleyite, fluorite, pyrite GPa?! but more recent work has reported it to be somewhat
and cotunnite phases at pressures up to at least 70 GPa. higher than that of rutile; 250—260 GB¥° The current HF
The predicted structures for the post-rutile and postcalculations predict a value of 264 GPa, in good agreement
anatase phases are presented in Table V. The calculated ceith the most recent PW-LDA calculatiori@47 GPa,* but
parameters for columbite at 0 GPa are in excellent agreemesbmewhat higher than an earlier study which found it to be

B. High-pressure phases
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TABLE V. The structural parameters of the high-pressure phases of &@gths in A and angles in
degrees computed at 0 GP&unless specifiedwith the TVAE* basis set. The cell volume is in®&or two
TiO, formula units.

a b c B Internal coordinates Volume
X y z
Columbite
HF 4553 5468  4.932 90.0 Ti 0.000 0.169 0.250 61.393
@] 0.274 0.385 0.420
LDA 4528 5438 4.954 90.0 Ti 0.000 0.170 0.250 60.993
O 0.274 0.381 0.418
LDA (Ref. 30 Not Given 90.0 Ti 0.000 0.178 0.250 61.887
@) 0.259 0.429 0.439
LDA (Ref. 13 4.569 5.481 4.929 90.0 Ti 0.000 0.174 0.250 61.718
O Not Given
Expt (Ref. 23 4.541 5.493 4.906 90.0 Ti 0.000 0.171 0.250 61.187
o 0.286 0.376  0.412
Baddeleyite
HF 4.691 4.820 4.851 98.38 Ti 0.275 0.040 0.206 54.251
(20 GPa o) 0.079 0.350 0.328
02 0.444 0.760 0.482
LDA (Ref. 13 4.790 4,915 4.924 99.97 Ti 0.279 0.047 0.209 57.092
(0 GPa O(1) 0.078 0.354 0.329
O(2 0444 0761 0.485
Expt (Ref. 26 4.64 4.76 4.81 99.2 Ti 52.435
(20.3 GPa 0o(1) Not Given
o(1)
Cotunnite
HF 5.046 2.966 5.884 90.0 Ti 0.246 0.25 0.114 44.031
(60 GPa o) 0.358 0.25 0.427
0(2) 0.026 0.75 0.337
Expt (Ref. 5 5.163 2.989 5.966 90.0 Ti 0.264 0.25 0.110 46.034
(61 GPa O(1) 0.346 0.25 0.422
0(2) 0.012 0.75 0.325
Fluorite
HF 4.794 4.794 4.794 90.0 O 0.25 0.25 0.25 55.089
LDA 4.748 4.748 4.748 90.0 O 0.25 0.25 0.25 54.745
GGA 4.897 4.897 4.897 90.0 O 0.25 0.25 0.25 58.706
LDA (Ref. 30 4.860 4.860 4.860 90.0 O 0.25 0.25 0.25 57.397
LDA (Ref. 13 4.800 4.800 4.800 90.0 O 0.25 0.25 0.25 55.296
Pyrite
HF 4860 4.860 4.860 90.0 O 0.338 0.338 0.338 57.396
LDA 4801 4.801 4.801 90.0 (0] 0.340 0.340 0.340 55.314
GGA 4.894 4.894  4.894 90.0 0] 0.338 0.338 0.338 58.592

2153 The bulk modulus of the baddeleyite phase has beethe pyrite phase, but the fluorite phase has been modeled
determined several times, with the most recent studies givinwith its bulk modulus predicted to be around 280-290
a value around 300 GP&>*Haines and Lger! reported a  GPa®3° Calculations of the bulk modulus of the fluorite
value of 522 GPa, although there is serious doubt about thehase using the LDA yield a lower value of 308 GPa, in
accuracy of this datum as only a few points were used to fiteasonably good agreement with previous PW-LDA studies.
the Birch-Murnaghan equation of state; this study also reAs can be seen from Table IV, HF theory tends to yield a
ported very low bulk moduli for the anatase and columbitebulk modulus higher than the LDA value, consistent with the
phaseg59 and 98 GPa in stark contrast to other studies. results of a recent comparative study of the effect of the

For the pyrite, fluorite, and cotunnite phases, the comireatment of exchange and correlation on the computed bulk
puted HF bulk moduli are 318, 331, and 380 GPa. Therenodulus®® For the cotunnite phase, the computed bulk
have been no previous determinations of the bulk modulus afodulus is about 10% lower than that observed.
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FIG. 4. The internal energgin atomic units for two TiQ for- FIG. 5. The enthalpy difference, relative to rutile, for two %iO

mula unitg with respect to volume for the TiQpolymorphs calcu-  formula units with respect to pressure for the Ji@olymorphs.
lated within the HF approximation using the TVAE* basis set.
At no point between 0 and 70 GPa is either the pyrite or

There is an interesting trend for the HF approximation tofluorite phase predicted to be the most stable form, although
overestimate the bulk modulus of low-pressure phases and tbe pyrite form is more stable than the fluorite structure up to
underestimate it in very high-pressure phases. In the case 66 GPa. Extrapolation of the enthalpy versus pressure plots
rutile and anatase, HF theory tends to overestimate the bulk Fig. 5 to higher pressures indicates that it is unlikely that
modulus by about 10%; it is overestimated by less than 5%pyrite or fluorite will become more stable than cotunnite at
for columbite; for baddeleyite, it is within the error bars of pressures below 100 GPa.
the experimental value; and is about 10 % lower than the
experimental value for the cotunnite phase. One expects HF
theory to overestimate bulk moduli in wide-band-gap insula-
tors as the effect of electron correlation in these systems is to A number of general conclusions can be drawn from the
reduce effective ionic radii and to generate a weak additiondarge number of detailed calculations of the structure and
binding term. Computed lattice constants thus tend to benergetics of TiQ polymorphs presented above. First, the
somewhat larger than those observed and bulk moduli rathédF and GGA treatments of exchange and correlation tend to
high. This is the opposite behavior to that expected in smalleverestimate the cell volume, whereas the LDA tends to un-
band-gap semiconductors, where correlation effects arderestimate it. For HF theory this is related to the neglect of
dominated by the mixing of excited-state determinants withelectron correlation, which results in an overestimate of the
the HF ground state. It may be that the trend in the predictedell volume for wide-band-gap insulators, as discussed
bulk modulus in TiQ with pressure is related to the closure above. The LDA has a tendency to overbind molecules and
of the band gap in the higher pressure phases. solids, and in general underestimates cell volumes in these

The computed equations of state of the phases studiesystems. The GGA overcorrects for this effect and, in these
here are illustrated in Figs. 4 and 5. The present calculationsystems, yields cell volumes similar to those computed in the
predict that anatase to columbite transformation occurs atiF approximation.
about 3.5 GPa, while the rutile to columbite transformation The form of the basis séPW or LCAO) has little influ-
occurs at about 21 GPa. This result is in reasonable agreence on these structural trends as long as the total energy is
ment with experimental observations, correctly predictingreasonably well converged with respect to the basis set, and
that anatase will undergo a phase transformation at lowean all-electron approach or small-core pseudopotentials are
pressures than rutile. Columbite is the most stable phase umsed. Improving the LCAO basis sets from TVAE* to
to 31 GPa where the calculations predict a transformation tdVAE** or increasing the plane-wave cutoff from 340 to
baddeleyite which in turn transforms to cotunnite at 63 GPa600 eV has little effect on the predicted structures. However,

V. DISCUSSION
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FIG. 7. The packing of Ti@ octahedra in anatase. The smaller
image is a rotated view showing the zigzag arrangement of the
octahedra along tha direction.

FIG. 6. The packing of Ti@ octahedra in rutile.

the calculation of the relative phase stability is sensitive tarelatively inflexible “pillars” of edge-sharing octahedra.
numerical and theoretical approximations, and great care is In anatase, there are crossed rows of zigzagging octahedra
required when comparing two phases with very similar enthat run along thea and b lattice vectors(see Fig. 7. The
ergies such as rutile and anatase at 0 GPa. The energy ddetahedra share four edges but the edges that are shared do
ferences are only converged with the largest basis sets usedt lie on opposite ends of the octahedron as they do in
here. Clearly, errors due to the numerical approximationsutile. This has implications for the compressibility of the
may influence the predicted pressures of phase transformatructure because compression can be accommodated by the
tions. This effect can be estimated. The data in Table llloctahedra hinging over each other more easily than in the
indicate that the improvement of the basis set can lead to rautile structure. This results in the computed bulk modulus of
difference of the relative phase stability of up to 2 kd/mol. Ananatase being significantly lower than that of rutile.
error of such magnitude has a small effect on the computed Using similar simple models of the structure of these
transformation pressure where the gradient of the pressughases, the pressure-induced phase transformations of ana-
versus enthalpy data of two phases differs significantly, as itase and rutile to columbite can be understood by considering
the case of columbite and baddeleyite where this leads to ahe nature of the electrostatic interactions of the ions in each
error of around=2 GPa(see Fig. 5 However, for phases structure. The energetics of the crystal are finely balanced
with very similar gradients, such as rutile and columbite, thebetween bringing as many oppositely charged ions as close
error can be as large as6 GPa. Thus the pressures of together as possible while keeping like-charged ions as far
transformation predicted here may be somewhat different tapart as possible. Hence the lowest-energy structure is that
those observed, but the sequence of the phase transformahich minimizes the cation-catiofili-Ti) and anion-anion
tions is unlikely to be affected by these numerical errors. (O-O) repulsions while maximizing the cation-anion attrac-
The variation in elastic properties and the anisotropiction (Ti-O).
compression of the different phases can be understood by As noted in Sec. Il, the rutile, anatase, and columbite
considering the atomic structure of these phases and in pastructures are all built up from different arrangements of
ticular the packing of the TiQoctahedra. These octahedra TiOg octahedra. The biggest difference between the octahe-
are fairly rigid units which appear to behave in a rather con-dral packing in rutile and in columbite, illustrated in Fig. 8,
sistent way in the rutile, anatase and columbite phéses is that the octahedra in rutile form linear chains alongthe
Fig. 9. However, their packing differs considerably. direction whereas in columbite, they form zigzagging
In the rutile unit cell, the TiQ octahedra pack in a regular chains®® In the case of rutile and anatase, the nearest Ti-Ti
arrangement with the neighboring octahedra sharing corneiand O-O bond distances are shorter than in columbite, but
in the ab planes and edges in tledirection as depicted in the average octahedral Ti-O bond distances and octahedral
Fig. 6. The corner-sharing octahedra have one Ti-O bond&olumes are similatsee Fig. 9. Compression of rutile and
linking them, whereas edge-sharing octahedra share twanatase leads to a reduction in the Ti-Ti and O-O bond dis-
Ti-O bonds. The crystal is thus more compressible inghe tances. This reduction in bond distances can be compensated
plane where external stress can be taken up by the hinging ér by rearranging the octahedra and transforming to a
the octahedra than in thedirection which is supported by columbite structure.
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FIG. 8. The packing of Ti@ octahedra in columbite. The
smaller image is a rotated view illustrating the packing of octahedrde rationalized using simple models concerning the effect of

along thec direction.
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significantly larger Ti-Ti distancésee Fig. 1D than would
occur if the material was in the rutile phase or if this coor-
dinate was fixed. This feature of the packing also explains
the anisotropic compressibility of columbite TiO The
change in the unit cell parameters for a range of pressures is
illustrated in Fig. 11. By far the most compressible direction
is along theb lattice vector due to the freedom of the Ti ions
to move along this direction. The direction is also rather
compressible because the octahedra can slide over each other
somewhat due to the movement of the cations alongbthe
direction. Finally, thea direction is the least compressible
despite having only corner-sharing octahedra along it. The
freedom of movement of the octahedra along thand c
directions is not evident along and hence this direction is
the stiffest. The order of compressibility along each lattice
vector is in excellent agreement with experimental

observationg!
Finally, the post-columbite phase transformations can also

pressure on the ionic size. The phase transformation from
columbite to baddeleyite and cotunnite structures is probably

Furthermore, the internal coordinate of the Ti ion indue to changes in the radius ratio of the Ti and O ions.

columbite can move along the Cartesian directioricorre-
sponding to moving along thelattice vectoy but in rutile, it
is fixed by symmetry. This degree of freedom results in achanges such that it is possible to pack more anions around
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FIG. 11. Thea, b, andc cell parameters in columbite TiQwith
increasing pressure.

each cation hence increasing the Ti-O attraction interactiorthe LDA. A more significant difference in the predicted bulk
This leads to an increase in the coordination of Ti-O ionsmodulus is seen when comparing that computed using a
from six (rutile, anatase, and columbijt® seven(baddeley- polynomial fit to the variation of the energy with respect to

ite) and then to nindcotunnite. volume and that obtained by fitting to an equation of state.
Here the latter approach is adopted as this is consistent with
VI. CONCLUSIONS the approach used in most experimental determinations.

For a number of phases, in particular rutile and anatase, a

In the current study, we have investigated the structuregreat deal of insight into their elastic properties can be ob-
elastic properties, and stability of all the main known JiO tained by considering the local packing of the Ti and O ions.
polymorphs. In addition, we have confirmed the existence ofFor example, the larger, anisotropic compression of the
a high-pressure phase recently been observed to be staldmger cell parameter in rutile and anatase can be rationalized
above 60 GPa. by considering the nature of the packing of the Jiaxtahe-

Particular care has been taken to compute the relative staal units. The driving force behind the transformation of
bility of rutile and anatase. The most precise calculations irrutile and anatase to columbite can be understood by consid-
the present study predict that anatase is more stable thaming the changes to the electrostatic interactions that occur
rutile at 0 K, but the energy difference between the twoas a result of differing cation-cation, anion-anion, and cation-
phases is small: between 2 and 10 kJ/mol. Previous exper&nion nearest-neighbor distances. Transformation to the
mental determinations of the stability of rutile and anatasecolumbite phase allows an increase in the O-O and Ti-Ti
have not conclusively resolved which phase is more stable atistances particularly due to the extra degree of freedom
low temperatures and, clearly, further experimental work isavailable for the position of the Ti ions.
required. The current calculations of the phase transformation of

The computed cell parameters for the experimentallyrutile and anatase to columbite correctly predict that anatase
well-studied phases agree to within 2%. The bulk moduliundergoes this phase transformation at a lower pressure than
generally agree with experiment to within 10%, although therutile. The anatase to columbite transformation is predicted
direction of the error depends on the individual phase: fotto happen at about 3.5 GPa in reasonable agreement with
low-pressure phases, the calculations tend to overestimaexperiment but the predicted pressure of rutile to columbite
the bulk modulus with respect to experiment, whereas for théransformation is higher than that observed. This is mainly
very high-pressure phases the computed bulk moduli are todue to the difficulty in extracting the crossover point in the
low. HF theory tends to predict a higher bulk modulus thanequations of state of the two phases which have very similar
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gradients of the enthalpy versus pressure curves and are vesgts incorporatingd-polarization functions on the oxygen
sensitive to the computational parameters used to generaiens are necessary to produce accurate lattice parameters for
them. We estimate that the error bar in this particular predicanatase. When the basis set is converged, the HF method and
tion is of the order of 10 GPa. The columbite-to-baddeleyitethe GGA to DFT theory tend to overestimate cell volumes,
transformation then occurs at 31 GPa, and the latter structumghereas the LDA to DFT method underestimates volumes.
transforms to cotunnite at about 63 GPa. It is very satisfyingdther numerical approximations such as the sampling of
to note that all the computed phase transformations are prapace and the truncation of the Coulomb and exchange series
dicted to occur in the same order as is seen experimentallyave a very small effect on the predicted structures. Modest
and that the bulk modulus of TiQncreases with each new numerical accuracy is required to converge computed struc-
phase. tures, but calculations of the total energies and energy differ-
Finally, in this paper, we have demonstrated how the comences between different phases require more sophisticated
puted properties of bulk TiQare influenced by the treatment basis sets with high numerical accuracy.
of exchange and correlation and the numerical approxima-
tions (such as the basis set akeépace sampling The re-
sults for rutile and anatase illustrate how the treatment of the
exchange and correlation affects the computed lattice param- J.M. would like to thank the EPSRC for funding part of
eters. Convergence of the basis set, irrespective of its funghis work during his Ph.D. studies. He would also like to
tional form, with respect to computed properties is essentiadcknowledge useful discussions with Jose Mifdaiversity
for reliable comparisons between Hartree-Fock and densitpf Evora, Portugaland Philip Lindan(University of Canter-
functional theory results. Reliable structures can be calcubury, UK). All images of the TiQ phases were produced
lated with rather small basis sets but more sophisticated basising the DL-Visualise software packagiRefs. 87 and 88
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