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1 | INTRODUCTION

Polyamorphism' referring to multiple amorphous states

Abstract

Based on constant pressure ab initio simulations, we propose, for the first time,
two successive amorphous-to-amorphous phase transformations for TiO,. The first
one is a gradual phase transformation from a low-density amorphous phase to a
high-density amorphous phase, whereas the second one is a first-order phase
transformation from the high-density amorphous phase to a very high-density
amorphous phase. The low-density amorphous to high-density amorphous phase
change is irreversible, whereas the high-density amorphous to very high-density
amorphous phase transformation is reversible. The high-density amorphous and
very high-density amorphous phases consist of differently coordinated configura-
tions. The sevenfold and ninefold-coordinated arrangements formed in amorphous
TiO, under pressure are similar to the main building motif of the baddeleyite and
cotunnite polymorphs of TiO,, respectively, while the eightfold-coordinated con-
figuration is different from the local structure of the cubic TiO, phase. The elec-
tronic structure calculations suggest that both dense amorphous phases present a
semiconducting character with a band gap energy less than that of the original

low-density amorphous phase.
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and chalcogenide glasses.'*'” Depending on the tempera-
ture and pressure conditions applied, their HDA phase can
be quenchable or unquenchable to ambient pressure. In

with different densities and coordination numbers but the
same composition is commonly observed during the high-
pressure treatment of tetrahedrally coordinated amorphous
systems such as icez, siliconz’*é, germanium7’8, silicagfu,
germinate'®, and chalcogenide glasses."*!” Ice shows a
first-order phase transformation from a low-density amor-
phous (LDA) state to a high-density amorphous (HDA)
state under pressure.” Similar to ice, polyamorphic phase
transformation in silicon®® and germanium’® is accompa-
nied by a sharp volume collapse as well and their HDA
phase exhibits a metallic character. In a stark contrast to
these materials, the amorphous-to-amorphous phase trans-
formation takes place gradually in silica’ '?, germinate'’

addition to the HDA phase, the presence of a very high-
density amorphous (VHDA) phase has been also discussed
for some of these materials.'®

Recent investigations have suggested the existence of
polyamorphic phase transitions even in more closely struc-
tured materials.”' > Among these materials, the polyamor-
phic phase transformation in nanoscale TiO, systems has
received particular interest® ' as they are one of the most
promising materials with a wide range of high-tech applica-
tions.”® TiO, nanoparticles undergo amorphization with the
application of pressure. The resulting state is referred as a
HDA phase and locally similar to the sevenfold-coordi-
nated high-pressure  monoclinic  (baddeleyite) TiO,

J Am Ceram Soc. 2017;100:3903-3911.

wileyonlinelibrary.com/journal/jace

© 2017 The American Ceramic Society | 3903


http://orcid.org/0000-0001-5636-3183
http://orcid.org/0000-0001-5636-3183
http://orcid.org/0000-0001-5636-3183
http://wileyonlinelibrary.com/journal/JACE

DURANDURDU

MJourna!

feAmerican Ceramic Society

crystal.>>*3% Upon pressure release, the HDA-to-LDA
phase transformation is observed. Although the local struc-
ture of the LDA phase is clearly not known yet, the studies
correlate it with the
(0-PbO,)-type crystal.>>**3° With the application of pres-
sure, amorphous TiO, (a-TiO,) nanostructures show a
reversible LDA-to-HDA phase transformation t00.%° More-
over, depending on the starting structure, the formation of
possible different HDA phases is proposed for nanoscale
TiO, (Ref.29).

Here by basically applying a constant pressure ab initio
approach, we compress an a-TiO, model up to 75 GPa and
find that it undergoes two successive polyamorphic phase
transitions. The first one is a LDA-to-HDA phase transfor-
mation as reported for nanoscale TiO,. However, the LDA-
HDA phase change in a-TiO, is irreversible in a contrast
to the phase transformation observed in nanosized TiO,
systems. The second one is a reversible HDA-to-VDHA
phase transformation and is proposed for the first time in
this study.

sixfold-coordinated columbite

2 | METHOD

All simulations were performed using the SIESTA pack-
age.>® We used the DZP basis (2-2s, 6-2p, and 5-polarized
2d orbitals for O atom and 2-4s, 10-3d, and 3-polarized 4p
orbitals for Ti atom), I'-point for the Brillouin zone sam-
pling, and the NPT ensemble to model a-TiO,. Pressure
and temperature were applied by the Parrinelo-Rahman
method®® and the velocity rescaling approach, correspond-
ingly. We used the generalized gradient approximation of
Perdew, Burke, and Ernzerhof>* to compute the exchange
correlation energy and the Troullier-Martins scheme®”
generate pseudopotentials. To create an a-TiO, model, we
adopted the anatase phase with 216 atoms (144 O and 72
Ti atoms) as a starting structure and subjected it to 3300 K
for 10 ps. Then temperature was reduced to 2200 K in
5.0 ps. At this temperature, the system was thermalized for
20.0 ps and then cooled to 300 K in 30 ps. The time step
of each molecular dynamics simulation was chosen to be
one femtosecond. Finally, the structure was optimized
using the power quenching technique within the NPH
ensemble. In order to explore the high-pressure behavior of
a-TiO,, we applied the constant pressure relaxation simula-
tion using the Parrinello-Rahman technique along with the
power quenching approach. We increased the external pres-
sure progressively using an increment of 5 GPa. We found
that 10 000 time steps were adequate to relax the amor-
phous structure till the maximum force was at least less
than 0.01 eV/A at each applied pressure. Our prior studies
showed that the SIESTA ab initio code successfully repro-
duced the crystal-to-crystal, amorphous-to-amorphous, and

to

amorphous-to-crystal phase transformations in a wide vari-
ety of materials.®® The ISAACS®’ program was used to
obtain some structural information at the atomistic level.
The cluster analysis was performed by the Voronoi polyhe-
dra method.”® A Voronoi polyhedron is denoted by indices
<n3, ny ns, ng,...>, where n; and > n; give the number of
i-edge faces of polyhedron and the total coordination num-
ber, respectively.

3 | RESULTS

The variation in volume under the external pressure is pro-
vided in Figure 1. The figure clearly shows a smooth vol-
ume change up to 20 GPa and then ripples at several
pressures, which might be due to the small size of simula-
tion box. At 60 GPa, the volume presents a noticeable dis-
continuity that perhaps signifies a possible first-order phase
transformation in a-TiO,. The corresponding volume col-
lapse at this pressure is about 5%. Upon decompression
from two different pressures, 55 and 75 GPa, the volume
shows a hysteresis and the initial volume is never recov-
ered, implying that pressure causes a noticeable densifica-
tion in a-TiO,. The densification might be associated with
the elimination of the free volume and/or the induction of
irreversible higher coordinated arrangements in the amor-
phous model during the high-pressure treatment.

On the basis of the previous studies on disordered mate-
rials, two scenarios can be thinkable for a-TiO, under pres-
sure: it can transform to either a crystalline phase or a
HDA phase. In order to see which transformation appears
in a-TiO,, we plot the total pair correlation function at
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FIGURE 1 The pressure-volume relation of a-TiO, on
compression and decompression from 55 and 75 GPa [Color figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 2 The total pair distribution function at selected

pressures [Color figure can be viewed at wileyonlinelibrary.com]

selected pressures in Figure 2. As seen from the figure, the
pair correlation functions present a clear short-range peak
and the lack of long-range correlations during the entire
pressurization process, suggesting that TiO, remains amor-
phous at the highest pressure achieved at the present work
and undergoes polyamorphic phase transformation(s). Note
the appearance of a visible peak at around 2.88 A and
3.16 A, which indicate the occurrence of the medium-range
order due to the crystalline-like topologies (probably eight-
fold-coordinated units as they are the most dominated ones
at 75 GPa, see below).

Coordination number (CN) is one of the useful parame-
ters to detect pressure-induced structural phase transforma-
tions in materials. Therefore, we next probe the modification
of the partial average CNs under pressure and provide them
in Figure 3. The mean CNs are predicted from the first min-
imum of the correlation functions. At ambient pressure, the
average CN of Ti and O atoms is 5.3 and 2.38, respectively,
comparable with the earlier investigations.”>** The Ti and
O CNs remain nearly constant between 0 GPa and 20 GPa.
After 20 GPa they begin to increase progressively. It
becomes 6.72 for Ti atom and 3.36 for O atom at 55 GPa.
At 60 GPa, the mean CN of Ti and O atoms sharply
increases to 7.75 and 3.87, correspondingly. The increase in
the CNs at this pressure is ~16%.

To have more information about the topology of the
amorphous state at high pressures, we carefully explore the
clustering of Ti and O atoms in the model and plot
their coordination distribution at each applied pressure
in Figure 4. The amorphous network does have an
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FIGURE 3 The modification in average Ti and O coordination
numbers as a function of pressure on compression and decompression
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 The coordination distribution of Ti and O atoms at
each applied pressure [Color figure can be viewed at
wileyonlinelibrary.com]

inhomogeneous coordination distribution unlike the crys-
talline phases. At zero pressure, the fivefold- and sixfold-
coordinated arrangements are the most prevalent ones,
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which are octahedrons and pyramidal-shaped incomplete
octahedrons, respectively. The number of the fivefold-coor-
dinated configurations
20 GPa and becomes insignificantly small at 45 GPa. On
the other hand, the amount of the sixfold coordination
under pressure increases initially, reaches a maximum value
at 30 GPa, and then starts to decrease continuously up to
60 GPa at which point it drops a negligibly small value.
The sevenfold coordination arises at 25 GPa and has a
maximum value at 55 GPa. With increasing the applied
pressure to 60 GPa it discontinuously declines to a small
value. The eightfold coordination first develops at 25 GPa
and its fraction increases considerably between 50 and
60 GPa. The ninefold-coordinated topologies appear at
60 GPa and more develop at higher pressures. The forma-
tion or modification of higher coordinated configurations
(sevenfold, eightfold, and ninefold) in a-TiO,, similar to
the high-pressure behavior of the crystalline TiO, (Refs 41-
47), can be inferred as a possible structural phase transfor-
mation between 25 GPa and 55 GPa and at 60 GPa.

Upon decompression from 75 GPa, the average CN of
Ti and O atoms slowly decreases and reaches 6.58 and
3.29 at zero pressure, respectively (Figure 3). When the
applied pressure is released from 55 GPa, the resulting
average CNs at zero pressure are 5.94 and 2.97 (see Fig-
ure 3). For both cases, one can see that the original CNs
and density are not recovered. However, the CNs (6.58 and
3.29) obtained at zero pressure during the pressure release
from 75 GPa are comparable with 6.5 (6.72) and 3.25
(3.36) achieved at 50 (55) GPa during the compression
process, although the amorphous networks at these pres-
sures have significantly different densities (see Figure 1).
In addition, a careful analyze suggests that the coordination
distribution of these amorphous models are fairly close to
each other. Therefore, we conclude that the VHDA-HDA
phase transformation is reversible while the HDA-to-LDA
phase change is irreversible.

The coordination distribution of the original and decom-
pressed amorphous materials is shown in Figure 5 to reveal
their fundamental structural distinctions. Upon pressure
release, we observe the persistence of a nonnegligible
amount of the sevenfold and eightfold clusters (these are
high-pressure configurations) and the privilege of sixfold-
coordinated arrangements in the system. Note that the five-
fold-coordinated clusters are the most preferred one in the
original amorphous network. Therefore, the recovered
amorphous materials notably differ from each other and the
original amorphous configuration. These findings indicate
the existence of different HDA phases of TiO, with diverse
densities and CNs, according with the experimental obser-
vations in the nanostructured TiO, materials.?’

To provide additional information regarding the
microstructure of a-TiO, under pressure, we study the
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FIGURE 5 The coordination distribution of the initial and
decompressed amorphous networks [Color figure can be viewed at
wileyonlinelibrary.com]

Ti-O-Ti and O-Ti-O angle distributions and present them in
Figure 6. At ambient pressure, the Ti-O-Ti angle distribu-
tion exhibits peaks at ~100° and 128° and a shoulder at
~151°, whereas the O-Ti-O distribution shows peaks at
~76°, 90°, and 98°. For the anatase phase, the Ti-O-Ti
peaks are placed at 101.9° and 156.2° and for the rutile
phase, the peaks are located at 98.8° and 130.6°. The ana-
tase crystal produces the O-Ti-O angles at 78.1°, 92.4°,
101.9°, and 156.2° and whereas the rutile state leads to the
O-Ti-O angles at 90°, 81.2°, 98.2°, and 180°. So one can
easily see that our amorphous model is structurally closer
to the rutile crystal than the anatase crystal. As the applied
pressure is increased, we observe drastic changes in the
both angle distribution functions. In the Ti-O-Ti distribu-
tion, the peak positioned at ~128° is gradually suppressed
and almost disappeared at 30-35 GPa, while the peak
around 100° is slowly broadened. In the O-Ti-O angle dis-
tribution, the main peaks at ~76°, 90°, and 98° merge and
produce a sharp peak at ~77°. In addition, a broad new
peak around 145° develops gradually after 45 GPa.

Note that due to the presence of differently coordinated
motifs in the amorphous network, from the bond-angle dis-
tribution functions, it is indeed hard to uncover a relation
between the local structure of the compressed a-TiO, state
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FIGURE 6 The Ti-O-Ti and O-Ti-O bond-angle distribution
functions at selected pressures [Color figure can be viewed at

wileyonlinelibrary.com]

and that of the high-pressure crystalline TiO, phases
because each type of clusters formed under pressure might
produce particular angles that sometime overlap and lead to
wide-angle distributions. The relation between the crys-
talline and amorphous states of TiO, can be revealed by
solely focusing on the particular clusters formed in a-TiO,
at high pressures. The sevenfold-, eightfold-, and ninefold-
coordinated configurations are extracted from the amor-
phous model at 55 and 60 GPa and their O-Ti-O distribution
along with that of the high-pressure crystalline TiO, phases
are computed and plotted in Figure 7. As understood from
the figure, the sevenfold- and ninefold-coordinated struc-
tures in the amorphous network have a microstructure, rather
similar to that of the high-pressure baddeleyite and cotunnite
phases of TiO,. On the other hand, we find no resemblance
between the eightfold-coordinated units and the local struc-
ture of the cubic TiO, phase.*' However, the bond-angle
distribution of the eightfold-coordinated structures appears
to be close to that of the baddeleyite and cotunnite phases.
The cluster analysis using the Voronoi polyhedra technique
proposes that there is only one type of eightfold-coordinated
polyhedron with an index of <0 4 4 0> formed in a-TiO,,
which seems to be relatively close to the polyhedron of
the badaliyette crystal (<1 3 3 0>) and contunitte phase (<0

FIGURE 7 The O-Ti-O bond-angle distribution of the sevenfold
configurations at 55 GPa, eightfold and ninefold arrangements at

60 GPa along with that of the high-pressure crystalline TiO, phases
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 (A) Eightfold-coordinated polyhedron formed in
a-TiO, under pressure. (B) Sevenfold-coordinated polyhedron of the
baddeleyite phase. (C) Eightfold-coordinated polyhedron of the cubic
phase. (D) Ninefold-coordinated polyhedron of the cotunnite crystal.
Large and small spheres are Ti and O atoms, respectively [Color

figure can be viewed at wileyonlinelibrary.com]

3 6 0>) as shown in Figure 8. So on the basis of our find-
ings from the bond-angle distribution and cluster analyses,
we call this eightfold-coordinated unit as an intermediate
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FIGURE 9 The electron density of states. The Fermi level is at
0 eV. The variation in band gap energy with the application of
pressure [Color figure can be viewed at wileyonlinelibrary.com]

configuration between the baddeleyite and cotunnite
structures.

We lastly consider the impact of compression on the
electronic properties of a-TiO,. The computed electronic
density of states at specific pressures and the change in the
band gap as a function of pressure are given in Figure 9.
At zero pressure, the band gap energy is about 2.5 eV,
slightly greater than the previous theoretical result of about
2.0 eV.*” The band gap energy remains almost constant
between 0 GPa and 20 GPa. After 20 GPa, it has a trend
to decrease and reaches nearly a constant value above
60 GPa. So based on this observation we can conclude that
the coordination modification considerably affects the elec-
tronic structure of a-TiO,, but its metallization does not
occur up to 75 GPa. Nevertheless, from a linear fit of the
band gap above 20 GPa, the metallization of a-TiO, is cru-
dely projected to occur at a theoretical pressure of
115 GPa. This estimation includes the self-interaction error
(under estimation of band gap energy) in DFT-GGA calcu-
lations and hence it is a quite rough projection. Therefore,
we also try to guess the metallization pressure of a-TiO,
from the variation in the mean CN of Ti atom as the metal-
lization of the crystalline TiO, appears when the CN of Ti
is 10 (Refs 42,43). The mean CN of Ti from a linear fit
beyond 60 GPa is anticipated to be 10 at around 180 GPa,
close to the value predicted from the variation in the band
gap energy under pressure. Consequently the metallization
of a-TiO, is expected to occur roughly at 180 GPa if and
only if the pressure-induced structural modifications con-
tinue in this manner. We should point out here that this

prediction is much less than the metallization pressure,
647-60 GPa***, of the crystalline TiO,.

4 | DISCUSSION

On the basis of the variation in coordination, volume, and
even band gap energy under pressure, we propose two suc-
cessive polyamorphic phase transformations in a-TiO,. The
first one corresponds to a continuous-phase change from a
LDA phase to a HDA phase between 25 GPa and 55 GPa.
The second one is a first-order phase transformation from
the HDA phase to a VHDA phase at 60 GPa.

One might argue that about 5% volume collapse at
60 GPa is rather small to be considered as a first-order
phase transformation and it might be a finite-size artifact.
Indeed, it is probable that our conclusion on the thermody-
namic character of the second-phase transformation can be
associated with the small size of the model, but this does
not invalidate the existence of a VHDA phase in a-TiO,.
Nonetheless, we would like to point out here that the
change in the CNs at this pressure is about 16% and in the
crystalline forms of TiO,, the phase change from the sev-
enfold-coordinated structure to the eightfold-coordinated
structure requires ~15% coordination increase. In addition,
the transition from the sevenfold-coordinated orthorhombic
crystal (space group: Pbca) to the ninefold-coordinated
cotunnite crystal involves around 8% volume decline.*’
Consequently, it is quite reasonable to consider the phase
change at 60 GPa as a first-order phase transformation.

Both HDA and VHDA phases involve differently coor-
dinated structures. Such a finding is predictable and was
reported in other materials showing an amorphous-to-amor-
phous phase transformation as well.*® Noted that at ambi-
ent condition,
(angular distortions, coordination defects, and bond-length
disorder), which can lead to additional freedom for some
atoms in the model to attain higher-coordinated clusters
under pressure. So the structural defects are mainly respon-
sible for the formation of the differently coordinated con-
figurations in a-TiO, at high pressures.

The HDA phase obtained in nanoscale TiO, systems
with increasing pressure is suggested to resemble locally to
the badaliyete crystal.>>?%° In a contrast to this sugges-
tion, we see that the HDA phase of a-TiO, consists of the
sixfold-coordinated rutile- or columbite-type crystals, the
sevenfold-coordinated badaliyete-type phase (dominated at
55 GPa), and the eightfold-coordinated
arrangement. The VHDA phase, on the other hand,
involves the badaliyete-type crystal, the eightfold-coordi-
nated intermediate cluster, and the cotunnite-type phase.

On decompression from two different pressures, the
original density and configurations are not recovered. This

the model contains structural defects

intermediate
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means that the LDA-HDA phase transformation in bulk
a-TiO, is irreversible in a contrast to the prediction in the
nanostructured TiO, materials.?’ However, as discussed
above, upon decompression from 75 GPa, an amorphous
phase, parallel to the HDA state observed during the com-
pression at 50-55 GPa, is recovered, suggesting that the
VHDA-HDA phase change is reversible.

The experimental high-pressure investigation on TiO,
nanoparticles reveals that depending on the initial structure,
it is possible to have multiple HDA phases (labeled as
HDA1 and HDAZ2) and there is a phase transformation from
the HDA2 phase to the HDA1 phase.”” The structure of
these HDA phases was not identified in that study because
of the weak Raman spectra peaks. Indeed, we also propose
that there exist structurally different HDA phases for bulk
TiO, as we obtain dissimilar amorphous states on both
compression and decompression from different pressures.
However, we believe that neither HDA1 phase nor HDA2
phase corresponds to the VHDA configuration predicted in
this study because the HDA?2 phase was proposed to be an
intermediate phase between the LDA and HDA structures.?’

The structural analyses reveal some similarities and dis-
tinctions concerning the polyamorphic phase transition in
the nanoscale TiO, materials and bulk TiO, systems. It is
indeed rather unreasonable to expect to have precisely the
same findings for two different forms of TiO, because for
nanostructured TiO,, many factors such as its size, surface
energy, shape etc. yield different physical phenomenon
including pressure-induced phase transformations, relative
to bulk TiO,.

It might be interesting to explore a-TiO, under different
stress conditions such as uniaxial, biaxial, and nonhydro-
static stresses because such studies could be helpful to bet-
ter understand its solid-solid phase
Furthermore, these types of investigations might shed some
lights on the atomic structure of nanoscale a-TiO, materials
as they experience important intrinsic comprehensive stres-
ses that depend on their geometries (cross-sectional shapes)
and sizes.

The crystalline TiO, has a rich phase diagram and
attains sixfold-, sevenfold-, eightfold- (still remains contro-
versy about the structure of this phase44), ninefold-, and
tenfold-coordinated structures at high-temperature and pres-
sure conditions.*'*” Consequently, the average CN of the
amorphous states of TiO, obtained in the present simula-
tions practically corresponds to that of the crystalline poly-
morphs. At higher pressures, a transformation into more
densely packed amorphous structures having ninefold and
tenfold coordination is likely to occur in TiO, unless the
crystallization is favorable.

The eightfold-coordinated configuration formed in TiO,
under pressure appears to be different from the local struc-
ture of the cubic TiO, phase. The observation of such a

transformations.
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different configuration might suggest that (1) the disorder
nature of a-TiO, may favor the development of such a
local arrangement such that it cannot occur in any crys-
talline TiO, states, (2) as observed in a-AIN>, it can be a
main building unit of an intermediate crystalline phase that
connects the sevenfold-coordinated baddeleyite phase to
the ninefold-coordinated cotunnite phase during the phase
transformation, and (3) a new stable crystalline structure
consisting of the intermediate eightfold-coordinated motif,
different than the cubic TiO, phase, might exist and can
form in TiO, under some specific temperature and pressure
conditions. Additional theoretical and experimental studies
on the baddeleyite crystal and a-TiO, at high-temperature
and pressure environments are needed to clarify this issue.

We finally note here that the proposed LDA-HDA and
HDA-VHDA structural phase transformations are expected
to start/occur at a lower pressure in experiments because
the critical/starting pressures predicted in dynamical simula-
tions are usually overvalued due to some limitations in
simulations such as nonexistence of surface effects, rapid
pressurizing, etc. Furthermore, the overestimated pressures
in simulations lead to the transition parameters such as
transition’s volumes and the amount of the volume collapse
etc. that cannot be compared with experimental values.

5 | CONCLUSIONS

We have explored the high-pressure behavior of a-TiO,
and propose two successive amorphous-to-amorphous
phase transformations. The first phase change proceeds
continuously from a LDA state to a HDA state, whereas
the second one occurs in a first-order nature from the HDA
phase to a VHDA phase. The LDA-to-HDA phase transfor-
mation is irreversible because the original amorphous state
and density are not recovered upon pressure release. On
the other hand, the VHDA-to-HDA phase change is rever-
sible. We propose that there exist multiple HDA phases
with diverse densities and coordination environments in
TiO,. The HDA and VHDA phases consist of distinct
coordination environments. The sevenfold- and ninefold-
coordinated arrangements formed in a-TiO, under pressure
resemble the local structure of the baddeleyite and cotun-
nite polymorphs of TiO,, respectively, whereas the eight-
fold-coordinated configuration is different than the local
arrangement of the cubic TiO, phase. The electronic struc-
ture calculations suggest that both HDA and VHDA phases
exhibit a semiconducting behavior.
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