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We study the behavior of � cristobalite under anisotropic stresses using constant-pressure ab initio simula-
tions and observe the formation of the anataselike, stishovite, and CaCl2-type structures depending on the
degree of hydrostatic compression. These phase transformations proceed via a tetragonal intermediate phase
�phase X-I� within P41212 symmetry or an orthorhombic intermediate state, having space group of P212121.
The phase transitions into stishovite and the anataselike phase are based on the same intermediate state. The
compression of � cristobalite along the c direction produces stishovite while the expansion of � cristobalite
along the c direction yields an anataselike phase. The energy-volume calculations suggest that � cristobalite
can transform into the anataselike structure if and only if the phase transition into stishovite is suppressed. A
phase transition between stishovite and anatase, however, is unlikely to occur.
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I. INTRODUCTION

Silica can form many different crystalline modifications
�� and � quartz, � and � cristobalite, stishovite, etc.� at
ambient temperatures and pressures. Its high-pressure behav-
ior is of great interest because of its wide-ranging implica-
tions in geology and materials science and hence, it is a
well-studied material.1–20 Silica shows a complex behavior
under pressure and its high-pressure forms strongly depend
on the starting structure and experimental procedures. Ex-
perimental observations of a number of different high-
pressure silica polymorphs yet unidentified have been re-
ported within the last decades.

The behavior of � cristobalite at high pressure has been
subject of many experimental and theoretical studies. These
investigations have revealed several metastable high-
pressure crystalline polymorphs. Experiments showed that �
cristobalite transforms into a low symmetric-monoclinic
phase around 1.5 GPa.11,12 Tsuchida and Yagi13,14 found that
� cristobalite converted to phase X-I �or sometimes referred
to as cristobalite III �Ref. 15�� at room temperature. The
structure of this phase, which had eluded investigators for
over a decade, has recently been determined using concur-
rent molecular-dynamics �MD� simulations and ab initio
calculations.16 Upon further increase in pressure above 30
GPa, formation of another phase, X-II �cristobalite IV�, was
observed, which later was identified as an �-PbO2-like silica.
Upon pressure release, phase X-III was recovered.13,14 The
nature and structure of phase X-III are still unknown. In
another investigation, quasihydrostatic compression of �
cristobalite17 led to the formation of a structure similar to
stishovite when exceeding 20 GPa.

Constant-pressure simulations have been used to explain
the high-pressure behavior of silica. Cmcm and stishovite
structures were predicted at 16.5 and 23 GPa, respectively, in
MD simulations18 while a direct transition into stishovite at
50 GPa was observed in an ab initio MD simulation.19 In our
preceding work,16 we studied the high-pressure behavior of
� cristobalite using both a constant-pressure ab initio tech-
nique and classical MD simulations, and found that � cris-

tobalite underwent a phase transition into stishovite via an
intermediate phase. This intermediate state, which was char-
acterized by a hexagonal close packing of the oxygen sub-
lattice, was identified as the phase X-I. Recent simulations
using an empirical potential,8 on the other hand, suggested
that � cristobalite transformed into the anataselike or stisho-
vite phases depending on the loading rate. The authors
claimed that the low compression rate resulted in an anata-
selike structure while a higher compression rate yielded a
much higher transition pressure and a phase transformation
into stishovite. The anataselike phase was also observed in
constant-pressure simulations during pressurizing � quartz,
but its formation was interpreted as an unknown artifact of
the empirical potential.9 Currently, it is not known whether
the formation of the anataselike phase is due to a limitation
of empirical potentials or whether it can really form in silica
under some specific conditions. In principle, ab initio tech-
niques produce more accurate results and hence, they are
ideally suited to eliminate limitations or doubts observed in
empirical potentials.

The phase transformation from � cristobalite to anatase
proceeds via the Bain path and an expansion along the c
direction of � cristobalite produces the anatase structure as a
product.8 Such an observation suggests that the anatase phase
might form under nonhydrostatic conditions in which the
stress components along �001� direction are less than the
others. The behavior of � cristobalite under nonhydrostatic
conditions was also explored using constant-pressure simu-
lations and several known or new phases of silica were re-
ported in these studies.8,10 In this paper, we study � cristo-
balite under anisotropic stresses; in particular, we try to
produce an anatase-type phase under some specific condi-
tions. Our results reveal that � cristobalite can transform into
the stishovite, CaCl2-type, and anatase-type phases via the
same densification mechanism depending on the degree of
hydrostatic compression. Our findings provide different per-
spectives on high-pressure phases of silica.

II. METHOD

We performed first-principles calculations using the
pseudopotential method within the density-functional theory
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�DFT� formalism and the generalized gradient approximation
�GGA� of Perdew-Bucker and Ernzerhof21 to evaluate the
exchange-correlation energy. The calculations were carried
out using SIESTA,22 a DFT code that uses a linear combina-
tion of atomic orbitals as the basis set and norm-conserving
Troullier-Martins pseudopotentials.23 An optimized split-
valence double � plus polarized basis set was employed. A
uniform mesh with a plane-wave cutoff of 120 Ry was used
to present the electron density, the local part of the pseudo-
potential, and the Hartree and the exchange-correlation po-
tential. The simulation cell consists of 96 atoms with peri-
odic boundary conditions. We used �-point sampling for the
supercell’s Brillouin-zone integration, which is reasonable
for a cell with 96 atoms. For nonhydrostatic compressions,
we set the stress components �xx=�xxP, �yy =�yyP, and
�zz=�zzP, where P and �ii=xx,yy,zz are the applied external
pressure and the percentage of the uniaxial stress, respec-
tively. Pressure was increased by an increment of 10 GPa.
For each value of the applied pressure, the lattice vectors and
the atomic positions were optimized together until the stress
tolerance was less than 0.5 GPa and the maximum atomic
force was smaller than 0.01 eV Å−1. For minimization of
geometries, a variable-cell shape conjugate-gradient method
under a constant pressure was used. For the energy-volume
calculations, we considered the unit cell for SiO2 phases. The
Brillouin-zone integration was performed with automatically
generated 6�6�6 k-point mesh for the phases following
the convention of Monkhorst and Pack.24 In order to deter-
mine symmetry of the high-pressure phases formed in the
simulations, we used the KPLOT program25 that provides de-
tailed information about space group, cell parameters, and
atomic position of a given structure. For the symmetry analy-
sis, we used 0.1 Å, 4°, and 0.7 Å tolerances for bond
lengths, bond angles, and interplanar spacing, respectively.

III. RESULTS

In order to investigate the influence of the degree of the
hydrostaticity on the phase transformation of � cristobalite,
we consider six different anisotropic stresses along different
directions. For all cases studied here, we start our simula-
tions from � cristobalite. We summarize our results in Table
I. The volume changes under these loading conditions and
pure hydrostatic pressure are represented in Fig. 1. As seen

from the figure, � cristobalite shows practically identical
equation of state in the pressure range from 0–20 GPa. At
higher pressures, as expected, it presents quite different
equation of state and undergoes a first-order phase transition
at different pressures. We should note here that the use of
relatively larger pressure increase �10 GPa� does not allow us
to precisely predict the influence of the degree of hydrosta-
ticity on the critical pressures.

As seen from Table I, we observe the formation of the
stishovite, CaCl2-type, and anataselike structures owing to
the first-order phase transformation. In stishovite, each SiO6
octahedra shares corners with eight neighbors and shares
edges with two other neighbors, forming a linear chain. On
the other hand, in anatase, each SiO6 octahedra shares cor-
ners with four neighbors and shares edges with four other
neighbors, forming a zigzag chain with a screw axis. There-
fore, anatase is less dense than stishovite, which is clearly
observed in our simulations �see Fig. 1� and the energy-
volume calculations �see below�. The CaCl2-type phase is a
distorted stishovite phase and a result of rotation of the SiO6
octohedra relative to each other about the c axis.

The stishovite and CaCl2-type crystals are known phases
of SiO2, but the anataselike phase in this material has not
been observed experimentally so far. On the other hand, the
present simulations demonstrate that it is possible to prepare

TABLE I. The structure observed under nonhydrostatic compression of � cristobalite. The stress compo-
nents �xx=�xxP, �yy =�yyP, and �zz=�zzP, where P and �ii=xx,yy,zz are the applied external pressure and the
percentage of the uniaxial stress, respectively.

�xx �yy �zz Gradual phase transformation First-order phase transformation

1 1 1 Tetragonal P41212 Stishovite P42 /mnm �40 GPa�
1 1 0.95 Tetragonal P41212 Stishovite P42 /mnm �40 GPa�
0.9 1 0.9 Orthorhombic P212121 Stishovite P42 /mnm �40 GPa�
1 1 0.9 Tetragonal P41212 Anatase I41 /amd �40 GPa�
0.85 1 0.9 Orthorhombic P212121 Anatase I41 /amd �40 GPa�
1 1 0.8 Tetragonal P41212 Anatase I41 /amd �30 GPa�
0.9 1 0.95 Orthorhombic P212121 CaCl2-type Pnnm �50 GPa�
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FIG. 1. �Color online� Volume change under hydrostatic and
nonhydrostatic compressions. For clarity, we only plot three condi-
tions: �i� pure hydrostatic pressure �stishovite is formed�, �ii�
�xx= P, �yy = P, �zz=0.8P �the anataselike phase is formed�, and
�iii� �xx=0.9P, �yy = P, and �zz=0.95P �the CaCl2-type phase is
formed�.

MURAT DURANDURDU PHYSICAL REVIEW B 80, 024102 �2009�

024102-2



this phase experimentally as a metastable phase under non-
hydrostatic pressure by simply applying a 5–10 % less stress
along the c direction, relative to the other directions.

In order to determine how the densification mechanism
occurs for these phase transformations, we carefully analyze
each structure using KPLOT program. The analyses suggest
that � cristobalite gradually transforms into the tetragonal
phase within the P41212 symmetry �phase XI� or an ortho-
rhombic intermediate phase having the space group P212121
�for the cases �xx��yy�. For both the phases, the densifica-
tion mechanism is practically identical and is due to a close-
packing anion sublattice, i.e., a slightly distorted hexagonal
close-packed anion sublattice. All forms of silica observed in
the present study can, indeed, be considered as a hexagonal
close-packed anion sublattice with cations located in tetrahe-
dral or octahedral interstices except anataselike phase that
can be described by its cubic close-packed �fcc� arrangement
for the oxygen sublattice. These observations basically sug-
gest that the densification in � cristobalite occurs in two
steps: anions form close packing first, followed by recon-
structive phase transforms into higher coordinated phases.

In simulations, we can also easily track the transformation
mechanism of these phase changes by simply analyzing the
simulation cell vectors or the motion of the atomic coordi-
nates. In Fig. 2, we plot the simulation cell lengths at 40 GPa
for the pure hydrostatic pressure and the nonhydrostatic case
��xx= P, �yy = P, and �zz=0.9P, where P=40 GPa� as a
function of minimization step. The simulation cell is initially
oriented such that its lattice vectors A, B, and C are along
the �100�, �010�, and �001� directions, respectively. The mag-
nitude of these vectors is plotted in the figure. During both
phase transformations, the variation in simulation cell angles
less than 1.5° and hence, the influence of shear deformation
on these phase transformations is very small. As can be seen
from the figure, the phase transformation into stishovite
phase occurs in two steps: first the cell lengths decouple with
two lengths decreasing �along �100� and �010� axes� with a

corresponding increase in the third length �along �001� axis�;
secondly, the structure is noticeably compressed along the c
direction while it is expanded slightly along the other direc-
tions. On the other hand, the transformation into the anatase
phase proceeds in one step, and it is associated with a simul-
taneous expansion along the c direction and a compression
along the other directions. In order to form the stishovite
structure, the Si atoms make new bonds with O atoms at the
adjunct �001� planes and the SiO4 tetrahedra rotate while to
structure the anataselike state, Si atoms form new bonds with
O atoms at the same planes and the transformation does not
involve any rotation of SiO4 tetrahedra. Nevertheless, a care-
ful structural analysis using the KPLOT program suggests that
both phase transformations proceed via the same intermedi-
ate state having the P41212 tetragonal symmetry. For the
nonhydrostatic cases �xx��yy, the variation in the simula-
tion cell lengths is also very similar except that the �A� and
�B� lengths noticeably deviate from each other. This, of
course, yields an orthorhombic intermediate state within
P212121 symmetry rather than the tetrahedral one.

The modifications of the simulation cell vectors imply
that the mechanism of these phase transitions is very simple
and can be pictured in terms of the movements of atoms
along the �001� directions. The evolution of the stishovite
and anataselike phases are presented in Fig. 3.

In order to shed some light on these phase transitions, we
also study the total energy of the � cristobalite, anatase, and
stishovite phases as a function of volume and fit their energy-
volume relations to the third-order Birch-Murnaghan equa-
tion of state. The computed total energies per molecule as a
function of volume are given in Fig. 4. The molar volume of
the anataselike phase is less than that of the stishovite phase,
which is in good agreement with the previous density-
functional calculations.9 However, the energy difference
between � cristobalite and anatase states is larger than the
energy difference between � cristobalite and stishovite.
This result suggests that the formation of anatase is not
energetically favorable relative to stishovite, but it can occur
in silica if the phase transition into stishovite is suppressed.
When the common tangent lines are considered between
these phases, we can see that there is no phase transition
between anatase and stishovite under hydrostatic pressure.
Furthermore, the energy-volume relations suggest that the
�-cristobalite-to-anataselike phase transformation should
occur at a higher transition pressure than the
�-cristobalite-to-stishovite phase transformation under pure
hydrostatic pressure.

IV. CONCLUSIONS

In summary, we study the response of � cristobalite to
nonhydrostatic compressions using ab initio constant-
pressure simulations and explore the formation of the anata-
selike phase in addition to the common silica phases, stisho-
vite, and CaCl2 type. Before transforming into a high
coordinated phase, � cristobalite gradually transforms into a
tetragonal phase �phase X-I� or an orthorhombic phase, de-
pending on degree of hydrostaticity. The densification
mechanism under hydrostatic and nonhydrostatic stresses ap-
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FIG. 2. �Color online� The modification of simulation cell
lengths as a function of minimization step during the evolution of
the stishovite and anataselike phases.
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pears to be the same and is associated with a closed-packed
hexagonal anion sublattice. The transformation into stisho-
vite or anataselike phase proceeds the same intermediate
phase. The energy-volume calculations also suggest a pos-
sible phase transformation into the anataselike phase, but this
phase transformation occurs if and only if the transformation
into stishovite phase is suppressed. Although the anataselike
phase in silica has not been observed in any experiment, our

simulations suggest that it can form under some specific con-
ditions �by simply applying a 5–10 % less stress along the c
direction, relative to the other directions� and that it is not
energetically favorable under hydrostatic pressure relative to
stishovite, in a contrast to the MD simulations based on an
empirical potential.8 Our findings might help experimental-
ists to set up experimental procedures that might produce this
transformation. Using recently developed experimental tech-
niques for controlling and measuring the three-dimensional
distribution of stress and strain in samples under pressure26,27

or newly developed, the simultaneous application of uniaxial
stress and hydrostatic pressure techniques28 might be helpful
in synthesizing the anataselike phase, and in understanding
the behavior of � cristobalite under nonhydrostatic compres-
sions. We should note here that all our calculations were
performed at zero temperature �relaxation of the structures at
constant pressure� and hence, no thermal motions were taken
account. In reality, temperature is known to have a large
influence on the pressure-induced phase transformations of
this system and hence, the combination of temperature and
nonhydrostatic stresses might produce different phase
changes in experiments. The challenge now goes to the ex-
perimentalist to probe this phase of such an important mate-
rial.
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