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PRESSURE-INDUCED STRUCTURAL
TRANSFORMATIONS IN FRAMEWORK CRYSTAL
STRUCTURES: A MOLECULAR DYNAMICS STUDY
OF SILICA
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Pressure-induced structural transformation of polymorphs of silica (Si0,) at room temperature is studied
with the molecular dynamics method. Novel structural transitions are predicted in which the tetrahedral
coordination of silicon to oxygen collectively collapses into an octahedral coordination without breaking
any Si~O bonds. The relation between such transformations and the atomic diffusion in the liquid phase
is briefly discussed.

KEY WORDS: Silica, structural transformation, high-pressure, diffusion.

INTRODUCTION

Silicate minerals such as feldspars (e.g., NaAlSi; O;) which abound in the crust of the
Earth are known to exhibit various strange properties such as complicated phase
transitions and anomalous pressure-dependence of the viscosity in the liquid phase.
These properties are considered to be closely related with the fact that these materials
have framework crystal structure comprising corner-shared SiO, tetrahedra.

Silica (Si0,) itself, an end member of silicate compounds, has various polymorphs
and shows a variety of phase transitions when temperature or pressure is changed.
Some of the polymorphs are known to be stable at room temperature and ambient
pressure. These polymorphs have quite wide ranges of density (2.3-4.3 gfcm®) and
bulk modulus (18-300 GPa) and this feature is a consequence of the crystal structure
of silica in which the structure is purely determined by the three-dimensional network
of SiO, units without any other ions. Silica, which is a generic material to the
geophysically important minerals, is thus an ideal starting point.

We have recently shown that a first-principles many-body calculation for clusters
can be used to extract effective pairwise interatomic potentials, which were then fed
into a molecular dynamics (MD) study of the stability of crystalline silica [1}. Al-
though there have been several empirical approaches to obtaining pairwise inter-
atomic potentials for silicate [2], non-empirical determination of the potential is more
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preferable for the transferability, and in fact we first succeeded in simulating struc-
tural properties of framework silica within the rigid-ion approximation. Here we use
this non-empirical approach to study the pressure-induced structural transformations
at room temperature in various polymorphs of silica. This problem is of special
interest for the following reasons:

(1) The crystal-to-amorphous transformation in the solid state is currently a subject
of intense interest. Since the amorphization of H,O ice under pressure was
discovered [3], possible occurrence of such pressure-induced amorphization in
other systems have been widely investigated and the mechanism of the amor-
phization remains a puzzle. Very recently the pressure-induced amorphization of
crystalline silica at room temperature was confirmed by experiments using
Raman spectroscopy[4] and X-ray diffraction [5]. We have first to characterize
the resultant amorphous structure to elucidate the mechanism of amorphization.
In the present paper we propose theoretically a model for the amorphization on
the basis of the results for crystalline-to-crystalline transitions as discussed later.

(2) In pressure-induced transformations of silica, the amorphous phases are experi-
mentally shown to be appreciably denser than the crystalline counterparts,
presumably due to the framework structure of the material just as in the case of
water. Such a pressure-density relation of minerals is significant in discussing the
convection of materials deep inside the earth.

(3) The application of high pressure at low (room) temperature can provide new
reaction paths towards new polymorphs as is shown in the present computer
simulation. Some of the high-pressure phases thus obtained could never be
synthesized by high pressures at high temperatures since the latter condition
tends to select only the phases thermodynamically most stable.

As for the mechanism of compression of crystal structures it is widely believed that
the compression of amorphous silicate at low pressures occurs due to increased
packing ratio of corner-shared SiO, tetrahedra with decreased Si-O-Si bridging
angles. At high pressures, on the other hand, it is reported from infrared measure-
ments that the fraction of octahedrally coordinated silicon atoms increases con-
tinuously and reversibly with increasing pressure [6]. Stolper and Ahrens [7] have
proposed a mechanism for such pressure-induced coordination changes in silicate
melts and glasses: according to their model, a continuous distortion of silicon atoms
in the SiO, chain results in a closely packed arrangement of oxygen octahedra. It is
an interesting problem to ask whether such structural transformations can occur in
crystalline phases (of silica).

In the present paper we describe the MD study on these problems [8] in detail.
Novel structural transitions for low-quartz, low-cristobalite and coesite are predicted.
Some of the new phases, which appear without diffusion processes, comprise mixed
array of four-fold and six-fold Si—-O coordinations. Stishovite, the densest polymorph
of silica ever known, is shown to hold its identity up to 250 GPa with deformation
towards the CaCl, structure. Finally we briefly discuss the atomic diffusion in the
liquid phase in which we relate the elementary diffusion process with the structural
transformations.

INTERATOMIC POTENTIALS

Before turning to the MD study, we first examine the interatomic potential of silica
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Table 1 Potential parameters.

Qle afA) b(A) C(kealA®mol~!)
0o -12 2.05 0.176 0-0 4956
Si +24 0.86 0.033 0-Si 1633
Si-Si 0

=1 kealA~'mol™ 1)

in applying to phase transitions accompanied by coordination changes. The effective
pairwise interatomic potential extracted from the first-principles cluster calculation [1]
has been fitted to a functional form,

Ui(r) = Q.Qfr + fo(b; + b)) expl(a; + a; — r)/(b; + b)) — C’ij/rs’

where 7 is the distance between the ith and the jth atoms and f, = 1kcalA~'mol~".
The structures and the bulk moduli of polymorphs of silica are successfully re-
produced by the MD simulations.

The pairwise interatomic potential has the virtue that they can reproduce both
tetrahedrally (four-fold) coordinated systems (low-quartz, low-cristobalite and coe-
site) and octahedrally (six-fold) coordinated systems (stishovite) in contrast to cova-
lent potentials [9], [10] which are applicable only to tetrahedrally coordinated systems.
It can also be used in the MD simulation much more easily than many-body potentials
like the shell model [11]. However, as mentioned in the previous paper [1], a flaw in
the cluster approach for obtaining pairwise potentials is that, since the approach
concentrates on the curvature of potential surfaces, the cluster method does not
necessarily reproduce the exact enthalpy difference of various phases. For example,
the enthalpy of formation of the six-fold coordinated stishovite [12] is about 10 kcal/
mol higher than that (—217.8 kcal/mol) of the four-fold coordinated low-quartz
experimentally [13] while the calculated difference is about 1 kcal/mol in the cluster

Table 2 Physical properties of silica at room temperature and ambient pressure obtained by MD simula-
tions using modified potential parameters in this paper.

low-quariz low-cristobalite
Obs? MD Obs.? MD
Density (g/cm®) 2.65 2.50 232 2.38
K, (GPa) 38(3) 38.1Q2) 18 15.3Q2)
Ky’ 6.0(2) 4.7(1) - 12.7(4)
Energy (kcal/mol) —1249.6 -~ 1245.3
coesite stishovite
Obs.t MD Obs ® MD
Density (gfcm?) 2.92 2.80 429 4.03
K, (GPa) 96(3) 98.8(3.3) 296(5) 296(1)
’ 8.4(1.9) 5.8(1.2) 4.0(1.4) 6.0(4)
Energy (kcal/mol) —1254.0 - 1238.4

Reference [14) ®Reference [15]{16] *Reference [17) {Reference [18][19]
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method. Since we are interested in pressure-induced structural transformations, which
involve change of the Si-O coordination number, we slightly modify the potential
parameters to reproduce the enthalpy difference of stishovite and low-quartz. Only a
reduction of the atomic radius ag by 1% (0.01 A) is sufficient to accomplish this. The
final potential parameters used here are tabulated in Table 1. Table 2 lists the
densities, bulk moduli and cohesive energies of various polymorphs at normal
temperature/pressure obtained by the MD calculation with these potential para-
meters. The structural properties of all the polymorphs known to be stable are
reproduced. The agreement with the experimental results is in fact better for the
modified potential than the result in the previous paper [1] especially for low-quartz.
It would be desirable if we could incorporate the accuracy of the total enthalpy in the
best-fit procedure for optimizing the pair potential. Such a procedure would require
the first-principles bulk calculations as well as the cluster calculations.

Usually the total energy (cohesive energy) of a crystal structure is very sensitive to
the potential parameters. Here we note specifically that the ratio ag/ag is crucial for
the energy difference between four-fold and six-fold Si~O coordinated structures. This
result is consistent with the calssical principle by Pauling on the coordination number
of anions around cations [20}: smaller ag/a, ratio makes four-fold systems more
stable. Relative stability within the tetrahedrally coordinated polymorphs is rather
insensitive to the ag;/ag ratio, and the result for coesite with the modified parameters
is still too stable by about 5kcal/mol as compared with experimental results [12].

It should also be noted that the relative stability of the phases is also sensitive to
the functional form of the interatomic potentials even within the pair-potential
approximation. For instance, we have tested the traditional Morse potentials between
Si and O in the fitting procedure only to find that the octahedrally coordinated
stishovite is much more stable than the other polymorphs. When applied to the MD
simulation of vitreous or liquid silica, such potentials give rise to collapsed six-fold
glasses.

MOLECULAR DYNAMICS RESULTS

We apply hydrostatic pressure to each polymorph of silica in the MD study with the
constant-pressure algorithm due to Parrinello and Rahman [21] while the temperature
is also specified by the constant-temperature algorithm due to Nosé [22). The number
of atoms in the system is 576 (containing 48 unit cells), 576(64), 768(16) and 576(96)
for low-cristobalite, low-quartz, coesite, and stishovite, respectively, with periodic
boundary conditions. The pressure is increased slowly (by 1-5GPa each time the
equilibrium is attained)

The obtained equations of state for SiO, in various polymorphs at room temper-
ature [8] are shown in Figure 1 along with the equations of state by real experiments
[S]. The results for low-quartz, coesite and stishovite, before they undergo structural
transitions, are in good agreement with the experimental results.

The most interesting point is the stability of each polymorph. Low-cristobalite
shows a structural transition with discontinuous volume reduction at 16.5 GPa into
a novel polymorph having a space group Cmcm (Table 3). The space group of
low-cristobalite, P4,2,2, has an orthorhombic subgroup C222,, of which Cmcm is
another supergroup. Corresponding to the two possibilities in constructing the or-
thorhombic unit cell of €222, from the tetragonal unit cell of P4,2,2, the direction
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Figure 1 Pressure-volume relation for low-quartz (0), coesite (a), stishovite (®) and low-cristobalite (O)
obtained by MD. Solid lines represent continuous change and broken lines discontinuous change of volume
due to pressure-induced structural transition. Hysteresis is indicated by arrows. Pressure-volume relation
obtained by experiments is shown in the inset (from Hemley e: al.[5]).

of the Cmcem phase assumes one of two equivalent directions depending on the MD
run. The Cmcm phase is stable until the second phase transition into stishovite sets
in at 23 GPa. The space group of stishovite, P4,/mnm, is in turn a supergroup of
Cmcm and P4,2,2. The actual atomic displacements along the reaction path of the
transformation is illustrated in Figure 2. Remarkably the Cmem structure includes
equal numbers of four- and six-coordinated silicon atoms. Note that these structural
phase transitions occur continuously without diffusion processes, that is, no isolated
atoms nor disordered states appear around the transition point. The mechanism of the
diffusionless transformation is illustrated in Figure 3. Figure 3(a) represents the
framework of corner-shared SiO, tetrahedra in the low-cristobalite structure. When
the pressure is increased the framework structure is continuously deformed into a
structure shown in Figure 3(b). This structure can be regarded to comprise six-fold
Si-O coordination if we examine the Si~O bond length: an SiO, octahedron is

Table 3 Crystallographic data of the Cmem phase of silica at 15 GPa, 300K.

Orthorhombic cell

a = 5.20A, b = 7.44A, c = 558A p = 3.70glem’
Si(4a) x =0 y =0 z =0
Si(4c) x =0 y = 0.357 z = 025
O(8f) x =0 y = 0223 z = 0.029
O(8g) x = 0.260 y = 0481 z = 025
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(a)

Figure 2 Continuous structural transformations induced by compression from (a) low-cristobalite (at
15GPa) to (b) the Cmem phase (at 17 GPa) to (c) stishovite (at 25 GPa). Small spheres represent silicon
atoms and large spheres oxygen atoms.

Figure 3 Mechanism of pressure-induced structural transformation. (a) The framework of corner-shared
Si0, tetrahedra in the low-cristobalite structure, where silicon atoms are shown with circles. (b) The
framework structure deformed under pressure. (c) SiO; octahedron explicitly shown using the same atomic
configuration as that in (b).



19: 47 14 January 2011

Downl oaded At:

A MOLECULAR DYNAMICS STUDY OF SILICA 233

(a)

Figure 4 Structural transformation induced by decompression from (a) the Cmcm phase to (b) the
amorphous phase which contains only tetrahedrally coordinated silicon atoms (stereoscopic view).

explicitly depicted in Figure 3(c) for the same atomic configuration as that in Figure
3(b). Thus the Si-O coordination number increases smoothly by neither breaking any
Si~O bonds nor introducing global atomic diffusion. This mechanism for compression
is essentially the same as that suggested by Stolper and Ahrens for amorphous silica
(71.

From the mechanism above, it is naturally expected that the transformation from
four-fold to six-fold Si~O coordination is reversible. Upon decreasing the pressure,
the Cmem phase indeed becomes unstable at about 7 GPa resulting in an amorphous
phase (Figure 4), whose structure and density are similar to those of low-cristobalite.

The fact that the decompression gives rise to an amorphous rather than a crystalline
phase means that the way of unfolding six-fold coordination into four-fold coordina-
tion is locally not unique. Recall that in a reverse (four- to-six) transformation from
low-cristobalite to the Cmcm phase described above the crystal axis also has a
freedom of two equivalent directions to choose from. On the other hand, once
stishovite is formed above 23 GPa, it remains stable against decompression, which
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Figure § The «-PbO, phase with some defects obtained by compression of low-quartz up to 30 GPa at
room temperature. Small spheres represent silicon atoms and large spheres oxygen atoms. Hatched atoms
represent a basal plane of the close-packed oxygen atoms.

owes to the large activation energy needed for the six-to-four transformation in this
less-strained crystal.

Low-quartz also exhibits a novel structural transition at about 28 GPa. One of the
pressure-induced phases is shown in Figure 5, which is basically the a-PbO, structure
with some defects. The perfect x-PbO, structure with only six-fold Si-O coordinations
is slightly denser than stishovite and has been proposed, but not established, as a
highpressure form of SiO, [23].

Interestingly, another pressure-induced phase has been obtained depending on the
MD run as shown in Figure 6(a)(b) which is also crystalline but frustrated in the
following sense. The phase contains both four- and six-coordinated Si atoms as in the
Cmem phase, while the average coordination number is not (4 + 6)/2 but 5.3 in this
case. The three-fold screw axes of he starting low-quartz are destroyed. Conspicuous
feature is that despite their ordered array the unusual configuration of the four- and
six-fold sites demands considerable distortion of bond lengths and angles. This
appears as a random distribution of missing bonds which exist with a finite density.
Here we regard Si and O bonded when they are separated less than 2.16A, a
chemically acceptable bound. Frustrated aspect also appears in the corrugated SiO,
sheet (SiO bond angles # 90°) in Figure 6(b). Peaks in the radial distribution func-
tion are also shown to be broadened like in a glass. The configuration of these missing
bonds fluctuates in time (of which Figure 6 is a snapshot), and the missing bonds are
shown to disappear when the pressure is increased to 50 GPa. Reflecting the three
equivalent directions in the quartz, the direction of the obtained crystal assumes one
of the three, depending on the MD run. it is thus conceivable that compression of a
macroscopic sample should produce domains of these «-PbO, or frustrated crystal
phases, which may require a careful experimental study to distinguish from a conven-
tional amorphous phase. The mixed coordinations predicted here could be identified
by the infrared measurement. The critical pressures for structural transitions obtained
here are consistent with the recent experimental results by Hemley er al. [S] on the
amorphization of low-quartz at about 25-30 GPa.
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(b)

Figure 6 A frustrated crystal phase obtained by compression of low-quartz up to 30 GPa at room
temperature: {a) A projection to the plane normal to the a-axis and (b) a perspective view seen from the
c-axis of starting low-quartz. Small spheres represent silicon atoms and large spheres oxygen atoms. The
missing bonds of the frustrated crystal phase are marked with % in (a).

These structural transformations of low-quartz are again diffusionless, and the
six-fold Si-O coordinations almost completely return to four-fold after de-
compression to normal pressure. This is consistent with the infrared-spectrum result
that the coordination number of amorphous SiO, changes reversibly with pressure
even at room temperature [6].

As for the MD method we note that there are some technical details: since the
constant-temperature algorithm is used here, the heat of reaction produced during the
structural transition is rapidly removed in the present MD, so that metastable phases
are more favoured. Also, there is a problem of the finite system-size. If we employ
3 x 3 x 3 = 27 unit cells instead of 4 x 4 x 3 = 48 for the basic cell of the
periodic boundary condition, the Cmcm phase, which is made of two unit cells of
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low-cristobalite and is incommensurate with this boundary condition, is by-passed
and low-cristobalite changes directly into stishovite above 20 GPa. Thus the detail of
the new polymorph may have to be determined for larger system sizes. Yet we expect
that the same kind of transition involving the mixed coordination numbers will occur
in real systems.

An experimental study on the compression of low-cristobalite at room temperature
was carried out by Tsuchida and Yagi very recently [16] and nove! crystalline-to-crys-
talline transformations were discovered at ~ 10 GPa and ~ 30 GPa, although the
characterization of the new phases is not finished yet.

As for the coesite, the basic cell is shown to slightly change from monoclinic to
triclinic at 15-20 GPa, which may be associated with the observed change of Raman
spectrum at 22-25GPa {4]. Coesite, too, undergoes a structural transition into a
six-fold rich phase at 35-40 GPa, which is consistent with the experimentally reported
amorphization at 30-34 GPa {5].

Finally, stishovite exhibits no drastic structural change up to 250 GPa, the highest
pressure studied here, except that the structure eventually becomes orthorhombic
(with the CaCl, structure). The result is consistent with a recent experiment [24]. The
result also implies that the recently proposed Pa3 phase [25], which is predicted to be
denser and thermodynamically more stable than stishovite above 60 GPa, may be
difficult to attain dynamically by simple compression at room temperature. This does
not necessarily mean, however, that the Pa3 phase is unstable. Even if the Pa3 phase
is more stable than stishovite, it is possible that the potential barrier in the atomic
configuration space separating the two phases would be higher than k5T at room
temperature so that a diffusion process at high temperatures would be necessary for
the transition to the Pa3 phase.

CONCLUDING REMARKS

We have performed an MD simulation of pressure-induced structural transforma-
tions of crystalline silica. The simulated equations of state agree very well with those
observed in the real experiments. Pressure-induced structural transformations of the
polymorphs have also been found.

The mechanism of the pressure-induced structural transformation of tetrahedrally
coordinated silica at room temperature is shown to be primarily the increase of the
Si-O coordination number, which occurs locally without diffusion process. As the
pressure increases, the network structure of tetrahedrally coordinated Si collectively
collapses to more closed-packed structures with rich octahedrally coordinated Si,
which results in a discontinuous reduction of volume. In some cases, four-fold silicon
atoms partly survive the transition, resulting in mixed coordination numbers. The
application of high pressure at room temperature thus provides intriguing reaction
paths towards new polymorphs.

Although we have focused on the structural transformation of crystals here, the
compression mechanism of silica described in the present paper is considered to be
applicable to vitreous or liquid silica. In a disordered system, different local configura-
tions are realized for different places in the system, so that a coordination change (like
four-fold cristobalite into four- and six-fold Cmem phase) may not oceur collectively
as in a crystal. This also means that different sites undergo the coordination change
at different pressures. This will lead to a continuous reduction of volume. The
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reversibility of the process is in fact confirmed by the MD result: the «-PbO, phase
with defects, which is obtained by the compression of quartz, returns almost com-
pletely to four-fold structure after decompression to normal pressure as described
above.

Finally we comment on the atomic diffusion. We have stressed that the structural
phase transitions obtained here are diffusionless. However, this is in a specified
meaning of the word, in which a diffusive transition is defined as the one accompanied
by an appearance of an amorphous phase or isolated atoms. The diffusionless tran-
sition modes in fact contribute to the mechanism of diffusion in the following sense.
If we look at Figures 2 and 4, it is seen that, when cristobalite is compressed into the
Cmem phase followed by a decompression to the normal pressure, the system becomes
an amorphous phase, in which the framework structures are topologically deformed
from those in the starting cristobalite, although no isolated oxygens appear during the
process. Thus, if we envisage a process in a disordered phase in which the compres-
sions and decompressions are repeated, this could result in a diffusion of atoms. Since
the local pressure is thought to fluctuate in a melt, we can expect such a diffusion in
a liquid silica. Note that the diffusion considered here does not accompany isolated
atoms but is regarded as local changes of Si-O coordination numbers, which will
require much less energies than those needed for stripping an oxygen atom from a
four-fold coordinated silicon atom. The study of this problem will be published
elsewhere [26].
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