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Atomistic pathways of the pressure-induced densification of quartz
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When quartz is compressed at room temperature it retains its crystal structure at pressures well above its stability
domain (0–2 GPa), and collapses into denser structures only when pressure reaches 20 GPa. Depending on the
experimental conditions, pressure-induced densification can be accompanied by amorphization; by the formation
of crystalline, metastable polymorphs; and can be preceded by the appearance of an intermediate phase, quartz
II, with unknown structure. Based on molecular dynamic simulations, we show that this rich phenomenology can
be rationalized through a unified theoretical framework of the atomistic pathways leading to densification. The
model emphasizes the role played by the oxygen sublattice, which transforms from a bcc-like order in quartz
into close-packed arrangements in the denser structures, through a ferroelastic instability of martensitic nature.
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Quartz was reported to collapse into a poorly crystallized
metastable structure named quartz II at around 21 GPa [1],
i.e., well into the region of stability of stishovite, followed
either by amorphization [2–7] or by transition to metastable
high-density crystalline polymorphs, e.g., P 21/c structure
[8–10]. The pressure-induced amorphization (PIA) of quartz
has been examined either from a thermodynamical point of
view (as a density-driven transition to the reentrant highly
viscous liquid [2,11], a phenomenology first observed in ice
[12]), and from a mechanical standpoint (as an elastic/dynamic
instability of the quartz lattice [13–20]), as well as from
a crystallographic perspective, as the result of ordering and
displacive mechanisms from a common parent structure [21].
Although each one of the above scenarios helps shed light on
some specific aspects of the pressure-induced collapse, none of
them accounts for established experimental observations such
as the existence of quartz II [1,4,22], the post-quartz phase
[8,9], and the microstructure of deformed quartz [1,4]. Three
decades after the first report of PIA [1], a universal microscopic
model of the pressure collapse is not yet available [23,24].

Atomistic simulations can in principle provide microscopic
models [13–16,18,19,25–33], which can help rationalize the
observed phenomenology. To date simulations with empirical
potentials have confirmed the experimental evidence that
nonhydrostatic pressure plays an important role [29], but
simulations under nonhydrostatic conditions yield a crystalline
structure with all silicon atoms in fivefold coordination with
oxygen [29], which is not consistent with experiments. On
the basis of first-principles simulations, where the interatomic
potential is generated from a quantum mechanical solution
of the electronic ground state, a structure with P 32 (Z = 9)
space group has been proposed for quartz II [30], as a result
of an instability in the phonon spectrum of α-quartz at point
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K(1/3,1/3,0). However, a different structure, with C2 space
group, was obtained in another ab initio simulation under
nonhydrostatic pressure [33] as well as in several classical
calculations under hydrostatic pressure [31]. The comparison
of calculated diffraction patterns for these model structures
with the experimental patterns is not conclusive. On the other
hand, Raman and IR measurements suggest only a minor
structural change between quartz and quartz II [4,6,17]. No
vibrational calculations have been reported so far for the quartz
II theoretical candidates, however. Moreover, no evidence for
an amorphous phase has emerged from previous ab initio
calculations [30,33].

Inspired by the pioneering work of Sowa et al. [34],
Binggeli et al. [28], and Dmitriev et al. [21] on the
modifications of the oxygen packing upon compression of
quartz, we employed a large cubic supercell consisting of 216
SiO2 formula units constructed from 6 × 6 × 6 cubic cells
of the oxygen quasi-bcc sublattice that describes α-quartz at
high pressure (Fig. 1). The supercell is commensurate with
the phonon instability at point K(1/3,1/3,0) and with all
the three post–quartz crystalline phases reported so far (C2,
P 32 and P 21/c). Such a choice makes it easy to control
the orientation of the nonisotropic stress with respect to the
oxygen sublattice [for example, the original c direction of
quartz is parallel to the (111) direction of the supercell].
The relationship between the large cubic supercell and the
primitive unit cell vectors of quartz is
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where �A, �B, and �C are the primitive vectors of the supercell;
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c = (0, 0, c); and a and c are the
α-quartz lattice parameters. It is important to remark that the
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FIG. 1. (Color online) Simulation supercell containing 72 unit
cells of α-quartz (648 atoms). Oxygen atoms are in red and Si atoms
are in blue.

present work differs with respect to the study by Badro et al.,
where a phase with fivefold Si coordination was found [29],
in that the nonhydrostatic conditions are here imposed along
different and well-defined directions relative to the oxygen
sublattice. Following the strategy adopted for cristobalite
[35] we apply small nonhydrostatic components to the stress
tensor along the (001) direction of the bcc sublattice, which
coincides with the (001) direction of the supercell. Structural
optimizations at a given pressure or stress condition are
performed starting with the α-quartz structure by allowing
full relaxation of both lattice and internal coordinates.

The simulations were carried out using an interatomic
force field optimized by best fit on first-principles (density
functional theory) calculations [36]. The force field describes
the structural and vibrational properties of most SiO2 crys-
talline polymorphs, liquid, and glass [35–39] better than all
the available force fields to which it has been compared so
far. In particular, it describes the thermodynamic stability of
the crystalline polymorphs of silica [35], at the same level
of ab initio simulations, including the pressure dependence
of the lattice constant and the phonon softening across the
rutile-to-CaCl2 transition [37,39].

We start by presenting the results of the structural
optimization (0 K) under nonhydrostatic pressure conditions.
We added a nonhydrostatic component of �σzz = 0.1P and
�σxx = �σyy = −0.05P (P is the average pressure of the
system) to the stress tensor for tensile stress, and opposite signs
for compressive stress. Under tensile stress we find that quartz
transforms into a structure with C2 space group when pressure
reaches 22 GPa (i.e., σzz = 19.8 GPa, σxx = σyy = 23.1 GPa).
The C2 structure is characterized by an fcc oxygen sublattice
[40] and the transformation of the oxygen sublattice from bcc
to fcc clearly follows the Bain path, as expected for tensile
stress along the [100] bcc direction. Under compressive stress
quartz transforms into a monoclinic structure of space group
P 21 (Z = 6) with an hcp oxygen sublattice, along the Burgers
path, when pressure reaches 36 GPa (i.e., σzz = 39.6 GPa,
σxx = σyy = 34.2 GPa). In the P 21 structure one-third of

the silicon atoms are in fourfold coordination and two-thirds
are in sixfold coordination. Compressing the P 21 structure
further, we obtained at 150 GPa the P 21/c structure, first
proposed for SiO2 in Ref. [27] and recently observed in
Ref. [8]. The P 21/c structure has an hcp oxygen sublattice
with silicon in octahedral coordination, and can be recovered,
in our simulations, to 0 GPa. The relaxed cell parameters at
0 GPa are a = 6.76, b = 4.14, c = 5.02 Å, β = 101.0, which
are in excellent agreement with experimental data a = 6.92,
b = 4.10, c = 5.03 Å, β = 102.0 [8].

Based on the results of the non-hydrostatic calculations it
is clear that non-hydrostaticity is effective in controlling the
transformation of the oxygen sublattice from bcc to fcc or
hcp, depending on the sign of the non-hydrostatic component,
similarly to what observed in cristobalite [35].

We now turn to the results of the structural optimization
under hydrostatic conditions. Under hydrostatic conditions we
obtain quartz below 38 GPa, and two structures with the same
space group (P 32), but with different silicon coordinations
between 38 and 46 GPa and above 46 GPa, respectively.
This is consistent with what Wentzcovitch et al. [30] found
with ab initio methods at 33 GPa and 40 GPa, respectively.
We named the two high-pressure structures P 32 and hp-P 32

(high-pressure-P 32) structure, respectively. The structural
parameters, as well as the coordination, of the two structures
are in excellent agreement with first-principles calculations.
The oxygen sublattice in P 32 structure is still bcc-like. This is
consistent with the results of the nonhydrostatic calculations:
while small compressive or tensile components readily activate
Bain and Burgers path transformations, respectively, hydro-
staticity leads to a frustrated situation in which the outcome
may be sensitive to local fluctuations or to concomitant
instabilities, as already observed in Ref. [20]. In the specific
case of P 32, this structure is known to result from a dynamical
instability of the quartz phase at a finite wave vector [30].

In order to check the effects of local fluctuations in the
hydrostatic case, we carried out a series of molecular dynamics
(MD) hydrostatic simulations at finite temperature (300–
1000 K), starting from quartz as well as from the P 32 structure.
Heating up the P 32 structure to room temperature (300 K)
yields, above 38 GPa (and at all pressures if T = 1000 K) an
amorphous structure (we define a structure amorphous if the
space group analysis yields no symmetry with a tolerance of
∼0.1 Å). Room-temperature hydrostatic MD simulations of
quartz yield amorphous structures similar to the one obtained
upon heating the P 32 structure, although the transformation
pressures and paths appear to depend on the compression rate.
At low rate (2 GPa increments every 21.7 ps, namely 30 000
steps) the amorphous structure is obtained from quartz through
an intermediate P 32 structure at 32–38 GPa, while at high rate
(4 GPa increments every 21.7 ps) the amorphous structure is
obtained directly from quartz at 32 GPa.

A coordination analysis shows the amorphous structure
obtained in the above simulations is a mixture of fourfold
and sixfold coordinated silicon with minimal fivefold silicon.
The pair analysis [35,40] shows that the amorphous structure
is a mixture of fcc and hcp oxygen sublattice (the ratio varies
from pressure to pressure). As shown in Figs. 2(a)–2(c), the
amorphous structure at 40 GPa is evidently disordered if
viewed along the x−y and y−z plane, but presents a quite
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FIG. 2. (Color online) (a–c) Snapshot of the amorphous structure obtained from compressed quartz at 40 GPa and 300 K, viewed along
the three Cartesian axes. The red and blue spheres are oxygen atoms in fcc and hcp local arrangement as determined based on the HA index
[35,40]. (d) Same view as (c) after pressure release to ambient pressure. (e) Ring-size distribution for three different amorphous samples.

ordered structure in the x−z plane. We then decompressed the
sample at room temperature by MD simulations, with stepwise
decrements of 5 GPa every 21.7 ps. We obtained a densified
glass, which totally loses the pseudocrystalline order in the
x−z plane and the oxygen ordering [shown in Fig. 2(d)], which
is no longer close packed. The density of the recovered sample
is 2.7 g/cm3 and the Si coordination is approximately 4. The
ring statistics analysis [Fig. 2(e)] shows that the topology is
similar to that found in densified glass quenched from high
pressure [38]. We conclude that the densified glass obtained in
our simulations is a good model for the material recovered in
experiments [2,3,5].

The hydrostatic simulations confirm that local fluctuations
can induce the formation of a disordered structure and the
structural similarity between the amorphous structure obtained
from simulations and the pressure-induced amorphous struc-
ture obtained experimentally suggests that PIA is the result of
the collapse of the oxygen bcc sublattice into microscopically
inhomogeneous close-packed arrangements induced by locally
inhomogeneous stress fields in the sample, as suggested by
Toledano and Machon [20]. We remark that the proposed
mechanism differs from the mechanism described in [21],
which was instead based on a reconstructive disordering of
the cation sites in an otherwise quasi-bcc oxygen sublattice.
Disordering in our model is caused by the inhomogeneity

of the oxygen sublattice domains and does not require a
reconstructive process.

Based on the above results we now extend the discussion to
the origin and nature of quartz II. It is instructive to summarize
the main evidences that have been brought in support of
an intermediate phase between quartz and amorphization or
formation of denser, octahedral phases of silica. From x-ray
diffraction the formation of quartz II has been associated
[1] with the convergence of the (110) and (102) peaks, as
shown in Fig. 3(a). Notice that the lines around 3.7 and
2.7 Å originally proposed to correspond to quartz II have been
shown to originate from a different post–quartz crystalline
phase by Kingma et al. [9]. Raman spectroscopy shows that
quartz II has essentially the same spectrum as quartz, with
the exception of a sizable decrease of the intensity of some
peaks, and the appearance of a weak new peak at 675 cm−1

[41]. Finally, the appearance of quartz II has been associated
with the formation of crystalline or amorphous lamellae whose
boundaries were found to be primarily oriented parallel to
the {102} crystallographic plane of the original quartz crystal
[1,4]. This twinned state of quartzlike structures [1] has been
reported to account for the elastically anisotropic behavior of
the recovered sample [7].

Here we show that the above evidences do not require the
existence of an intermediate phase. The convergence of the
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FIG. 3. Calculated interplanar distance as a function of pressure
for quartz (open triangles), compared with experiments [1] for quartz
(open circles), quartz II (solid circles), and a high-pressure structure
(crosses).

diffraction spacings agrees with the calculated spacings for
quartz under compression, which is a consequence of the bcc
symmetrization of quartz. The Raman spectrum calculated
with density functional theory [42] of quartz at 22 GPa agrees
well with experiments, including relative intensities (Fig. 4).
The peak at 675 cm−1 is not present in the calculated spectrum
of quartz, but we notice that that a peak at similar frequencies
exists in the spectrum calculated for the C2 structure which
is obtained, in our simulations, precisely at 22 GPa, in the
presence of nonhydrostatic pressure. On the other hand it is
clear from Fig. 4 that the C2 and P 32 structures must be
ruled out as candidates for quartz II. Finally, we notice that
the {102} crystallographic plane of quartz indeed coincides
with the {100} plane of the oxygen bcc sublattice. Lamellae
parallel to the bcc {100} plane are routinely seen as a precursor
in the bcc-fcc martensitic transformations in metals [43]. We
therefore argue that the appearance of lamellae at 22 GPa is due
to local nonhydrostatic pressure fields which cause the collapse
of quartz into structures with local C2 (or other close-packed)
structures [20]. In agreement with past reports, the C2 structure
reverts back to quartz if decompressed to 5 GPa [31]. This is
consistent with the experimentally reported reversibility of the
transition [1].

FIG. 4. (Color online) Calculated Raman spectra of hp-quartz,
C2 and P 32 at 24 ± 2 GPa, compared with experiments for quartz
II at 24.5 GPa [4]. Theoretical frequencies are rescaled by +5% as
in Ref. [42] and the spectra are convoluted with a uniform Gaussian
broadening having 4.0 cm−1 width.

In summary, we have presented a comprehensive atomistic
picture of the pressure-induced densification of quartz, where
a crucial role is played by the collapse of the oxygen
sublattice into a close-packed arrangement. Our analysis
explains the influence of nonhydrostatic pressure conditions
on the densification and provides a unified framework that
rationalizes the observation of crystalline as well as amorphous
structures. In particular, we show that quartz II is not a distinct
phase, but rather a manifestation of the precursors of the
shear instability which drives the bcc oxygen sublattice into
close-packed structures. Similar conclusions were reached
analyzing the oxygen sublattice in cristobalite, suggesting
that the mechanisms described here could be more gen-
eral and relevant in the understanding of the densification
of other tetrahedral silicates, among them coesite, whose
pressure-induced collapse has been recently shown to re-
sult in the formation of several low-symmetry metastable
structures [44].
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