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Our atomistic computer simulations mainly based on classical force fields suggest that the pressure-induced
transition froma quartz to quartz II at 21 GPa is irreversible. While quartz II is ferroelastic in principle, the
transition itself is coelastic, as the shape of the newly formed crystal is determined by the handedness of
a-quartz. Upon releasing the pressure, our model quartz II remains stable down to 5 GPa, where it undergoes
an isosymmetric transformation into a less dense polymorph. If the classical force field model of quartz II is
compressed quickly to 50 GPa, a yet different post-quartz polymorph results, which can probably best be
described as an incommensurate modulation of the quartz II structure. We discuss the equation of state and the
thermomechanical stability of all four phases. One of the post-quartz phases can be switched elastically by
shear between two symmetrically equivalent shapes; however,a-quartz appears as an intermittent phase.
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I. INTRODUCTION

a-quartz(also called low quartz and quartz I) is the most
stable silicasSiO2d polymorph at ambient conditions. It be-
comes unstable when subjected to large external pressures
P.1–3 When P is increased quickly at room temperature,
quartz I transforms into a disordered solid at about 22 GPa.
However, whenP is increased sufficiently slowly, quartz I
transforms into a new crystalline phase called quartz II. This
transition also occurs at a pressurePI→IIsT=300Kd
<22 GPa.4,5

Due to silica’s commercial applications and its abundance
in nature, there is a lot of interest in understanding the prop-
erties and the phase transformations of silica in general and
of quartz in particular. Concerning the pressure-induced
phase transformation, there are at least three unsettled ques-
tions. (i) What is the mechanism that drives the transition
from a-quartz to quartz II and is the transition ferroelastic?
(ii ) Does quartz II convert back toa-quartz when the pres-
sure is released?(iii ) What is the relation between the re-
cently identified metastable post-quartz6 and quartz I and II?
Before presenting our computational methods and results, we
will discuss these three issues in more detail.

Issue(i): The pressure-induced instability ofa-quartz and
its concurrent densification was predicted theoretically1,2 and
observed experimentally3,4 a little more than a decade ago.
The theoretical analysis suggested that the elastic constants
of a-quartz become soft asPI→II is approached. However, it
was concluded that the transition is driven by an instability at
theK point, which is not in the center of the Brillouin zone.2

The microscopic parameters driving such transitions can
soften the acoustic modes with which they are associated,
but not necessarily up to zero.7 While the onset of instability

at the K point seems established, the extent with which
quartz softens has been a matter of a recent controversy.8–10

Experiments8 found that quartz softens considerably less
with increasing pressure than predicted theoretically. How-
ever, it was argued that the discrepancy between experiment
and simulation were due to an inconsistent use of stability
criteria.9 The determination of mechanical stability is a
subtle issue at nonzero stresses, because the definition of
elastic constants is not unique in that case.11,12

Another conclusion of Ref. 8 was challenged: namely,
the classification of the pressure-induced phase transforma-
tion as ferroelastic.13 A crystal is called ferroelastic when it is
able to switch its shape if a sufficiently large elastic force is
applied to it. This implies broken symmetry related to a
spontaneous distortion of the crystal analogous to a ferro-
magnet’s spontaneous magnetization. However, it may well
be that the I→ II transition itself is not involved in the sym-
metry breaking. In that case, there would be a shape change
associated with the transitionwithout shape-related symme-
try breaking. Consequently, the phase transformation would
have to be classified as coleastic.14

Issue(ii ) arises from electron diffraction patterns of de-
compressed quartz II.4 In their work, Kingmaet al. reported
that “…the high-pressure phase reverts to quartz or a quartz
like material, upon decompression. Faint, yet distinct non-
quartz intensities are detected along various reciprocal lattice
directions between primary quartz spots….” The analysis of
Raman spectra of decompressed quartz led the authors to
conclude thata decompression transition from the new crys-
talline phase to a twinned quartzlike structureoccurs.4 The
true structure remains yet to be determined.

Question(iii ) is related to issue(ii ). Haineset al.6 identi-
fied a new stable silica polymorph after decompressing a
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sample from 45 GPa to ambient conditions. The high-
pressure sample was obtained from shock-compressing
quartz II. Moreover, one year before those experiments, one
of the present article’s authors15 found evidence for a new
post-quartz phase resulting from decompressing quartz II.
However, these results have not yet been supported byab
initio calculations.

In this paper, we intend to address these three central
questions. For this purpose, we employ molecular dynamics
(MD) simulations based on the model potential suggested by
van Beest, Kramer, and van Santen16 (BKS). Some results
will be checked with an alternative model potential devel-
oped recently by Tangney and Scandolo,17 as well as byab
initio calculations.

II. METHODS

The BKS potential is one of the model potentials18,19 that
have proved particularly useful in simulating various silica
polymorphs in general20 and elastic properties—for example
at the transition betweena- and b-quartz, in particular.21

Anharmonic effects at low temperatures,22 pressure-induced
distortion of SiO4 tetrahedral units ina-quartz under
pressure,5 and the properties of disordered silica melts23 are
also reproduced reasonably well with the BKS potential.

Unless noted otherwise, all MD simulations are per-
formed at room temperature and at constant external, isotro-
pic stress, which means that shape and size of the simulation
cell are variable. Initial configurations consist of single crys-
tals of a-quartz composed of 720 SiO2 units. One initial
configuration corresponded to left-handeda-quartz, the other
initial configuration to right-handeda-quartz. The crystal
axis at zero pressure corresponds toa, b, andc<29.8, 34.5,
and 27.3 Å, respectively. Time steps are 1 fs long, and
10 000 steps are usually discarded for equilibration. Here
50 000 time steps are retained for observation. The equations
of motion were thermostated using a Langevin thermostat
with coupling g=4 THz. This limits the resolution of dy-
namical data to a little less thandn<1 THz.

The Parrinello-Rahman method was used for the box
dynamics.24 We ensured good thermal averages of the strain
fluctuations by coupling the geometry of the cell to a sto-
chastic thermostatgbox of a slightly smaller value than that
for the particles—to be specific, typicallygbox<g /2. The
box inertiaW was chosen small—i.e., so small that the fluc-
tuations of the box shape occurred on time scale barely larger
than those of the particles. A similar procedure resulted in
excellent values for elastic constants ofa and b quartz in
previous work.21 We want to point out at this point that
choosing small box inertiaW was important to invoke the
pressure-induced crystal-crystal transitions. Large values of
W slow down the dynamics with respect to the real dynam-
ics. Large value ofW turned out to favor amorphization of
the SiO2 over the pressure-induced crystal-crystal transition.

Thermal averages in general and elastic constants are
evaluated on the basis of 100 000 time steps. Before crossing
a phase transition point, one system is replicated 10 times,
equilibrated 60 000 time steps with different random seeds
for the Langevin thermostat, before the transition was in-

voked via a small pressure change. We run this number of
replica to(statistically) explore the effect of handedness on
the shape of the new pressure-induced crystalline phase.

We also rerun some of our simulations with an alternative
force field that was recently developed by Tangney and
Scandolo17 (TS). The TS potential does not only contain
two-body interactions, but it also includes inducible dipoles
on the oxygen atoms and thus has the ability to incorporate
effectively many-body effects. A detailed study of the TS
potential will be presented elsewhere.25 At this point, we
may comment that the TS potential gives excellent agree-
ment with experimental data for all quantities and phases that
were tested.

Last, ab initio calculations using theVASP code26 were
employed in order to ensure the reliability of our conclu-
sions. Full geometry optimizations were made of the MD-
predicted unit cell structures. The projected-augmented-wave
(PAW) pseudopotentials27 provided in the library for Si and
O were used in these calculations.

III. RESULTS

A. Phase transformations and equation of state

The equation of state resulting from the simulations are
shown in Fig. 1. We start atP=0 GPa with an ideala-quartz
configuration, increaseP gradually to 28 GPa, and go back
to zero pressure. On increasing pressure,a-quartz transforms
into quartz II atP=21.7 GPa, in agreement with experimen-
tal observations4 and previous molecular dynamics simula-
tion studies.28,29An interesting observation is that the shape
of the quartz II simulation cell is predetermined by the hand-
edness of thea quartz sample; i.e., if we start with ana1 (or
right-handed) quartz sample, we always obtain the same
shape, which is different than the shape that results from
compressing ana2 (or left-handed) sample. We would there-
fore classify the transition as coelastic, since the relevant
ergodicity breaking had already occurred ina-quartz. Also,
as one may infer from the structure analysis presented further
below, there is no obvious group-subgroup relationship be-

FIG. 1. Equation of state at room temperature for three quartz
species. The arrows mark possible phase transformation paths.
Dashed lines are drawn to guide the eye. Open symbols are results
from ab initio simulations.
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tween the two phases. This certainly allows for the possibil-
ity that the phase transformation is coelastic.

The transition froma-quartz to quartz II appears to be
irreversible. On reducing the pressure, a transition into
a-quartz does not take place. Instead, a new phase is formed
upon decompression atPII-d<5 GPa, which we call
d-quartz. The newd-quartz has structural similarity with
a-quartz, even though its space groupC2 is identical to that
of quartz II. Both structures are formed from tetracoordi-
nated SiuO network. The quartz II is a severely sheared
form of d-quartz. Both transitions I→ II and d↔ II are ac-
companied by dramatic changes in volume, which clearly
points to a discontinuous phase transformation in both cases.
The II-d transition exhibits distinct hysteresis effects.

Despite the quantitative difference between the BKS and
the ab initio equation of state, both methods agree qualita-
tively. The topology of the equation of state diagram is pro-
duced correctly by BKS. While the density ofd-quartz at
ambient conditions is underestimated by about 10%, the
(spinodal) transition pressures agree almost perfectly well
with the ab initio values. Previously, the BKS-based predic-
tion of a five-coordinated silica polymorph30 had also been
supported byab initio calculations.31 We therefore believe
that BKS may correctly reproduce the qualitative features of
the transitions of interest. It should be noted that we did not
check for mechanical and dynamical stabilities of theab
initio—predicted structures. First-principles calculations of
the elastic constants and phonon band structures are quite
elaborate for systems with very low symmetry and beyond
the feasibility of the present study.

Additional calculations were performed at even higher
pressures. Their results are not included in Fig. 1. WhenP is
increasedslowly above 30 GPa, both molecular dynamics
and ab initio calculations suggest a transition into a much-
densified, disordered state. We conclude that quartz II be-
comes unstable at that point and that there is no obvious
pathway from quartz II to another crystalline phase. How-
ever, when we compress a large simulation cell in molecular
dynamics to very large pressures—i.e.,P=50 GPa—a yet
different crystalline phase(which we call quartz IIm) is ob-
tained. When decompressed adiabatically, quartz IIm remains
stable down to 30 GPa, where it transforms back into quartz
II. At that transition, only a small volume change of approxi-
mately 0.5% is observed. If the quartz IIm results were in-
cluded into Fig. 1, the additional data would appear as an
extension of the quartz II curve. Finally, we wish to comment
that we do not believe that BKS potential is reliable for the
extreme pressures necessary to produce quartz IIm. But we
believe that the effect of the pressure-induced incommensu-

rate phase is an interesting effect in its own right without
relating to an existing material.

B. Structure and stability

All three post-quartz phases show structural similarity.
Snapshots of the BKS calculations are shown in Fig. 2. One
difference betweend-quartz and quartz II is that the two
oxygen atoms in the open spaces move on top of each other
in the latter phase. The quartz IIm phase seems to be a modu-
lated version of quartz II. The apparent disorder in the quartz
IIm snapshot is frozen in at room temperature on the time
scale of the simulation. We interpret this as a probably in-
commensurate modulation of the lattice, which is pinned.
This seeming disorder is thus different from that inb-quartz
(the high-temperature version of quartz I), where time-
averaged structure and instantaneous structure can be distin-
guished fairly easily.13 The long wavelength associated with
the lattice modulation makes it presently unfeasible forab
initio methods to tackle the stability of quartz IIm. As men-
tioned above, we consider the effect related to quartz-IIm an
interesting effect of the BKS potential rather than a phase
transformation in real SiO2. Despite their structural similari-
ties, all phase transformations between the three(BKS) post-
quartz phases are discontinuous(first order).

Overall, ab initio and BKS results agree very well with
one important exception: BKSd-quartz turns out to have
lower (free) enthalpy thana-quartz above 4 GPa, whereasab
initio values for the enthalpy do not favord- overa-quartz at
any pressure within the range where both phases are meta-
stable. Thus, there is a bias in BKS that certainly favors the
sheared post-quartz structure. Despite this discrepancy, we
are confident that a mechanical stability analysis for the BKS
potential is meaningful, because the values for the pressures
at which the spinodals are found agree almost perfectly be-
tween BKS andab initio calculations and experiment. This
includes the amorphization of quartz II, which occurs when
P is increasedslowly above 30 GPa.

As mentioned in the Introduction, Kingmaet al.4 and
Haineset al.6 arrived at quite different diffraction patterns
for the metastable 25 GPa quartz polymorph. Analyzing the
x-ray scattering intensitySsQd that one can obtain from our
simulations favors the earlier results by Kingmaet al. Some
of the nonquartz entities in their diffraction patterns(which
the authors attributed speculatively to the pressure mediating
neon) occur at places where we find peaks due to quartz II;
see Fig. 3. We thus believe that our simulation reproduce the
configurations obtained experimentally by Kingmaet al.
rather than by Haineset al.

FIG. 2. Snapshots of (a)
d-quartzsP=0 GPad, (b) quartz II
s25 GPad, and (c) quartz IIm
s50 GPad. Light and dark atoms
reflect, respectively, Si and O
atoms.
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One could speculate that the difference between the struc-
tures observed by Kingmaet al.4 and Haineset al.6 is that in
Ref. 6 the experiment was performed under good hydrostatic
conditions due to the use of helium as the pressure medium.
However, no medium was used in the earlier experiments of
Ref. 4. In the latter case, the structural transformation is
likely to be kinetic rather than truly thermodynamic(within
the phases accessible through displacive transformations).
The MD calculations may be more closely related to kinetic
transformations rather than to thermodynamic transforma-
tions. Unfortunately, it is difficult to ascertain this specula-
tion within MD.

Further confidence in the correctness of the phase trans-
formation was obtained by using a different, more realistic
potential energy surface: namely, the fluctuating dipole po-
tential by TS.17 While the transition pressure was higher for
TS than for BKS—namely, at 28 GPa—the same SiO2 poly-
morph was obtained in TS as with BKS. The decompression
scenario with TS is slightly different than that in BKS; how-
ever, most features remain similar. In particular, the I→ II
transition remains coelastic and irreversible. Upon decreas-
ing pressure, the system undergoes a reversible, discontinu-
ous phase transformation into a structure that is again a de-
compressed version of the quartz II structure. This occurs in
the TS potential at a pressure slightly above 20 GPa. We also
add that the TS quartz II(to be precise its decompressed
phase) did not remain stable all the way down to 0 GPa, but
reverted very slowly toa quartz at about 7 GPa. Thus, even
though the TS potential had certainly a much smaller bias
towards the sheared post-quartz structures than the BKS po-
tential, qualitatively similar behavior was found. More de-
tails will be reported on the TS potential elsewhere.25

The space group ofd-quartz and quartz II isC2 (Ref. 33).
It is interesting to note that the unit cell does not triple in the
z direction, even thougha-quartz does become unstable near
the K point of the Brillouin zone.2 The number of atoms per
unit cell (9) even turns out to be unchanged. We conclude
that the quartz II phase does not follow the Landau scheme

and note that the final structure does not have to be commen-
surate with the soft mode, because the transition is not sec-
ond order.

In order to address the mechanical stability of the various
phases, we analyzed the Born stability criterion(BSC) at
finite pressures. As discussed in Refs. 9, 11, and 12, the
correct BSC at nonzero temperatures is based on stiffness or
Birch coefficientsBab rather than on elastic constants: In
order for a solid to be mechanically stable, all eigenvalues of
theB matrix must be positive. The Birch coefficientsB result
as second derivatives of the free energyF with respect to
Lagrangian strain, while elastic constantsCab are defined as
the second derivative ofF with respect to the Eulerian strain.
Both definitions coincide only at zero-external pressure.

Figure 4 shows the minimum eigenvalues ofB for
a-quartz and the three post-quartz polymorphs. Only
a-quartz becomes soft(i.e., Bmin,5 GPa) near the transi-
tion, even though, strictly speaking, it does not soften com-
pletely in the thermodynamically(meta) stable region.2,9,32

While the absolute values ofBmin remain large in the other
phases, the slopes ofBmin become large near thed↔ II trans-
formation. This is indicative of a coupling of the modes that
drive the transition to the long-wavelength modes. The ar-
rows “fast” and “slow” in Fig. 4 indicate that in one case the
externally applied pressure is abruptly increased from
30 GPa to 50 GPa. The simulation cell can quickly respond
to these dramatic changes provided that its inertia is chosen
sufficiently small. In a slow compression simulation,p is
increased incrementally by 2 GPa. After each pressure
change, the system is equilibrated for a few 10 000 MD steps
so that the pressure change can be considered essentially
adiabatic as long as the structural rearrangements can be
classified as displacive and no phase transition occurs. For
each pressure, the box geometry would be given sufficient
time to equilibrate provided that no lattice reconstruction oc-
curred.

The arrow labeled “slow compression” also reflects a situ-
ation in which a large value for the simulation cell’s effective
mass is employed. This choice prevents the volume from
finding quickly (or getting stuck at) the next available mini-
mum. The system densifies very strongly and starts “flow-
ing,” which results inBmin=0. If, however, the simulation
cell’s inertia is chosen sufficiently small, the volume change

FIG. 3. X-ray diffraction intensity as measured experimentally
(Ref. 4) and as obtained from simulations.

FIG. 4. Minimum eigenvaluel of matrix of stiffness coeffi-
cientsB as a function of pressurep.
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can occur concurrently with the structural, atomic rearrange-
ments and it is possible to lock into a less dense crystalline
state.

C. Ferroelasticity of quartz II and d-quartz

For a crystal to be called ferroelastic, one might want to
require that it must be possible to switch elastically(i.e.,
without bond breaking) between different, however, energeti-
cally equivalent stable shapes. In the simulations of quartz II
and d-quartz, we attempted such a switch by confining the
angleF, denoted in Fig. 5 and by evolving the system under
constant stress otherwise. From one simulation to the next,F
was moved by a value close to 1° and the system was given
sufficient time to find the next available energy minimum.
The result of such a set of simulation at zero external stress is
shown in Fig. 5.

The stability of BKS d-quartz is approximately in the
range of 6°ø uFuø14°. Upon decreasinguFu from the sta-
bility region, d-quartz converts intoa-quartz at uFu<6°
with—as far as we can tell—random handedness. Upon in-
creasinguFu, the crystalline structure amorphisizes atuFu
<14° and no recrystallization occurs on the time scale of the
simulation if the constraint of fixedF is released.

Similar calculations were conducted at different pressures
and different temperatures.a-quartz occurs as an intermittent
phase even atp=5 GPa, when the BKS potential(wrongly)
predictsd-quartz to be energetically favorable toa-quartz at
constant strain. Conversely, quartz II cannot be switched
from one state into the other in our simulations without be-
coming unstable when the stress is kept fixed except for the
stress component controlling the tilt angleF. At large pres-
suress25 GPad, quartz II amorphizises under shear while at-
tempting to invert the strain. At lower pressuress13 GPad,
the behavior is more complex: Quartz II seems to convert
into a yet different polymorph under shear; however, this
phase is unstable against thermal noise once the condition of
fixed order parameter is released. Sometimes, this new poly-
morph reverts back to the old quartz II configuration. Thus,
while there is a shape change of the elementary cell of right-
handed and left-handed quartz II, there is no obvious way
how to switch between the two mirror images of quartz II
directly without passing through two intermittentd-quartz
phases and onea-quartz phase. Nevertheless, since it seems
possible to switch quartz II one might classify it as
ferroelastic.

IV. CONCLUSIONS

In conclusion, the present study shows that the pressure-
induced transition from(BKS) a-quartz to the post-quartz
phases is irreversible, as long as we consider only isotropic
stresses. We identify three post-quartz phases, which we la-
beledd-quartz, quartz II, and quartz IIm. They can be trans-
formed into one another reversibly by changing the(isotro-
pic) pressure. There is, however, the restriction that quartz II
has to be compressed rather quickly from its stability region
to pressures close to 45 GPa, in order to circumnavigate a
collapse into a phase with even higher density than that of
quartz IIm. Despite this restriction, we obtain the same post-
quartz phase at ambient conditions if we decompress(adia-
batically) quartz II from P=25 GPa or quartz IIm from P
=50 GPa.

We also found an ergodicity breaking related to the shape
of the post-quartz crystals and in this sense the post-quartz
phases can be labeled as ferroelastic. However, the shape of
the post-quartz crystals is predetermined by the handedness
of a-quartz. Thus the pressure-induced transformation to and
between the post-quartz phases are not ferroelastic. Even
worse, the post-quartz phases might not be ferroelastic in
the sense that anelastic force can be applied such that
we switch between directly different, but symmetrically
equivalent states. Preliminary simulations suggest the
following picture: If we try to convertd1-quartz tod2-quartz
by applying anonisotropicexternal stress, the crystal be-
comes unstable and converts back toa-quartz. Thus, in order
to “switch” quartz II, it will probably be required to pass
through a decompressed quartz II structure that can
be switched by passing through an intermittenta quartz
phase.

Using more realistic model potentials such as the TS
potential,17 yields similar results. TSa-quartz converts into
the same high-pressure polymorphs as BKSa-quartz, albeit
at slightly higher pressure. Upon decompression, an intermit-
tent decompressed quartz II phase is identified. The largest
difference between the TS and BKS potentials is that the
BKS potential favors much more strongly sheared tetrahedral
SiO4 units than the TS potential. As a consequence, the TS-
decompressed quartz II phase becomes unstable at 7 GPa
and reverts toa-quartz. More details will be presented in a
comparison of the reliability of BKS, TS, and other model
potentials.25

FIG. 5. Energy per atom as a function of shear
angle F. The left- and right-handed BKS
d-quartz polymorphs can be transformed into one
another by going through an intermittenta-quartz
phase. The crystals amorphisize irreversibly at
the arrows marked1 and18.
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and 92.75° and Si(1) −0.5000, 0.0551, 0.0000; Si(2) −0.2669,
0.8000, −0.3193; O(1) −0.5703, −0.1802, −0.7869; O(2)
−0.2385, 0.8088, −0.6148; O(3) −0.3676, 0.3011, −0.8789.

CAMPAÑÁ et al. PHYSICAL REVIEW B 70, 224101(2004)

224101-6


