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Numerical Simulation of a-Quartz under Nonhydrostatic Compression:
Memory Glass and Five-Coordinated Crystalline Phases

James Badro,* Jean-Louis Barrat,† and Philippe Gillet‡
(Received 1 September 1995)

The behavior ofa-quartz under hydrostatic and nonhydrostatic high-pressure conditions has
investigated in molecular dynamics simulations of silica in order to clarify the role of nonhydros
stresses in the amorphization process. It is shown that the amorphization threshold is not mo
if the stress along thec direction is lowered, so that the mean amorphization pressure can effect
be lowered under nonhydrostatic conditions. On the other hand, the application of a positive un
stress along thec axis results in the appearance of a new crystalline phase, where all silicon atom
in fivefold coordination.

PACS numbers: 61.43.Fs, 62.50.+p
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Previous experimental and theoretical studies h
shown that a-quartz, the stable form of silica unde
standard conditions, undergoes a crystalline-to-amorph
transition at high pressure and room temperature
10]. It has since been proposed that the application
pressure together with the inhibition of thermal activati
led to a mechanical instability [6,8] in the crystallin
network driving the crystalline-to-amorphous transitio
It was proposed that nonhydrostatic stresses played
important role in the amorphization process [4,11], a
it was shown in a recent experimental study on the hi
pressure behavior ofa-AlPO4 [12] that these stresses a
of a fundamental importance in the crystal-to-amorpho
phase transition of this material.

In this Letter, molecular dynamics simulations of th
simple silica model recently developed in Ref. [13] a
used to explore the effect of nonhydrostaticity on t
crystal-to-amorphous transformation. This interatom
potential [13], obtained byab initio calculations on
H4SiO4 clusters, is chosen for its ability to reproduc
a number of structural properties ofa-quartz, among
which is pressure induced amorphization at 22 GPa
300 K [7]. The simulations are carried out in a mod
fied (N , P, T ) isobaric-isothermal canonical ensemble,
which the stressessxx , syy, szz can be varied indepen
dently. The simulation box is rectangular, with thez di-
rection parallel to thec axis ofa quartz and contains 144
atoms (480 SiO2 units). The external stress is monitore
using Berendsen’s scaling [14] independently in the th
directions. The equations of motion are integrated wit
time step of 1.34 fs. The densities of states reported
this Letter are calculated from the (mass weighted) po
spectrum of the velocity autocorrelation functions, co
puted in the (N, V , E) microcanonical ensemble. They a
smoothed by a Gaussian distribution of width20 cm21, in
order to have the same resolution as those obtained b
elastic neutron scattering experiments.

A reference amorphous state was first created
high-pressure amorphization under hydrostatic conditio
Amorphization occurred at 22 GPa, as previously repor
0031-9007y96y76(5)y772(4)$06.00
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[7,8,10]. That amorphous system was then compresse
25 and 30 GPa. All three systems were allowed to a
for 14 ps at constantP and T and for another 14 ps a
constantV andT after which the vibrational densities o
states (DOS) reported in Fig. 1 were computed. Th
systems were then decompressed to 0 GPa during 13
and were aged during 14 ps at constantV and T once
equilibrium was attained. The DOS were once ag
calculated and are also reported in Fig. 1. Coordinat
distribution before the transition (up to 21 GPa) w

FIG. 1. The vibrational density of state upon compression a
decompression in a hydrostatic environment. The pressures
reported in the figure. The spectra with the D superscript c
respond to systems decompressed from the reported pressu
© 1996 The American Physical Society
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TABLE. I. Si-O and O-Si coordination distribution in hydrostatic and nonhydrostatic runs. The pressures followed by la
correspond to a system at ambient pressure decompressed from the indicated pressure. In the first column, pressures r
with three figures in parentheses represent thesxx , syy, andszz components of the stress, respectively. The last column lists
system’s phase in the corresponding pressure conditions.

P (GPa) SiIV SiV SiVI OII OIII Phase

0 100% 0% 0% 100% 0% a-quartz
22 12.5% 42% 45.5% 34.5% 65.5% Amorphou
25 8% 38.5% 53.5% 30% 70% Amorphou
30 7% 36.5% 56.5% 28% 72% Amorphou
22 D 75% 23.5% 1.5% 87% 13% Amorphou
25 D 69% 26% 5% 82% 18% Amorphous
30 D 56% 36% 8% 73% 27% Amorphous
(22,22,13) 13% 34% 53% 32% 68% Amorphou
(22,22,13) D 97% 3% 0% 98% 2% a-quartz1 defects
(20,20,27) 0% 100% 0% 50% 50% New phas
(20,20,27) D 100% 0% 0% 100% 0% a-quartz
(20,20,29) 0% 90% 10% 45% 55% New phase1 amorphous
(20,20,29) D 99% 1% 0% 99% 1% a-quartz1 defects
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identical to that ofa-quartz, with all silicon atoms be
ing four coordinated with respect to oxygen. Table I lis
the average Si-O and O-Si coordination numbers ab
22 GPa. The higher the pressure above the transit
the greater the proportion of six-coordinated silicons a
three-coordinated oxygens. It can also be noticed
four bonded silicons and two bonded oxygens constit
the large majority of the decompressed amorphous
terial. This information is of prime interest because
is not possible to analyze SiO2 in situ by x-ray absorp-
tion spectroscopy due to the low energy of the silic
K edge and high absorption of the diamonds in this
ergy domain. It is also clear that the higher the fin
pressure, the more the local environment upon dec
pression differs from the original material as far as c
ordination is concerned. The densities of state clea
reveal the growth of bands around1000 cm21 and be-
tween 600 and700 cm21 when pressure is raised a
ter amorphization. The latter phenomenon has alre
been observed by Raman scattering on silica glass u
pressurization [15] and by infrared absorption perform
both ona-quartz and silica glass [3]. Upon decompre
sion, the spectra reproduce qualitatively the infrared m
sures previously reported by Williamset al. [3], at least
in the high frequency range where the growth of t
900 cm21 line can be observed. One should be very ca
ful when analyzing the low frequency domain, since t
finite size of the simulation box can affect the vibration
spectrum. All together, there results confirm the rema
able ability of the model for describing silica under hig
pressure.

Two different compression paths were then chosen
the application of nonhydrostatic stresses. First, the st
parallel to thec axis sszzd was kept constant and belo
22 GPa and the stresses in the perpendicular planesxx
e
n,
d
at
e
a-

-
l
-

-
y

y
on
d
-

-

-

l
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r
ss

andsyy) were raised up to amorphization. Thensxx and
syy were maintained at a constant value below 22 GPa
szz was increased.

In the first case, amorphization always occurred forsxx

andsyy between 22 and 23 GPa; hence the needed st
in the (a,b) plane for driving the phase transition does n
seem to depend on the value ofszz , at least in the range
where the calculations were done. These runs were m
with several values ofszz , namely, 21, 20, 19, 18, 15, an
13 GPa. A close study of the radial distribution functio
reveals that the very nonhydrostatic runs with low valu
of szz contained a small part of crystalline materia
Si-O and O-Si coordination numbers were calculated
all six cases and are reported in Table I for the m
nonhydrostatic run. Upon decompression, all syste
except the ones obtained under the most nonhydros
conditions remained amorphous and completely simila
those obtained under hydrostatic conditions. The la
systems (szz  15 and 13 GPa) underwent a partiall
reversible transition in the sense that the recovered sam
consisted of backtransformed quartz with some defe
The structure thus obtained is qualitatively similar to t
one reported in Fig. 4. The Si-O and O-Si coordinati
numbers as well as the vibrational density of state w
calculated and compared with those ofa-quartz (Table I
and Fig. 2). The first interpretation of these results
a-quartz, which is more compressible in thea and b
directions than following thec axis, is that amorphization
seems to happen as the result of an instability occurr
in this plane, or at least in a plane which has a sm
dihedral angle with the latter [10,11]. It also seems cle
the the mean pressure of amorphization (i.e., the m
value of the three stresses) is lower than the press
needed to hydrostatically amorphize the system. This
the first direct observation of this phenomenon, althou
773
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FIG. 2. The vibrational density of state of a system deco
pressed fromsxx  syy  22 GPa andszz  13 GPa (thick
solid line) and fromsxx  syy  20 GPa andszz  29 GPa
(thin solid line) compared with that ofa-quartz at ambiant con-
ditions (dotted line). The decompression in both cases is pa
reversible. The sample backtransforms into crystalline qua
but contains some defects. Coordination of all three phases
almost the same (see Table I). This figure shows that the
fect of defects present in the crystalline lattice is far from bei
negligible, as far as the intensity and the width of the spec
lines are concerned.

most experimental studies seem to agree on this po
Amorphization is partially reversible upon decompressi
if the average nonhydrostatic pressure is low enough,
it could be that the crystalline domains at high pressure
as favorable nucleation sites upon decompression, driv
the amorphous-to-quartz transition.

In the second series of runs,sxx and syy were kept
constant andszz was raised until amorphization. Thi
time no direct quartz-to-amorphous phase transition w
observed. The system underwent a crystal-to-cry
transition towards a new phase, in which all silico
atoms are five coordinated (see Table I). A slice para
to the a-quartz c axis is represented in Fig. 3. Th
pressure conditions at which this structure appeared w
sxx  syy  20 GPa andszz  27 GPa. Pressure wa
isotropically raised from 0 to 20 GPa, followed by a
increase to 27 GPa along thec axis. Each compression
was carried out over 50 000 steps accounting for a to
compression time of 134 ps.

In order to test the stability of this structure, its tempe
ature was raised at constant pressure, without observ
774
-

rtly
rtz
are
ef-
g

ral

int.
on
nd

act
ing

as
tal
n
lel

ere

n

tal

r-
ble

FIG. 3. The new high-pressure phase viewed down thec axis.
The silicon atoms (large light grey spheres) positioned on t
edges of the two similar equilateral triangles (4.5 Å of sid
length) are in the same plane and the distance between th
triangles is approximately 1 Å in thec direction. The oxygen
atoms (small dark grey spheres) are disposed on the edge
two nonidentical equilateral triangles. The atoms on the edg
of these triangles constitute a sheet representing one-third of
cell in thec direction. The two other sheets are superposed
to form a helix and the helical step is worth approximately 3 Å
Two sheets can be seen on this slice (indicated by the numb
near the silicon atoms). The equilateral triangle formed by t
projection of the three helically superposed silicon atoms on t
(a,b) plane has a side length of 1.1 Å.

variation up to 1500 K. Upon further compression pa
allel to the c axis sszz  29 GPad, the sample became
partially amorphous but in this case only five- and six
coordinated silicon atoms were present in the disorder
network (see Table I).

The decompression phase was the exact opposite
the compression phase; the excess nonhydrostatic st
was first released and only then was the pressure lowe
isotropically from 20 GPa. In the case of the ne
crystalline phase, a phase transition occurred at 2 GPa
the structure reverted back to the original quartz structu
whereas the partially amorphous system transformed o
again quasireversibly to quartz containing defect sites
10 GPa (Fig. 4). The corresponding DOS is reported
Fig. 2 and the coordination distribution in the table.

This study clearly illustrates the importance of non
hydrostaticity in the solid state amorphization phenom
non. From a practical viewpoint, the most important co
clusion is that the mean amorphization pressure can
lowered considerably in the presence of nonhydrosta
stresses. The amorphous solids that are produced un
moderately nonhydrostatic conditions are very similar
those obtained in a hydrostatic environment. The situ
tion becomes qualitatively different under strongly non
hydrostatic conditions (i.e., when the stress along thec
axis differs by more than 30% of the other stresses). F
smallszz , amorphization is imperfect and the amorphou
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FIG. 4. A slice cut perpendicular to thec axis of the system
decompressed from (20,20,29) GPa. The decompressed sa
recrystallizes as quartz but contains some defects. The sili
atoms are represented as large light grey spheres whereas
oxygen atoms are the small dark grey spheres. This is a typ
example of a memory glass.

state reverts back to crystal upon decompression (“me
ory glass”). It is interesting to note that the recovere
material’s vibrational density of state (Fig. 2) presen
broader spectral lines and weaker signal due to the app
tion of defects upon recrystallization. These two obse
vations have been reported experimentally in the case
a-AlPO4 berlinite [12] and anorthite [16] which both re
crystallize upon decompression and could therefore me
that these recovered crystalline phases contain some
fects. For highszz , amorphization is preempted by a
new crystal-to-crystal phase transition. The high pre
sure phase can amorphize, but again the resulting am
phous state is a memory glass that transforms back
quartz upon decompression. It has already been sho
in a hydrostatic experiment [5] that phase transitions to
metastable crystalline form could constitute a pathway
solid state amorphization. This new phase, obtained
der nonhydrostatic conditions could be another exam
of such crystal-to-crystal phase transitions.

These results are very suggestive of the great poten
richness of solid state amorphization under nonhydrosta
conditions. It should be emphasized, however, that th
were obtained using a very simple model for silica an
very high compression rates. In particular, the existen
of a new crystalline phase (which would be the first stab
five-coordinated polymorph of silica), and of reversib
crystal to amorphous transitions in silica, should b
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regarded as interesting possibilities but are not establis
by such simulations. Carefully designed nonhydrosta
anvil cell experiments will be necessary to investiga
such effects.
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