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CaSiO; and MgSiO; perovskites are known to undergo solid-state crystal to amorphous transitions
near ambient pressure when decompressed from their high-pressure stability fields. In order to elucidate
the mechanistic aspects of this transition we have performed detailed molecular-dynamics simulations
and lattice-dynamical calculations on model silicate perovskite systems using empirical rigid-ion pair po-
tentials. In the simulations at low temperatures, the model perovskite systems transform under tension
to a low-density glass composed of corner shared chains of tetrahedral silicon. The amorphization is ini-
tiated by a thermally activated step involving a soft polar optic mode in the perovskite phase at the Bril-
louin zone center. Progression of the system along this reaction coordinate triggers, in succession, multi-
ple barrierless modes of instability ultimately producing a catastrophic decohesion of the lattice. An im-
portant intermediary along the reaction path is a crystalline phase where silicon is in a five-coordinate
site and the alkaline-earth metal atom is in eightfold coordination. At the onset pressure, this transitory
phase is itself dynamically unstable to a number of additional vibrational modes, the most relevant being
those which result in transformation to a variety of tetrahedral chain silicate motifs. These results sup-
port the conjecture that stress-induced amorphization arises from the near simultaneous accessibility of
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multiple modes of instability in the highly metastable parent crystalline phase.

INTRODUCTION

The pressure-induced crystal-to-amorphous transition
has now been documented in a number of materials.!™!°
There is growing evidence that this transition is precipi-
tated by the arrival of one or more underlying intrinsic
instabilities in the highly metastable parent crystal phase.
Molecular-dynamic simulations on both ice and quartz
reveal the near coincidence of the violation of one of the
Born mechanical stability criteria with the onset of their
pressure-induced crystal-to-amorphous transitions.!¢ ™1
Although previous mechanistic studies have focused on
the amorphization of relatively open-structured phases
under compression, Jeanloz?® and others?!"?? have point-
ed out that a similar phenomenon can occur for dense
high-pressure crystalline phases on their decompression
route. In fact, a much earlier report of a solid-state
crystalline-amorphous transition was that of the high-
pressure stishovite phase of SiO,, where silicon is in octa-
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hedral coordination. Although this high-pressure crys-
talline phase can be recovered at ambient pressure, it
gradually inverts to a tetrahedral-framework silica glass
when heated to only 300 °C.%>2*

Similar behavior has also been observed for the silicate
perovskites. Liu and Ringwood?® found that CaSiO,
which crystallizes in the dense cubic perovskite structure
above 15 GPa, undergoes a solid-state -crystal-to-
amorphous transition on decompression. Although suc-
cessful attempts have been recently made to preserve the
metastable CaSiO; perovskite phase down to ambient
pressure, this phase completely amorphizes within hours
or days, even at room temperature.?® A 2°Si NMR study
of CaSiO; samples recovered from the perovskite stability
field reveal that silicon in the amorphous phase predom-
inantly exists in tetrahedral sites with a small fraction oc-
cupying a five-coordinate site.2®

MgSiO; crystallizes in an orthorhombic (Pbnm)
perovskite structure above about 23 GPa.?”2® This
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perovskite phase is retained on decompression to ambient
pressure. However, on heating to only modest tempera-
tures (as low as 150°C), the crystalline MgSiO; perovskite
gradually transforms to a low-density amorphous phase
with silicon in tetrahedral coordination.?

These observations suggest that the decompression
amorphization of dense high-pressure silicate phases may
be precipitated by an intrinsic instability in the SiOg4 oc-
tahedron ultimately resulting in an octahedral to
tetrahedral silicon coordination change. There is some
suggestion that five-coordinate silicon may be an impor-
tant species along this reversion route.?® Of further in-
terest is the possibility that crystalline phases containing
five-coordinate silicon could be accessible via metastable
routes and may perhaps exhibit novel material properties.

With these ideas in mind, we have undertaken a broad
investigation of the metastable reversion of alkaline earth
silicate perovskites using both molecular-dynamics simu-
lations and lattice-dynamical calculations. From the
molecular-dynamics simulations the metastability limits
of the model silicate perovskite systems can be deter-
mined. Apart from any shortcomings in the model po-
tentials, the molecular-dynamic limits will always be
broader than that those established on experimental time
scales. From the lattice-dynamical calculations, we show
that the crystal-to-amorphous transition in the silicate
perovskites is initiated by a thermally activated step in-
volving a soft polar optic mode at the Brillouin-zone
center. This same mode is associated with the classic
paraelectric-ferroelectric phase transformation exhibited
by barium titanate perovskite. Evolution of the system
along this reaction coordinate triggers, in succession,
multiple barrierless modes of instability ultimately pro-
ducing a catastrophic decohesion of the lattice. An im-
portant intermediary along the reaction path is a crystal-
line phase where silicon is in fivefold coordination and
the alkaline-earth metal atoms are in eightfold-
coordinated sites. At the onset pressure, this transitory
phase is itself dynamically unstable to a number of addi-
tional vibrational modes. The most relevant being a
dispersionless branch which condenses chains of silica
tetrahedra into a variety of pyroxene-related motifs. Our
results on these model silicate perovskite systems, sup-
port the conjecture that stress-induced amorphization of
crystals arises from the near simultaneous arrival of mul-
tiple modes of instability in the highly metastable parent
crystalline phase.

CALCULATION DETAILS

In both the molecular-dynamics simulations and
lattice-dynamical calculations we have employed rigid-
ion pair potentials. For MgSiO; we use the potentials
developed by Matsui* and adapt these for CaSiO; by in-
creasing the cation size parameter (= 0.1275 nm) to ob-
tain agreement with the room-temperature experimental
equation of state of calcium silicate perovskite.’! The
static lattice (athermal) structural properties and
equation of state were calculated allowing both
GdFeO; (Pbnm) and BaTiO; (P4mm)-type distortions of
the ideal cubic perovskite (Pm3m) structure. At positive
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pressures, CaSiO; was found to have the lowest free ener-
gy in the ideal cubic perovskite phase whereas MgSiO,
was most stable in the Pbnm polytype. For both systems
the calculations are consistent with the experimental
structural data.3! 736 Generally, we find that the behavior
of both MgSiO; and CaSiO; perovskite in the metastable
region is very similar. Thus, for pedagogical reasons we
report here only detailed dynamical calculations for the
CaSiO; system; in particular, the phonon-dispersion
curves of CaSiO; perovskite are much less daunting than
those of MgSiO; due to its higher symmetry.

The quasiharmonic lattice-dynamical calculations of
the phonon vibrational modes were made over the entire
volume range studied for CaSiO; in both the cubic
perovskite Pm3m structure and metastable P4mm and
P4bm perovskitelike phases (to be described below). Vi-
brational modes were calculated throughout the irreduc-
ible wedges of the respective Brillouin zones. The report-
ed elastic moduli are athermal values of the static lattice
obtained from the calculated acoustic velocities in the
long-wavelength limit.

The molecular dynamic (MD) simulations were made
using both constant volume and constant pressure algo-
rithms. In both algorithms, constant temperature ensem-
bles (ranging from 50-300 K) were employed using 2 fsec
time steps. Simulations were performed on systems hav-
ing both cubic (625 ions) and orthorhombic (540 ions) pri-
mary cells with periodic boundary conditions. The point
Coulomb contribution to the energy and forces were cal-
culated using full Ewald summations. Thermodynamic
quantities were obtained by averaging over 2000 steps
after sufficient time was allowed for equilibration. The
equilibration was rapid (typically <2000 steps) since no
defects arose in the structure until the onset of the insta-
bility was reached.

The infrared absorption spectrum was also obtained
for the molecular-dynamics runs by calculating the
Fourier transform of the electrical flux autocorrelation
function.’” The peak frequencies obtained in the absorp-
tion spectrum are found to be in excellent agreement with
the Brillouin-zone center values of the transverse optic
modes calculated from lattice dynamics.

RESULTS AND DISCUSSION

The equations of state of CaSiO; and MgSiO,
perovskite obtained from both the athermal static lattice
calculations and the 300 K molecular-dynamic simula-
tions are shown in Fig. 1. At positive pressures, the cal-
culated 300 K isotherms are in excellent agreement with
experiment. In both the CaSiO; and MgSiO, perovskite
systems at 300 K, there is a sharp break in slope in the
MD equation of state under tension near — 18 GPa, indi-
cating the onset of a phase transformation. This pressure
corresponds to a volume of 31 cm®/mol for CaSiO; and
27 cm?/mol for MgSiO;. We find that the critical volume
at which the onset of the transition occurs is nearly
independent of temperature. However, there is a
significant temperature dependence to the transition pres-
sure. With decreasing temperature the onset of the tran-
sition occurs at increasingly higher tension, such that at
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FIG. 1. Equations of state for CaSiO; and MgSiO,

perovskite. Solid lines are results from the 300 K constant
volume MD simulations. Dashed lines correspond to the static
lattice (athermal) calculations. The experimental data for
CaSiO; (Refs. 31 and 36) and MgSiO; (Refs. 34 and 35) is
displayed with open symbols. The onset of amorphization are
the constant volume and constant pressure MD simulations
occurs at 31 cm®/mol for CaSiO; perovskite and 27 cm?®/mol for
MgSiO; perovskite, both occurring under tension near —18
GPa at 300 K. At larger volumes there is a gradual buildup of
lattice defects with a reduction in tension.

50 K the onset of the transition in CaSiO; occurs at near-
ly —22 GPa.

It is important to point out that the onset of the phase
transition in these systems occurs at nearly the same
pressures regardless of whether the simulations are per-
formed under constant volume or constant stress condi-
tions. From this observation it can be inferred that
large-scale volume fluctuations do not play a primary role
in initiating the phase transition. However, within the
transition region the trajectories of the simulation sys-
tems depend critically on the boundary conditions. For
example, in the constant pressure simulations on CaSiO;
and MgSiO, carried out under tensions exceeding —18
GPa at 300 K, there is an uncontrolled rupture or cavita-
tion of the system. This rupture occurs because the state
formed at the beginning stages of the transition cannot
support such an extreme tensile stress. However, in the
constant volume simulations, the system evolves in a
more controlled manner. As the volume is incrementally
increased within the transition region, the system ree-
quilibrates with a reduction in the average tension of the
system.

Using the constant volume simulations, it is possible to
explore the structural evolution of the system throughout
the transition region. We find that for CaSiO; there is a
gradual loss of structural cohesion as the volume is in-
creased beyond 31 cm3/mol at 300 K. This disorder
arises from the formation of ‘“broken” or elongated Si-O
and Ca-O bonds which results in the reduction of both
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the silicon and calcium average coordination numbers.
With further incremental increases in volume, these de-
fects become more numerous and the structure more
disordered ultimately leading to an x-ray amorphous sys-
tem by a volume of 40 cm®/mol. The progressive loss of
long-range structural cohesion is evident in the Si-O and
Ca-O pair distribution functions displayed in Fig. 2. At
40 cm’/mol, the average rms atomic displacement from
the initial perovskite configuration is only 0.11 nm with
all excursions less than 0.28 nm. These small excursions
are consistent with a diffusionless transition, which would
naturally be expected to occur in solid state amorphiza-
tion at room temperature.

The average coordination number of silicon and calci-
um for the CaSiO; system at 300 K as a function of in-
creasing volume is plotted in Fig. 3(a). In 3(b), the evolu-
tion of the silicon speciation distribution is displayed.
The onset of the disordering at 31 cm*®/mol is marked by
an onset in the reduction of both the average silicon and
calcium coordination numbers. By a volume of 45
cm?®/mol essentially all of the silicon atoms are
tetrahedrally coordinated and the calcium atoms are in
octahedral coordination. Five-coordinated silicon occur
as a transitional species between 31 and 45 cm?®/mol.

Experimentally it is found that the short-ranged struc-
ture of glasses derived from the solid-state amorphization
of silicate perovskite is similar to that of normal
thermal-quenched metasilicate glass.?®?° In both glasses,
silicon primarily occurs in tetrahedral coordination. At
ambient pressure, the experimental volume of melt-
quenched CaSiO; glass is 40.05 cm*®/mol. In MD simula-
tions of the melt-quenched glass at this same volume (the
pressure is 0.52 GPa), silicon is almost entirely in
tetrahedral coordination, the average coordination num-
ber of 4.04, while the average coordination of calcium is
6.2. By comparison, in the simulated pressure-vitrified
glass at this same volume (the pressure is —1.96 GPa)
the average silicon coordination is 4.2, with about 15% of
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FIG. 2. Si-O (solid line) and Ca-O (dashed line) pair correla-
tion functions for CaSiO; at 300 K and volumes for 30, 35, and
40 cm>/mol.



14 844

Coordination

100
80
60
40
20

O 4—fold
s 5—fold
a 6—fold

PR T BT R B

Fraction (%)

123 =y

LA L B B A B

25 30 35 40 45 50 55
Volume (cm?®/mol)

FIG. 3. (a) Volume dependence of the average silicon and cal-
cium coordination numbers of CaSiO; obtained from the MD
simulatins at 300 K. (b) Volume dependence of the silicon
speciation distribution.

the silicon atoms in a five-coordinate site, while the aver-
age calcium coordination is 6.2. There is experimental
evidence based on 2°Si NMR that the amorphous phase
formed from CaSiO; perovskite on decompression does
contain a resolvable fraction of the silicon atoms in a
five-coordinate site.?

It is important to point out that the constant volume
algorithms do not truly mimic the nonequilibrium experi-
mental conditions which exist in samples undergoing a
pressure-induced crystal-to-amorphous transition. In
particular, the limited box sizes required in the simula-
tions severely restrict the maximum wavelength strain
fluctuations. Although this restriction appears to have
little influence on the initiation of the crystal-to-
amorphous transition in these systems, it does
significantly influence the actual trajectories of the system
within the transition region. Furthermore, the speed at
which the system is pressurized through the transition re-
gion, relative to internal structural relaxation times, will
also certainly influence the system’s trajectory. In the
constant volume molecular-dynamic simulations, we use
the undistorted perovskite structure for the initial
configuration of the crystal. The system is then allowed
to evolve from the initial undistorted configuration to its
final state with the same volume. Hence we are not able
to directly address the effect of pressurization rates on
the specific trajectories followed by the system. Never-
theless, even in light of these shortcomings, the constant
volume simulations do provide some insights into the un-
derlying structural features and dominant reaction path-
ways in the nonequilibrium region.

In support of these calculations for the CaSiO; and
MgSiO; systems, we note that the structural changes
found here for the constant volume simulations are quite
similar to those which we have also found for a model
BaSiO; perovskite system. The fundamental difference in
the case of BaSiO;, however, is that the analogous transi-
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tion occurs in this system at positive pressures and hence,
without cavitation. Here, the final amorphous product
obtained from the constant pressure runs for BaSiO;
perovskite is similar to that which we find from constant
volume runs.

Lattice-dynamical and total-energy calculations pro-
vide more detailed information about the destabilization
pathways. From a careful analysis of the critical vibra-
tional modes in the pressure region of the crystal-to-
amorphous transition, the most likely trajectories for
nonequilibrium system can be inferred. First, we have
made calculations of the elastic constants as a function of
volume to determine whether the transition in these sili-
cate perovskite systems can be linked to any underlying
mechanical instabilities. In general, for a crystal to be
stable against all infinite wavelength strain fluctuations
the Born elastic stability criteria must be met. For cubic
crystals the requisite criteria are that the bulk modulus,
K =(C;+2C,,)/3, and the pure shear moduli, G=C,,
and G'=(C;; —C,,)/2, are all positive definite.

In Fig. 4 we plot K, G, and G' as a function of volume
for the cubic perovskite CaSiO; phase, calculated from
the acoustic-phonon velocities of the defect-free static lat-
tice. In CaSiO, perovskite, all of these moduli are posi-
tive at 31.0 cm3/mol, the volume at the onset of the
structural disordering observed in the constant volume
and constant pressure MD simulations. With increasing
volume of the static lattice, the first Born criterion to be
violated is that for the pure shear moduli, G', which van-
ishes at a volume of about 36 cm®/mol. This is followed
by an instability in the bulk modulus K at a volume of
about 41 cm3/mol. The vanishing of G' indicates an in-
stability in the crystal with respect to tetragonal distor-
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FIG. 4. Evaluation of the Born stability criteria for CaSiO,
perovskite as a function of volume derived from the lattice-
dynamical calculations. The first mechanical instability in the
Pm3m structure occurs for G’ at 36 cm®/mol followed by an in-
stability in K at 41 cm®/mol. Note that all of the generalized
moduli are positive at 31 cm?/mol, the onset of structural disor-
dering observed in the constant volume MD simulations.
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tions of the cubic lattice whereas vanishing of K indicates
an instability with respect to volume fluctuations.

Although the crystal-to-amorphous transition in these
silicate perovskites does not appear to be triggered by a
mechanical instability, it does appear to be triggered by a
dynamical instability in a polar transverse optic mode at
the Brillouin-zone center. In Fig. 5 we plot the volume
dependence of the three (doubly degenerate) transverse-
optic mode frequencies at the I' point for CaSiO,
perovskite in the ideal cubic structure. The mode fre-
quencies displayed in this plot were obtained from both
the quasiharmonic lattice-dynamical calculations and the
molecular-dynamic simulations. In the latter, the mode
frequencies correspond to maxima in the Fourier trans-
form of the electrical flux autocorrelation function. With
increasing tension, the first quasiharmonic mode frequen-
cy to vanish is that of the lowest-lying transverse-optic
mode at a volume of 32.0 cm®/mol. This volume is only
slightly larger than that observed for the onset of the
crystalline-amorphous transition in the 300 K MD simu-
lations. The near coincidence of the vanishing of the
transverse-optic mode frequency and the onset of disor-
dering in the MD simulations strongly suggests that this
mode plays an important role in triggering the cata-
strophic progression of the CaSiO; system to an amor-
phous state.

At the Brillouin-zone center, the transverse-optic
modes all have the same symmetry (I';5) and hence can
couple with each other. At the smallest volumes the
highest frequency transverse-optic mode primarily arises
from an antisymmetric stretch (v,) of the SiO4 octahedra.
The mid- and low-frequency transverse-optic modes pri-
marily involve octahedral bending deformations with ei-
ther out-of-phase or in-phase cation (Si-Ca) translations.
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FIG. 5. Volume dependence of the transverse-optic mode fre-
quencies (I';5) at the Brillouin-zone center of the cubic
perovskite Pm3m phase of CaSiO;. Solid lines are the quasihar-
monic frequencies calculated from lattice dynamics and dashed
lines with symbols are frequencies obtained from the MD simu-
lations at 300 K through a Fourier transform of the electrical
flux autocorrelation function.
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Starting at the smallest volumes, the high-frequency v,
mode decreases the most rapidly with increasing volume.
Due to a symmetry-avoided crossing at larger volumes
this mode strongly couples to the two lower-frequency
deformation modes. Ultimately, the lowest-frequency
transverse mode condenses at a volume of 32 cm?®/mol.
The atomic motions involved in this mode at the instabil-
ity volume primarily involve an in-phase translation of
both the silicon and calcium ions along the octahedral ax-
ial direction with an out-of-phase translation of the oxy-
gen atoms along the same axes. This same low-frequency
polar optic mode is related to the classic ferroelectric dis-
tortion exhibited by cubic BaTiO; perovskite on cooling
from high temperatures. In BaTiO; perovskite, this fer-
roic mode couples in second order to the G’ and K elastic
moduli thus resulting in a tetragonal P4mm distortion
and discontinuous volume change of the lattice at the
paraelectric-ferroelectric phase transition.

To further investigate the primary reaction pathway
involved in the crystalline-amorphous transition in
CaSiO; perovskite we have calculated the enthalpy of the
defect-free static lattice along the Pm3m-P4mm reaction
coordinate. The relation of the P4mm phase to the
parent Pm3m perovskite phase is displayed in Fig. 6(a).
For this reaction coordinate there are five degrees of free-
dom: three internal coordinates describing the relative
displacement of the Ca, Si, and O atoms in the z direc-
tion, the ¢ /a tetragonal distortion parameter, and the lat-
tice volume. In Fig. 6(b) we give the static lattice enthal-
py as a function of ¢ /a along the reaction coordinate for
various values of the pressure. At each pressure and ¢ /a
value, the four remaining structural parameters were op-
timized to give the minimum enthalpy. At zero pressure
the enthalpy monotonically increases with increasing dis-
tortion along the P4mm reaction coordinate. However,
as the pressure is decreased a secondary minimum devel-
ops on the enthalpy surface. At about —12 GPa the
enthalpy at this secondary minimum is equal to that of
the cubic perovskit\e/phase. In this phase the ¢ /a ratio is
roughly equal to V2 and the volume is approximately
20% larger than that of the cubic perovskite phase. At
the minimum, the silicon atoms in the P4mm phase have
moved along the octahedron axial direction of the
pseudo-five-coordinated site within the square pyramid
polyhedra. The calcium atoms in this phase have moved
off of the perovskite mirror plane and lie in the
eightfold-coordinated sites.

At —12 GPa the enthalpy barrier between these two
phases is approximately 1100 K. With increasing tension
the depth of the enthalpy minimum of the P4mm phase
decreases dramatically relative to that of cubic
perovskite. At —18 GPa, the pressure at which the onset
of the disordering is observed in the MD simulations at
300 K, the enthalpy barrier is only about 300 K. Howev-
er, at this tension, the P4mm phase cannot be stabilized.
In fact, the P4mm phase itself becomes dynamically un-
stable at tensions in excess of about —12.5 GPa.
Lattice-dynamical calculations reveal that the first vibra-
tional mode to become unstable in the P4mm phase is a
SiO;s polyhedra rotational mode along the edge of the
Brillouin zone between the Z(001) and A(111) points as
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is evident in Fig. 7. This mode occurs at a k vector of
(0.636,0.636,1) and results in a doubling of the unit cell in
the ¢ direction but is incommensurate with the underly-
ing P4mm lattice in the ab plane. The incommensura-
tion, however, lies fairly close to that of a cell tripling
point in the a and b directions.

Lattice-dynamical dispersion relations along symmetry
directions for the P4mm phase at —12, —18, and —20
GPa are shown in Fig. 7. At —18 GPa, the pressure of
the onset of the initial thermally activated step, there are
a number of unstable phonon branches which occur in
the P4mm structure. The most dominant of these is a
transverse-acoustic branch which is unstable throughout
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FIG. 6. (a) Structural change along the Pm3m— P4mm reac-
tion coordinate. (b) Constant pressure enthalpy surfaces for the
CaSiO; perovskite static lattice as a function of the c/a ratio
along the Pm3m—P4mm reaction coordinate (the constant P
surfaces range from O to —20 GPa in 2 GPa increments). With
increasing tension a minimum develops in the enthalpy surface
near a /c value equal to V2. At this minimum, silicon is in five-
fold coordination and calcium is in octahedral coordination.
The Pm3m and P4mm phases have the same enthalpy at about
—12 GPa and are both mechanically and dynamically stable at
this pressure.
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FIG. 7. (a) Quasiharmonic phonon-dispersion relations for
the CaSiO; P4mm phase at —12, —18, and —20 GPa. At —12
GPa the P4mm phase is dynamically stable. The first instability
occurs at —12.5 GPA for an incommensurate mode along the
Brillouin-zone boundary between A4 and Z at k=(0.636,
0.636,1). At —18 GPa, entire acoustic branch in the I'-M- 4-Z-
I" plane is unstable. This branch corresponds to various rota-
tional and deformational motions of the SiOs polyhedra. At
—20 GPa, an entire optic branch in the I'-X-R-Z-T" plane also
becomes unstable in the constrained P4mm structure. Conden-
sation of any mode along this nearly dispersionless results in the
transformation of the P4mm structure to a pyroxenelike struc-
ture made up of corner-linked chains of silica tetrahedra. (b)
The different pyroxenelike structures which result from conden-
sation of the unstable optic mode at the T, Z, X, and R points.
Condensation of the I' mode results in the formation of parallel
chains of corner-shared SiO, tetrahedra where each tetrahedra
has the same spatial orientation. Condensation at the Z point
results in a structure similar to that obtained from I' except that
adjacent chains above and below the a-b plane (not shown in the
figure) have an opposite orientation. Condensation of the X
mode results in the formation of tetrahedral chains with a two-
unit repeat in the x direction. Condensation at R results in a
similar structure to that obtianed from X except that the orien-
tation of the tetrahedra is opposite in adjacent chains above and
below (not shown) the a-b plane.
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the entire I'-M- A-Z-T" Brillouin-zone plane. This branch
corresponds to various rotational and deformational
motions of the SiOs polyhedra.

At a slightly larger tension of —20 GPa, a dispersion-
less low-lying optic mode in the I'-X-R-Z-T" plane also be-
comes unstable in the constrained P4mm structure. It is
the modes along this infrared-active optic branch that are
related to the fivefold to fourfold silicon coordination
change. Condensation of any mode along this optic
branch within the I'-X-R-Z-TI" plane results in the trans-
formation of the P4mm structure to a pyroxenelike struc-
ture made up of corner-linked chains of silica tetrahedra.
In these modes, the silicon atoms within each pyramidal
polyhedra displace toward one of four neighboring
symmetry-related tetrahedral sites. The different
pyroxene-type structures which result from the condensa-
tion of this soft optic mode at the ', X, R, and Z points
are displayed in Fig. 7. The principal difference between
these modes is the phase relationship of the silicon dis-
placements in neighboring pyramidal units. For the optic
mode at T, the silicon atoms all move toward the same
tetrahedral site. Condensation of this mode results in the
formation of parallel chains of corner-shared SiO,
tetrahedra where each tetrahedron has the same spatial
orientation. Due to symmetry, these chains can form
along either the x or y axes. Condensation of the unsta-
ble mode at the Z point results in a c-doubled structure
where the tetrahedra all have the same orientation in the
x-y plane, as at the I' point, but adjacent chains above
and below have an opposite orientation. For an X point
condensation, the tetrahedron orientation alternates
along the chain direction and all adjacent chains are iden-
tical. The R point mode is similar to the X point except
that the tetrahedra in adjacent chains above and below
the x-y plane have an opposite orientation. Again, for all
of these modes, the tetrahedral chains can form along ei-
ther the x or y axes.

As mentioned, the soft optic branch related to the for-
mation of silica tetrahedral chains does not condense in
the constrained P4mm static structure until a tension of
—20 GPa is reached. We find, however, that if the py-
ramidal rotational and deformational type modes which
are soft in the P4mm structure at tensions greater than
—12.5 GPa are allowed to condense and further lower
the symmetry, then the optic branch related to the silicon
fivefold to fourfold coordination change becomes destabi-
lized at a much lower tension. In particular, with only
the slightest deformation of the pyramidal units, this en-
tire optic branch is unstable at — 18 GPa, the pressure at
the onset of the first thermally activated step which ini-
tiates the crystal-to-amorphous transition in these model
silicate perovskites.

In conclusion, we can speculate on several details of
the crystal-to-amorphous transition in silicate perovskites
which may also have general relevance to other systems.
In calcium silicate perovskite the crystal-to-amorphous
transition is triggered by a soft ferroic mode whose atom-
ic displacements lead to an intermediate crystalline phase
with calcium in eightfold coordination and silicon in a
pseudo-five-coordinate site. This first stage of the
crystalline-to-amorphous transition is a thermally ac-
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tivated process which at 300 K and picosecond time
scales occurs in our model system at a pressure of —18
GPa. At this pressure, the intermediate fivefold-
coordinated silicon phase is only a transitory state; addi-
tional modes of instability are encountered along the re-
action coordinate which connects the cubic perovskite
phase and the P4mm ferroelectric phase. These addition-
al instabilities do not require thermal activation and ulti-
mately lead to an amorphous state where silicon is in
tetrahedral coordination.

It seems likely that the condensation of any one unsta-
ble mode alone would simply result in a coherent dis-
placement of the atoms without amorphization. Howev-
er, it is the fact that a number of unstable modes are
simultaneously encountered in the intermediate P4mm
phase that ultimately results in the transformation to an
incoherent amorphous phase. In the P4mm phase the
soft optic branch which precipitates the coordination
change is nearly dispersionless within the entire I'-X-R-
Z-T" Brillouin-zone plane and thus provides a number of
alternate energetically barrierless routes for the silicon
fivefold to fourfold coordination change. Condensation
of a single mode of this optic branch at any of the high-
symmetry points in the Brillouin-zone results in the for-
mation of pyroxenelike structures comprised of corner-
linked chains of SiO, tetrahedra. Condensation of modes
within the plane leads to incommensurate structures.
The precise pathway that any particular region within a
sample actually takes is critically sensitive to the stress
field and temperature of the sample. Because the soft
mode associated with the silicon coordination change
couples so strongly to the volume, the local stress field
around a nucleation site will be drastically altered as the
domain grows. As a result, neighboring regions would
experience a different local stress which would invariably
alter the progression of instabilities in which they en-
counter.

Finally, it has been suspected that similar instability
features may also underlie the pressure-induced crystal-
to-amorphous transition in quartz and other materi-
als.10:17:18,38 pqy example, at the pressure where disorder-
ing first begins in metastable quartz, the oxygen sublat-
tice is very close to a bce packing with silicon in highly
strained tetrahedral sites.!”3®  Neighboring these
tetrahedral sites are a number of symmetry-related octa-
hedral sites. The translation of the silicon atoms to the
octahedral sites in the strained quartz lattice can likely
occur via a number of distinct vibrational modes. Again,
it is the activation of multiple low barrier pathways is
likely to underlie the ultimate decohesion of the metasta-
ble crystal.

It is important to end with the caveat that the results
presented here are only for a model silicate system. The
details of the crystalline-amorphous transition in any sys-
tem will certainly be dependent on the exact description
of the interatomic energy surfaces employed. In this
work we have used only the simplest representation of
this potential surface based on the central pair approxi-
mation. It is clear that the energy surface in silicates can-
not be accurately described by such a simple model, espe-
cially in attempting to model behavior across coordina-
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tion changes. The fact that the transitions we observe in
simulations occurs at such extreme negative pressures, in-
stead of near ambient pressure as is experimentally ob-
served, is a partial reflection of the inadequacy of the in-
teratomic potentials. In particular, it is well known that
an inclusion of nonspherical charge polarization is crucial
for a faithful description of the energetics along the fer-
roelectric reaction coordinate. Irrespective of these
shortcomings, however, we believe that these simulations
do illuminate the fundamental mechanistic aspects which
underlie the crystal-to-amorphous transition of silicate
perovskites in nature.
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