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Fundamental crystal chemistry and first-principles total-energy calculations are used to examine
and metastable high-pressure silica structures. We find that a large class of energetically comp
phases can be generated from hcp arrays of oxygen with silicon occupying one-half of the octa
sites. Calculations for specific structures provide an explanation for a number of recent high-pr
results for crystalline silica and allow us to understand the nature of the short- and intermediate
order in the high-pressure amorphous state. [S0031-9007(98)05385-X]
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The nature of silica under pressure has been of lo
and continuing interest due to its wide ranging implica
tions in geophysics, materials science, and fundamen
physics [1]. Since the discovery of stishovite [2], a dens
polymorph of silica with octahedrally coordinated silicon
there has been significant interest in the possibility o
denser phases at high pressure. It has been shown
stishovite undergoes a displacive phase transformation
the CaCl2 structure type at pressures above 50 GPa [3],
excellent agreement with first-principles predictions. It
behavior at higher pressures is not clear, as new pha
have been observed from both static and dynamic co
pression of amorphous silica [4,5],a-cristobalite [6,7],
and a-quartz [8,9], but the analysis of much of this dat
is difficult and contradictory. Several experimental stud
ies have yielded different results at similar pressure a
temperature conditions. Recently, a new post-stishov
phase designatedPnc2-type silica has been proposed
theoretically [10] and reportedly synthesized at high pre
sure [5]. There is also experimental and theoretic
evidence for the possibility of other post-stishovite phas
including those having the Fe2N [4], a-PbO2 [8], I2ya
[11], baddelyite, fluorite, andPa3 [12,13] structures.
Moreover, there is considerable evidence for polymo
phism in amorphous silica at high pressure [14],
phenomenon closely related to its pressure-induced am
phization [1]. Hence, it is still unclear what phases o
silica are stable at high pressure, what types of metasta
phases are possible, and what structural similarities m
exist among them.

In this Letter, we show that the structure types of si
ica with octahedrally coordinated silicon can be visualize
and understood in a simple manner. This allows us
methodically generate a series of previously unexamin
structures. First-principles calculations of the energeti
of these structures show the possibility for extensive pol
morphism at high pressure with an essentially infinite num
ber of energetically competitive structures. The results
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these calculations provide an explanation for the seemin
disparate experimental results for silica and reveal the n
ture of the order and disorder in the dense amorphous st

Many crystal structures can be visualized in terms
close-packed arrays of anions or cations. These arr
can be described as either hexagonal (hcp) or cubic (cc
or mixtures of the two stacking sequences. For each
in the array, there are two available tetrahedral interstic
and one available octahedral interstice.

Stishovite, the thermodynamically stable form of silic
above 7 GPa [1,2], possesses the rutile structure and
be described as a distorted hcp array of oxygen ions w
one-half of the available octahedral interstices occupied
silicon ions to form straight chains of edge-sharing SiO6

octahedra which are corner linked betweenABAB . . . lay-
ers to form a three dimensional network [similar to CaC2

as shown in Fig. 1(a)]. Thea-PbO2 structure is observed
as a postrutile phase in a number of analogous syste
and can also be described in terms of a hcp packing of o
gen. However, in this case the silicon ions are arrang
in such a way as to generate2 3 2 zigzag chains of edge-
sharing octahedra [Fig. 1(e)]. These structures can also
described asdeconstructionsof their MX superstructures
[15], which for hcp and ccp are the NiAs and NaCl struc
ture types. In both structures, the cations occupy all
the octahedral sites between the close-packed anion lay
The removal of one-half of theM ions from the NiAs struc-
ture can lead to the generation of the rutile anda-PbO2

structures. Novel framework structures ofMX6 octahedra
can be generated by constructing NiAs or NaCl-type sup
cells, or combinations of these stackings and methodica
removing one-half of the metal ions according to simp
rules [15].

We used this method ofdeconstructionto derive new
octahedral framework structures. After generating
new structure, a supercell was constructed and allow
to relax underP1 symmetry using an enthalpy mini-
mization method combined with the BKS interatomi
© 1998 The American Physical Society 2145
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FIG. 1. Representations of the (a) CaCl2, (b) 4 3 4-SnO2,
(c) 3 3 3-a-NaTiF4, (d) 3 3 2 P21yc, and (e)a-PbO2 struc-
ture types. The left-hand figures show one layer of th
ABAB . . . stacking of hcp oxygen anions (white) with one-ha
of the octahedral interstices filled with silicon ions (black). Th
right-hand figures show how these patterns form edge-shar
octahedral chains with various degrees of kinking.

potential [16]. This potential has been shown to acc
rately model the equations of state of both quartz a
stishovite [17]. These structures were compressed
100 GPa and checked for both mechanical and dynam
cal stability. Structures with competitive enthalpie
sH ­ E 1 PV d were optimized using first-principles
calculations, and their equations of state and enthalp
were obtained.

First-principles pseudopotential plane-wave tota
energy calculations within the local density approxima
tion (LDA) to electronic exchange and correlation wer
performed on the model structures [18,19]. This meth
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accurately reproduces many of the physical propertie
of silica [1,11,20]. Vanderbilt ultrasoft pseudopoten-
tials [21] were generated for silicon and oxygen. The
electronic degrees of freedom were minimized using
a preconditioned conjugate-gradient method, and bot
the ionic positions and the cell parameters were fully
optimized at all volumes. Because of extremely smal
energy differences between structures, a convergence
0.005 eVySiO2 unit was employed for energy differences
with respect to kinetic energy cutoff and for the total
energy with respect to Brillouin zone integration. A
plane-wave cutoff of 400 eV was found to sufficiently
converge the structures and their energy differences. Th
Monkhorst-Pack specialk-point grids for the Brillouin-
zone integration are given in Table I. In addition, we
calculated the equations of state of stishovite and CaCl2-
type silica using the generalized gradient approximatio
(GGA) proposed by Perdewet al. [22]. We find the

TABLE I. Calculated structural parameters at 120 GPa, spac
groups, formula unitsycell, and Monkhorst-Pack grids for the
structures described in the text.

Structure Atom x y z

CaCl2-type Si(1) 0 0 0
Pnnm f58g Z ­ 2 O(1) 0.2967 0.3041 0
a ­ 3.807 Å, b ­ 3.816 Å,

c ­ 2.489 Å
MP grid ­ f446g

4 3 4 SnO2-type Si(1) 0 0.0659 1
4

Pbcn f60g Z ­ 12 Si(2) 0.9990 0.3580 0.4164
a ­ 3.700 Å, b ­ 4.652 Å, O(1) 0.2638 0.1185 0.0274

c ­ 12.551 Å O(2) 0.7632 0.0980 0.1395
MP grid ­ f442g O(3) 0.2422 0.3393 0.1939

3 3 3 NaTiF4-type Si(1) 0 0.7921 1
4

Pbcn f60g Z ­ 8 Si(2) 0 1
2

0

a ­ 3.702 Å, b ­ 4.652 Å, O(1) 0.7420 0.0286 0.1656
c ­ 8.352 Å O(2) 0.7621 0.7593 0.4156

MP grid ­ f442g

3 3 2 P21yc-type Si(1) 1
2

0 0

P21yc f14g Z ­ 6 Si(2) 0.1660 0.5009 0.9688
a ­ 7.088 Å, b ­ 3.705 Å, O(1) 0.0535 0.2429 0.6511

c ­ 4.652 Å O(2) 0.7208 0.2418 0.1864
b ­ 118.05± O(3) 0.3873 0.2373 0.6597
MP grid ­ f244g

2 3 2 a-PbO2-type Si(1) 0 0.1502 1
4

Pbcn f60g Z ­ 4 O(1) 0.2576 0.3870 0.4201
a ­ 3.711 Å, b ­ 4.651 Å,

c ­ 4.159 Å
MP grid ­ f444g

2 3 2 Pnc2-type Si(1) 0 0 0.1366
Pnc2 f30g Z ­ 4 Si(2) 1

2
0 0.8362

a ­ 4.159 Å, b ­ 3.711 Å, O(2) 0.3299 0.2424 0.0995
c ­ 4.651 Å O(2) 0.1701 0.7424 0.3734

MP grid ­ f444g
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LDA provides a significantly better prediction of the
experimental equations of state [1].

In contrast to previous work on dense silica in
which only a few specific structures were examine
[1,10,11,20], we generated several thousand structu
during the course of this study. We find the mos
favorable are constructed of edge-sharing octahed
chains with varying degrees of kinking. The density o
these structures correlates with the number of kinks alo
the chains. Among these, stishovite (straight chains)
the least dense, whilea-PbO2 type (the most possible
kinks in its 2 3 2 zigzag chains) is the densest, with
an essentially infinite number of intermediate structure
As archetypes, we discuss the results for structures w
4 3 4, 3 3 3, and 3 3 2 kinked octahedral chains in
sABAB . . .d stacking, and compare them to previousl
examined structures and experimental diffraction data.

In agreement with previous work [3,20] these calcula
tions find stishovite to be the most stable phase to 55 GP
whereupon it undergoes a displacive phase transition
the CaCl2 structure type. The layers of oxygen anion
adopt what appears to be a closer packing than is
lowed by the rutile structure. The concept of eutax
[23] states that structures adopt these packings not
cause ions behave as “hard spheres,” but because th
arrays offer effective geometric solutions to maximize th
anion-anion and cation-cation separations while mainta
ing near ideal cation-anion bond lengths. The favorab
ity of these structures at high pressure is determined
a delicate balance between maximizing cation-anion
tractions, minimizing anion-anion and cation-cation repu
sions, while simultaneously maximizing the density.

Our theoretically predicted sequence of high-pressu
structures is as follows (see Fig. 2). At 85 GPa, th
a-PbO2-type becomes the stable phase. It is denser th
the CaCl2-type and allows greater oxygen-oxygen sep
ration. TheI2ya-type [11], is not favored at high pres-

FIG. 2. Enthalpies of silica structures relative to the enthalp
of stishovite as a function of pressure. The inset considers
wider enthalpy range.
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sure due to its low density relative to stishovite. We al
find that silica in the baddelyite structure is not ene
getically competitive with the structures discussed he
and it is mechanically unstable below 100 GPa. Abo
95 GPa, the kinked phases presented here are all
ferred relative to the CaCl2-type structure. The4 3 4
structure type [Fig. 1(b)] has been reported for an e
taxially modified form of SnO2 [24]. The 3 3 3 struc-
ture type [Fig. 1(c)] is adopted bya-NaTiF4 [25]. The
3 3 2 structure type [Fig. 1(d)] is previously unreporte
and found to be only slightly higher in enthalpy than th
2 3 2 a-PbO2 type. Finally, at pressures above 205 GP
the Pa3-type structure becomes the stable phase. As
intermediate kinked phases are both structurally similar
and enthalpically competitive with the CaCl2 anda-PbO2
structures, there is considerable possibility that they m
exist as metastable phases at high pressure. We now s
that these predictions can be used to reinterpret recent
perimental high-pressure results for SiO2.

Recently, Dubrovinskyet al. [5] reported the syn-
thesis of Pnc2-type silica through the laser heating o
amorphous silica at high pressure. When thePnc2-type
structure is examined using first-principles methods,
adopts the higher symmetryPbcn space group. At any
given pressure, the optimizedPnc2 anda-PbO2 structures
have the same total energies and simulated diffract
patterns. A simple cell transformation [26] confirm
that the two optimized structures (Table I) are iden
cal. It is likely that Dubrovinskyet al. synthesized the
a-PbO2 phase based upon the good agreement betw
experimental and theoretical diffraction patterns. Germ
et al. [8] have claimed synthesis ofa-PbO2-type silica
from the dynamic compression of quartz, but we fin
poor agreement between their reported and our theoret
diffraction patterns. Based upon the similarities betwe
the experimental diffraction pattern and those reported
the kinked phases, we believe this experiment resul
in the synthesis of a similar metastable phase, as
unidentified.

Kingma et al. [9] recently reported the synthesis of
dense phase from nonhydrostatic compression of po
crystalline quartz to 213 GPa at room temperature. W
find that compression of an 18-atom orthorhombic cell
a-quartz above 25 GPa using an enthalpy minimizati
scheme with the BKS interatomic potential [16] results
a diffusionless transformation to the3 3 2-kinked P21yc
phase. We generated simulated powder diffraction p
terns from LDA-derivedP21yc unit cells as a function of
pressure and found a close correspondence between
experimental and theoreticald spacings (Table II). This
good agreement, along with the low enthalpy of theP21yc
structure, suggests that it may have been synthesized
metastable phase. Moreover, Liuet al. [4] reported syn-
thesis of the defect-niccolitesFe2Nd structure from laser-
heating silica at high pressure. This corresponds to
dense ordered hcp array of oxygen ions with silicon d
ordered over the octahedral sites. This is consistent w
2147
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TABLE II. Comparison of Kingmaet al. diffraction data to
the theoretical diffraction record of theP21yc-type at a pressure
of 173 GPa.

shkld Experimental P21yc-type

s 111d · · · 2.82
s011d 2.68 2.69
s 211d 2.46 2.45
s111d 2.30 2.23
s300d 2.04 2.05
s310d 1.79 1.76
s 322d 1.36 1.34
s411d 1.19 1.17

a ­ 6.9s2d Å, a ­ 6.96 Å,
b ­ 3.7s2d Å, b ­ 3.62 Å,
c ­ 4.7s3d Å c ­ 4.57 Å
b ­ 118.3s2d± b ­ 118.2±

our finding that there is an essentially infinite number
energetically competitive structures based on dense
dered arrays of oxygen with silicon filling one-half of the
octahedral sites. Very recently, another metastable ph
that fits this framework has been synthesized from cris
balite [7].

This also explains the nature of short- and intermedia
range structure in high-pressure amorphous silica. T
nature of the changes in bonding topology from a tetrah
dral random network to denser forms at high pressure h
remained elusive [1,14]. Our calculations indicate th
the high-density amorphous form (e.g., produced on sta
compression of silica glass [14]) can be described as
dense array of oxygen ions with silicons disordered ov
the octahedral sites. Hence, the dense amorphous fo
may contain significant short- and intermediate-ran
order, as suggested by Primak [27,28].

In summary, we show there is the possibility for ex
tensive polymorphism in silica at high pressure, with a
essentially infinite number of structures that can be d
scribed as eutactic hcp arrays of oxygen with one-half
the octahedral interstices occupied by silicon. We find t
sequence of stable phases with pressure to be stisho
) CaCl2-type ) a-PbO2-type ) Pa3-type, but with
the possibility for distinct but closely related metastab
phases. The results further lead to the view that the hig
pressure amorphous state can be described as essen
ordered eutactic arrays of oxygen with the silicon diso
dered over the octahedral sites.
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