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A New Phase and Pressure Induced Amorphization in Silica
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Using first principles variable cell shape molecular dynamics, we predict a new structure for silica.
This structure results from annealingquartz at pressures near a major phonon instability. The new
phase is obtained by rotations of Si@trahedra producing edge-sharing Si@ctahedra and SiO
cuboids. This type of mechanism was proposed to account for structural transitions in silicate melts
and amorphous solids under pressure. Here this mechanism is observed in a crystalline to crystalline
phase transformation for the first time. The diffraction pattern of the new phase compares favorably
with that of the unidentified intermediate crystalline phase found in silica during the amorphization.
[S0031-9007(98)05382-4]

PACS numbers: 61.50.Ks, 61.43.—j, 75.40.Mg, 81.30.—t

Although pressure induced amorphization occurs in a The stable phases of SiQunder pressure are quartz,
wide variety of solids [1], it remains a poorly understood coesite, and stishovite, in this order. At room temperature,
phenomenon. Our Letter is concerned with a crystal-tothe transformations to coesite=3 GPg and stishovite
crystal phase transformation which occurs in quartz bet=7 GP3g are kinetically inhibited. Consequently, quartz
fore it amorphizes at room temperature under pressurean be kept metastable up to 21 GPa [10]. This seems
These crystal-to-crystal and eventual amorphization trande be a common property of systems that have been ob-
formations involve metastable phases with the nature oferved to amorphize under pressure: the parent phase is
the intermediate crystalline phase being unknown. Diadriven far beyond its stability field before it amorphizes
mond anvil cell experiments in quartz have shown that th¢l]. The experimental observations at the onset of amor-
amorphous phase develops out of this intermediate cryghization in quartz are somewhat complex, but it is clear
talline phase [2,3] There is great interest in clarifying thethat around 21 GPa a new crystalline phase appears in
nature of this new phase and the role it might play in thea lamellar microstructure. The amorphous phase devel-
amorphization process. ops out of this new phase. As pressure increases, the

We show that the experimentally observed x-ray diffrac-amorphous regions grow and finally coalesce at pressures
tion pattern of the intermediate crystalline phase comparesear 30 GPa [2]. Samples recovered from above 30 GPa
favorably with that of a structure generated by firstappear to be entirely amorphous, while those recovered
principles variable cell shape molecular dynamics (FPfrom below this pressure contained crystalline regions.
VCS-MD) simulations of quartz near the onset of aThis fact explained an amazing property of the apparently
major acoustic phonon softening. This phonon instabilityamorphous quartz: the pressure quenched phase, although
has been predicted by lattice dynamics calculations baseamorphous as under x ray, displayed anisotropic elastic
on interatomic potentials [4—7] to occur at tRepoint of ~ properties [11]. A closely related phenomenon also oc-
the Brillouin zone (BZ). Such calculations show a con-curs in AIPQ-berlinite [12,13], except that its pressure
siderable softening of thentire lowest acoustic branch: quenched phase seems to revert to the parent phase.
the branch exhibits a dispersion of the orderk®fwhen We note a strong parallel between experiment and the-
the instability occurs. Also, the softening of the acousticory. Experimentally, an intermediate crystalline phase ap-
branch is manifested as a shear instabilityaim initio  pears from which the amorphous nucleates. Theoretically,
calculations of the Born mechanical stability criteria atthe lowest acoustic state at tifepoint becomes unstable
similar pressures [7,8]. In pioneering molecular dynamicsat a pressure around which the entire acoustic branch is
simulations of the quartz crystal-to-crystal transformationcharacterized by soft modes. The identification of the in-
based on interatomic potentials, Somayazatual.[9] termediate crystalline phase, originating from the zone-
observed a transformation to a complex monoclinic phaseedge instability, would suggest that a more generalized
however, its x-ray diffraction pattern did not compare fa-softening of the acoustic states is behind the gradual amor-
vorably with the experimental one. We find, instead, thaphization. The zone-edge eigenmode involves rotations
a different structure which derives from tik&zone-edge of the SiQ tetrahedra and small distortions. As pointed
phonon, and has higher symmetr§3,, quantitatively out by Stolper and Ahrens [14], such rotations may pro-
explains the experimental data on the new phase. vide extremely convenient paths for gradual coordination
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changes and densification in silicate melts, glasses, and
possibly pressure induced amorphization. Q
We investigated this problem using FP-VCS-MD [15]. v
The calculations were performed within the local density
approximation [16]. We used the Perdew-Zunger [17]
parametrization of the Ceperley-Alder [18] exchange- Q
correlation functional. Troullier-Martins pseudopotentials
[19] were employed as in previous studies [8]. Likewise,
the plane-wave energy cutoff was taken to be 64 Ry, and pH fw
the Brillouin zone sampling for self-consistency included Q J\J"

only the I' point. Our runs started from an atomic 11
configuration obtained after equilibrating quartz at 19 GPa (W Q(01) Q(loz)Q( ‘L”
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and superimposing ionic displacements proportional to the
normal mode amplitude of the lowest acoustic phonon at Q(100)
K [7]. The supercell contains 27 atoms. We optimized its (b) Q(110)
geometry while compressing it to 33 GPa. The resulting —\
structure was then annealed at 33 GPa at temperatures Q(01) 8852;
fluctuating between 300-600 K for 0.8 ps followed by
a rapid quench to 0 K. The x-ray diffraction patterns
of the structures, before and after the anneal differed Q(100)
(see Fig. 1) [20], suggest that considerable structural (©) A
rearrangements occurred during the annealing process. ;
Owing to the strong rearrangements, we followed this Q’,\ ¥ Ne ]
run with another anneal for an additional 0.8 ps at A Q
300-600 K while compressing to 40 GPa and followed % : '
by another rapid quench to 0 K. The x-ray diffraction 1 ; N(212)
pattern after the second anneal was basically identical 500 N Y NG00
to the first one, which indicated that the structural Qi | N*(210)
rearrangement had proceeded to completion. (V N(@211) N30y |
. . )
Before annealing the structure at 33 GPa, the resulting N(210) N°(102)
phase consisted of rotated and highly distorted;Sé&fra-
hedra. Alternatively, the structure could be described as .
containing SiQ octahedral and SiQcuboid “embryos” () Q’ Q y

inside which silicons retained four predominant nearest '.*\ * ,"
neighbors. This structure was 9% denser than quartz. Af- ‘W/\
1

N°(120)
N°(201) N'(102)

ter the anneal, silicons moved to the center of these poly- /
hedra and became fully six- and fivefold coordinated. Its *
density was essentially the same, i.e., 10% denser than ® J
quartz. The final structure is contrasted to the quartz j
structure in Figs. 2 and 3. The final structure contains
pairs of edge-sharing Sibctahedra arranged in a double 15

helix configuration with the branches of the helix touch-

ing each other and forming the triangular orange units Energy (keV)

shown in l_:Ig. 3(b). Thgse units are Interlln!(eq by hlghlyFIG. 1. Energy dispersive x-ray diffraction patterns. Quartz
distorted fivefold coordinated cuboids consisting of face-t 17 GPa obtaineda) experimentally and lf) in the present
sharing tetrahedra [yellow polyhedra in Fig. 3(a)]. Thiscalculation (19 GPa). ¢j Relaxed structure at 33 GPa after su-
type of fivefold site differs from those forming square perimposing atomic displacements corresponding to the lowest
pyramids recently found in a crystalline calcium silicate @coustic phonon mode at & point of the BZ on the structure

. . hown in ©). (d) The intermediate crystalline phase found ex-
material at high temperatures and pressures [21], and 0ﬁérimentally at 25.5 GPa.e) The newly found phase obtained

tained in simulations of quartz under nonhydrostatic presat 40 GPa after relaxation to 26 GPa.f)(The experimental
sure by Badreet al. [22]. spectrum at 27.4 GPa.

The octahedral stishovite phase is the stable structure
in the pressure range for which this new phase is foundnore stable the structure is within this pressure range.
Therefore, structures containing a certain fraction ofOur new phase contains two-thirds (one-third) of silicons
silicons in octahedral sites should be more stable tham sixfold (fivefold) sites. At 33 GPa, the enthalpy for
phases containing silicons exclusively in tetrahedral sitegshe new structure is 0.10 g'dtom lower than for quartz;
Presumably, the larger the fraction of octahedral sites, ththis difference increases to 0.13 gfom at 40 GPa.
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neighbors located between 1.55 and 2.03 A, and fivefold
Si2 sites with neighbors located between 1.62 and 1.80 A.
The predicted x-ray diffraction lines of the new phase
are compared to the experimental observations at 25.5 and
27.4 GPain Fig. 1. The comparison is made after decom-
pressing the structure obtained at 40 GPagat 3 GPa.
Except for one peak at approximately 30 keV, we see a
very good agreement between the theoretical and experi-
mental spectra. This extra peak might exist, but it may
be obscured in the experiment by the large background
and low resolution within this pressure range. We have
indexed the peaks with respect to the space grB@p
which is a subgroup of the quartz space graep 21.
The only symmetry operations of quartz which remain in
a'QuartZ the new phase are the threefold screw rotations along the
FIG. 2(color).  Silica in the quartz structuret— 0 GPa. (a) hexagonat axis. The structural parameters for the phase

top view (along thee axis) of quartz, (b) side view of the 2ar€ presentedinTablel.
tetrahedral double helix, and (c) its projection along ¢heis. The number of atoms in our runs was chosen to
accommodate the atomic configuration resulting from a
Before the first anneal, the structure at 33 GPa had twparticular phonon modulation at thé point of the BZ.
thirds of silicons fourfold coordinated inside distorted Our results confirm the |nstab|||ty Suggested by pair-
oxygen octahedra. Around these silicons, O-O separatiogotential calculations, giving evidence that the new phase
distances varied from 2.4 to 2.9 A The four neareSUeriveS from the Zone_edge mode. It is possible that
neighbors are located at1.57-1.62 A, and the two other structures might be found by considering different
next nearest neighbors between 2.35 and 2.53 A. Theypercell geometries [23], as phonon instabilities occur at
remaining silicons had four neighbors at.59-1.62 A higher pressures across the entire lowest acoustic branch.
and one more at 2.56 A. The next neighbors are beyongigwever, the results in Fig. 1 show that the natural choice
2.82 A This can be Compared with quartZ, which ha&)f a modulation Corresponding to the saft phonon
four first neighbors a¢=1.60 A and four second neighbors |eads to a structure which captures the main structural
at 2.80 A. Stishovite has six first neighbors ranging fromeharacteristics of the new phase.
1.76 to 1.81 A at zero pressure. In contrast, the final The identification of this new crystalline phase can be
structure has sixfold Sil and Si3 sites (see Table I) withnterpreted as evidence that the driving force behind the
amorphization in quartz is this mechanical instability, or
alternatively, this major phonon softening of the entire
acoustic branch (or sheet). Also, this picture provides evi-
dence that the amorphous phase is produced by the type of
mechanism that Stolper and Ahrens [14] predicted. This
mechanism involves a continuous change of coordination
as observed in silicate glasses and melts under pressure,

TABLE I. Structural parameters of the newly found phase
of silica with symmetryP3,. The primitive cell vectors are,
respectively, a = a/2% — J3a/29, b = a/2% + J3a/29,

¢ =ci. At approximately 40 * 3 GPa, a = 6.84 A and

c =481 A This phase contains 9 Si atoms and 18 O
atoms per unit cell located at the following Wyckoff sites:

(u,v,w), (—v,u —v,w + 2/3), (—u + v,—u,w + 1/3).
New Phase
u v w
FIG. 3(color). Predicted new high pressure phase of quartz>lt —0.301 0.131 —0.399
(a) Top view of the new phase, (b) side view of the Si2 —0.229 —0.069 0.000
octahedral double helix, and (c) its projection along the Si3 —0.634 —0.084 0.149
axis. Orange polyhedra correspond to oxygens in octahedrdDl —0.112 0.101 0.288
configuration.  Silicons are off center and remain fourfold O2 —0.127 0.416 —0.438
coordinated inside these octahedra. The tetrahedra in Fig. 2(l)3 —0.093 0.425 0.053
and the octahedra in (b) surround the same cations (Sil and Sigj4q —0.083 0.154 —0211
see Table I) before and after the transformation; respectivelypg 0.151 —0.251 —0.641
The remaining yellow tetrahedra in (a) are formed by oxygengyg 0.218 —0.253 —0.153

surrounding Si2 sites.
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