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High-pressure twisting of tetrahedra and amorphization in a-quartz
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It is discovered that the major contribution to the distortions of the tetrahedra in thea-quartz at high pressure
is their twisting. It is shown that just these twisting vibrational modes lead to instability resulting in amor-
phization of the structure.@S0163-1829~99!00745-6#
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Recently, a large number of computer simulations of
a-quartz structure at high pressures have been made.1–6 Sig-
nificant distortions of SiO4 tetrahedra should be taken in
account in these simulations when the relations betw
various microscopic parameters become numerous and c
plex. In this case, it is difficult to understand what sort
structure transformations are responsible for the domin
mechanisms of tetrahedral deformation. In order to cla
these mechanisms, we propose a simple valence force m
in which only two order parameters, most sensitive to pr
sure, have been distinguished. The tilt angle of SiO4 tetrahe-
dra is one of the two parameters, which was detected pr
ously. It is commonly used to describea2b phase transition
of quartz.7 This angle is the main parameter of structure d
formation at high pressure, and it is assumed to lead to
stability, resulting in amorphization.8,9 We have found the
second parameter, carefully analyzing numerous parame
of tetrahedral distortions, mentioned in the literature. W
have discovered that these parameters can be reduced
single parameter, i.e., the twist angle of tetrahedra. Ea
this angle was not considered as the order parameter at
pressures. The twist angle of tetrahedra can be define
deviation from a 90° angle between two opposite symme
cal tetrahedron edges ina-quartz. As a result, we have man
aged to reveal some peculiarities, unnoticed in numerical
culations, i.e., the tilt angle at high pressures tends
saturation; the twist angle, on the other hand, starts to cha
nonlinearly. Therefore this is the angle which is mainly r
sponsible for structure instability. This information seems
be important; despite a considerable quantity of experime
observations and theoretical simulations ofa-quartz amor-
phization at high pressure,1–12 there is no correct descriptio
of the microscopic origin of the softening of the phon
modes, which are responsible for the elastic instability
reasons which are further discussed.

Earlier developed models aimed at explanation of hi
temperature anomalies13–16 cannot be used for the descrip
tion of the process ofa-quartz amorphization, as they do n
take into account essential tetrahedra distortions. The pa
eters, related to the least force constants and, conseque
readily varying with pressure, play the main role in the p
posed valence force model ofa-quartz deformation in which
the tetrahedra distortions are taken into account. For
ample, if we speak about the main force constants, we sh
bear in mind that Si-O bond constant is significantly grea
than O-Si-O angles force constant. The latter is significan
greater than Si-O-Si angle force constant. Therefore as
PRB 600163-1829/99/60~21!/14481~4!/$15.00
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key parameters in our model we use the tilt angle, which
related to the Si-O-Si angle force constant and the tw
angle, which is responsible for the deformation inside
tetrahedra and is related to the O-Si-O angles force cons
For the full description of the quartz structure it is necess
to introduce four more parameters, i.e., two symmetri
O-Si-O angles and two lengths of Si-O bonds. According
the experimental data, these four parameters at high p
sures slightly change with increasing pressure,17 thus they
are considered to be constant. All the parameters are rela
and measured from the parameters of idealb-quartz when
Si-O distance is equal to 1.599 Å . The calculation on the
available experimental structural data17 shows the tilt angle
w at pressures higher than 3 GPa to be 100 times greater
the four above-mentioned parameters. The twist anglet, de-
scribing the tetrahedra distortion, is about ten times gre
than these four small parameters. Therefore we will desc
the tetrahedra distortions only using the twist angle.

Only one tilt angle is commonly used to construct an a
lytical deformation model of the quartz structure.7,13 Now let
us consider the Gibbs potential, which takes into acco
both the twist angle and the tilt angle:

G53Ku@~u02u!2~u02um!#213Kst
21~Pa1P!v,

~1!

wherev5(V2V0)/V0 is a relative change of the volume o
an elementary cell,u is Si-O-Si angle,Ku andKs are force
constants~in GPa! of Si-O-Si and O-Si-O angles, respe
tively. Here we have neglected small nondiagonal force c
stants.Pa is the internal pressure, which isothermally tran
fers b-quartz structure intoa-quartz structure.18 This
potential takes into account the tense state of the structur
ideal b-quartz. It is due to the fact that Si-O-Si angle,
which deformation is lacking, should beum5147°, but ac-
tually, the corresponding angle in the idealb-quartz isu0
5155.6°. Usingv andu expansions intow andt parameters
we obtain the Gibbs potential, in which the variable part is
follows:

DG5Ktt
2/21Kww2/22g1t1g2tw21g4w4, ~2!

where all the coefficients are the pressure linear functio
The equilibrium valuesw and t for the minimum of this
potential are equal to

w5@~2Kw22g1g2 /Kt!/~4g422g2
2/Kt!#

1/2, ~3!
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t5~g12g2w2!/Kt . ~4!

Let us construct the dependencesw(P) andt(P), shown in
Figs. 1 and 2, using these equations. Analyzing the dep
dencew(P) at high pressures we obtain that it tends to sa
ration due to the contribution of the coefficientg4 , which
linearly increases with pressure. Earlier, based on the exp
mental data17, this saturation was supposed to exist, but it h
not been explained. It should be noted that the tilt an
saturation with rise of pressure is connected with increas
the effective stiffnessKww* 5]2DG/]w2; this fact evidences
that the structure stability increases and cannot be relate
initiation of instability. It is evident from the dependenc
t(P) that the twist angle of the tetrahedra starts to gr
nonlinearly at high pressures, consequently, the effec
stiffnessKtt* 5]2DG/]t25Kt of the twist angle decrease
In this case, some elastic constants decrease, and the

FIG. 1. Pressure dependence of the tilt anglew of SiO4 tetrahe-
dra ofa-quartz calculated by Eq.~3!. The squares represent expe
mental data~Ref. 17!; the coordinates of silicon and oxygen for th
trigonal quartz at higher pressures have not been determined
~Ref. 19!.

FIG. 2. Pressure dependence of the twist anglet of SiO4 tetra-
hedra ofa-quartz calculated by Eq.~4!. The squares represent e
perimental data~Ref. 17!. The circle at 22 GPa corresponds to t
average twist angletA1 for the triclinic phase, calculated by th
structural data~Ref. 22!. The dashed line corresponds to linear d
pendence.
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bility, which initiates the disordered structure, can occ
Therefore the SiO4 tetrahedra are no longer to be consider
as quasisolid since the intrinsic twisting vibrations with hi
amplitudes become possible. In order to check this assu
tion, the calculations of the lattice dynamics have been c
ried out. They have been made not with the use of int
atomic potentials, as usual, but with the help of the vale
force field. This approach makes it possible to obtain
dependence of the force constants on pressure in the ex
form. The force field ofa-quartz crystal is described in Re
20 using the scaled force constantsKqi,q j

0 of molecular sili-
cate clusters, calculated by quantum-chemical methods.

In our calculations, we have used the above force c
stants. The second derivatives of the termPv in the Gibbs
potential with respect to the normal coordinatesqi in the
vicinity of atom equilibrium positions, defined by the param
etersw(P) andt(P) from Eqs.~3! and ~4!, were added for
taking the pressure into account. A similar procedure
been made in Ref. 21. As a result, the effective stiffnesse
the normal coordinates, depending on the pressureKqi,q j*
5Kqi,q j

0 1P(]2V/]qi]qj ), have been obtained. The calcul
tion of the low-frequency transverse-acoustical mode alo
the direction@j,j,0# in the Brillouin zone has been mad
using both these effective stiffnesses and the matrix of ki
matic coefficients, which changes with pressure. It appea
that the acoustical wave velocity close to theG point is de-
termined by the twist stiffnessy} (KtE1 ,tE1

* )1/2 ~where the

parametertE1
is further discussed! and tends to zero as pres

sure increases. The form of these soft acoustical vibratio
modes results from the interaction of the twist optical tra
verse wave, in which oxygen atom displacements are ma
involved, and the acoustical transverse wave, in which s
con atoms are mainly displaced. Such softening can ca
the rise of imaginary frequencies of the twist vibration
modes and, consequently, the loss of the tetrahedra stab
with respect to twisting and, finally, to amorphization.

It has been recently emerged that according
experimental19 and theoretical22 data, the triclinic phase is
formed before amorphization at 21 GPa. The calculation
coordination of atoms in this phase has shown that one of
three silicon atoms of a cell has fivefold coordination
oxygen, which is very close to that described in Ref. 2
Thus, in the triclinic transition, the transfer of a part of si
con atoms into the fivefold-coordinated site takes place. T
above-described twisting vibrations in the soft modes c
precisely lead to this kind of transition.

Let us explain what parameters are responsible for
transition into the triclinic phase. Each of the three tetrahe
of an a-quartz cell has one degree of freedom related
twisting. Three degrees of freedom cause various twisti
t1 , t2 , t3 of three tetrahedra in ana-quartz cell, which
brings about the formation of the three twisting paramet
tA1

5(t11 t21 t3)/3, tE1
5(t22t1)/2 andtE2

5t32t1/2

2t2/2 with statical and dynamical components. The stati
part defines the equilibrium structural parameters, and
dynamical part—the vibrations near these equilibrium po
tions, which contribute with a certain amplitude to the no
mal crystal modes. The statical part of the average angletA1

was earlier defined as twisting. The statical parts oftE1
and

yet

-
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tE2
are zero ina-quartz and different from zero at the tr

clinic phase. The calculations made, using the structural
for the triclinic phase,22 show thattE1

is the main twisting
parameter. This parameter provides an equal increase o
anglet2 and decrease of the anglet1, so that the value of the
average angle continues to fall on the curve of Fig. 2. Amo
the soft modes, which cause transition to the triclinic pha
there are sheared modes, which break symmetry. Twis
vibrations ofE type significantly contribute to these mode
There are also longitudinal modes, responsible for the v
ume deformation of a cell, wherein the twisting vibrations
A1 type make a contribution. The transition to the triclin
phase significantly strengthens the process of amorphiza
because due to the break of symmetry, the twisting par
etertA1

contributes both to the volume and the shear mod
and significantly weakens it. With further increase of t
pressure above 21 GPa, amorphization of this high-pres
triclinic structure occurs. Provided that generation of t
amorphous phase is detected using the x-ray analysis ev
pressures close to 15 GPa,8 the transition to the triclinic
structure may be viewed as an intermediate stage in am
phization.

Thus we believe that the models, which do not take
distortions of the tetrahedra into account, are incorrect.
example, in Refs. 3–5, the soft phonon modes ina-quartz
are related to the transition of silicon cation from tetrahed
to octahedral site in the oxygen body-centered-cubic latt
In this case the angle between two opposite symmetrical
rahedron edges ina-quartz is unchanged and it is equal
90°. Thus, by definition, the twist angle does not chan
during this transformation and it remains equal to ze
whereas the experimental data17 in Fig. 2 show that the twist
angle linearly increases with pressure up to 11 GPa. Furt
more, as the pressure increases up to 21 GPa, the twist a
additionally grows, becausea-quartz transforms into a tri
clinic structure with highly distorted SiO4 tetrahedra as ob
served in the experiments19 and theory.22 Besides, according
to the estimations in Refs. 3 and 24, this hypothetical oxy
body-centered-cubic cell of quartz can be obtained only
high pressures;80 GPa. In this connection it is believe
s
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that an increase of silicon coordination is due to the twist
vibrations of SiO4 tetrahedra.

In a similar spirit, it is stated in a recent work25 that
a-quartz amorphous phase is obtained by the mechan
predicted by Stolper and Ahrens.9 In Ref. 9 it is considered
the change of the tilt~rotation! angles of hard regular tetra
hedra, i.e., Si-O-Si angles between adjacent tetrahedra
this case the twist angle is not considered as before. We
state above that tilt angle of tetrahedra at high pressu
tends to saturation~see Fig. 1! and, consequently, the effec
tive stiffness of the structure, relative to that angle, increas
This fact evidences for the increase of the structure stabi
and this cannot be related to the development of instabi
Thus we suppose that the Stolper and Ahrens mechan
cannot lead to the amorphization ofa-quartz structure. We
believe that a gradual increase of silicon coordination a
amorphization, observed in Ref. 25, occurs not with the h
of the Stolper and Ahrens mechanism, but with the help
twist modes of SiO4 tetrahedra. On this basis, we believe th
our model is more realistic than the models mention
above.

In conclusion it may be said that the valence force mo
of a-quartz deformation with good allowance for the tetr
hedra distortion is proposed. In this model we choose
twist angle of tetrahedra as an order parameter. Accordin
this model, the tetrahedra tilt angle tends to be saturate
high pressures and, consequently, the effective stiffnes
the structure, relative to that angle, increases. This fact
dences for the increase of the structure stability and can
lead to instability. At the same time, the parameter, lesse
magnitude, i.e., the twist angle, starts to grow nonlinea
with pressure. Therefore the SiO4 tetrahedra at high pres
sures are no longer to be considered as quasisolid since
intrinsic twisting vibrations with the high amplitudes becom
possible. This causes softening of the lowest acoust
branch and loss of the tetrahedra stability, relative to tw
ing, thus causing transition into the triclinic phase with t
subsequent structure amorphization.
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