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Abstract

We synthesised a number of new metastable silica modifications in the electrically heated diamond anvil cells (DACs)
at pressures over 100 GPa and temperatures over 1200 K. Our studies reveal the existence of a new class of silica phase:
with different degree of the ordering of silicon atoms. Silica polymorphs with octahedrally co-ordinated silicon known so far
(stishovite, fully disordered phase with niccolite-type structar®bO-type, and monoclinidf2;/c space group) post-quartz
phase) are members of this class. The details of the silicon distribution among free positions in the oxygen network strongly
depend on the starting material and the conditions of high-pressure high-temperature treatment of silica, but a general trend is
that at pressures above 40—-45 GPa most of the silicon atoms are placed in octahedral positions. Our structural model provides
a key for an explanation of the mysterious behaviour of silica, known for more than 30 years, when at the same pressure and
temperature range different phases were synthesised.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Silica; Structure; High pressures and temperatures

1. Introduction theoretical and experimental information on the pos-
sible post-stishovite phases, and discovery of new
The structures, properties and high-pressure be-dense natural silica polymorphs in the Martian Sher-
haviour of silicon dioxide Si@ have been exten- gotty meteorite Klemley et al., 1996; Tsuchida and
sively investigated because of its importance in Earth Yagi, 1990; Kingma et al., 1995; Gratz et al., 1993;
and materials sciences and technology. Last decadeTeter et al., 1998; Palmer et al., 1994; Yamakata and
studies revealed a number of enigmatic phenomena Yagi, 1997; Andrault et al., 1998; Sharp et al., 1999;
associated with high-pressure silica polymorphs, e.g. Dubrovinsky et al., 1997, 2001; El Goresy et al.,
formation of yet unidentified phases on the com- 2000. Despite its simple chemical composition, silica
pression ofa-cristobalite and quartz, controversial shows rich polymorphism at elevated pressures and
temperaturesHemley et al., 1996; Teter et al., 1998
_— _ _ In low-pressure phases, such as quartz, tridymite,
faxchzrtrsa‘e-ssagolr-]glsr]-g%us;hor' Tel#49-921-55-3739; cristobalite, moganite, keatite, and coesite, silicon

E-mail address: leonid.dubrovinsky@uni-bayreuth.de is tetrahedrally co-ordinated by oxygen. At pres-
(L.S. Dubrovinsky). sures above 8-12 GPa, depending on temperature,
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silica crystallises as stishovite, a rutile-type phase in He pressure medium to the monocliniB2¢/c

in which oxygen atoms form a distorted hexago- space group) phase built up o832 kinked chains of
nal close-packed structure and silicon atoms occupy edge-shearing SigoctahedraKig. 1b. Compression
“straight columns” of octahedral site§i@. 19. At of quartz without a pressure medium leads to forma-
pressures above 45-50 GPa at ambient temperaturdion of a mixture of phases or a complex phase (Quartz
tetragonal stishovite is known to undergo orthorhom- II) which so far have not been identifiedH¢mley

bic distortion and to transform to a Ca&tructured et al., 1996; Haines et al., 2001f the starting ma-
phase Kingma et al., 1995; Andrault et al., 1998; terial is a-cristobalite, the compression at ambient
Dubrovinsky et al., 1997 In the same pressure range temperature in a relatively soft (nitrogen or argon)
guartz was foundHaines et al., 2001to transform pressure medium results in formationeePbG-type
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Fig. 1. Polyhedral models of: (a) stishovite (build by straight columns of edge-sharing octahedra); (b) monB&lificspace group)
post-quartz phaseH@ines et al., 2001build up of 3x 2 kinked chains of edge-sharing Si©ctahedra; (cix-PbGy-type structure made out

of 2 x 2 kinked chains of Si@octahedra; (d) Cristobalite X—I (partially or fully occupied octahedra forms23chains, partially occupied
tetrahedra green). In Cristobalite X, fully or partially occupied edge-sharing octahedra (mean Si—O distance 1.741 A) fokink&d

chains while partially occupied tetrahedra (mean Si-O distance 1.524 A) do not form a interconnected net; (e) Quartz 1. Partially occupied
tetrahedra (mean Si—O distance 1.496 A) form 2D slabs, which connect layers that are two octahedra (mean Si—O distance 1.736 A) thick.
Octahedra in the layers are organised as pieces>o2 Xinked chains ire-PbGy-type structure. The Si—O distances of octahedral sites in
Cristobalite X—I and Quartz Il are slightly bigger than the average Si—O distances in stishovite at corresponding prasduareals €t al.,

1998 (1.712 A at 34 GPa and 1.705 A at 44 GPa), which is stable modification of silica at those conditéantey et al., 1996; Andrault

et al., 1998; (f) new silica phase synthesised at 112(3) GPa and 1050(30) K (fully and partially occupied octahedra are shown). A molar
volume of the new phase at ambient conditions is 14.02(#)jrwl, within experimental error identical to the molar volumes of stishovite
(14.03 cni/mol), the post-monoclinic quartz-modificatiorigines et al., 2001(14.02 cni/mol), and a-PbQ-type silica (14.08 crifmol)
(Dubrovinsky et al., 2001 The average Si—-O distances in stishovite (1.775A) and in the new phase (1.804A) are reasonably close.
Considering the motif of fully or partially occupied octahedra in the new phase it is easy to notice the straight chains of octahedra like
in stishovite, 2x 2 and 3x 2 kinked chains as im-PbQ, and post-quartz structureBbrovinsky et al., 2001; Haines et al., 200and

more complex kinked chains predicted by geometrical structural modellings¢v et al., 1990and theoretical calculationgéter et al.,

1998. Yellow and blue octahedra are placed at different height.
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silica at pressures between 35 and 40 GPRau¢hida
and Yagi, 1990; Yamakata and Yagi, 1997; Dubrovin-
sky et al., 2001; Yagi and Yamakata, 20@3rough a
series of intermediate phases with still unknown struc-
tures. In thex-PbQ-type structure the edge-shearing
SiQg octahedra form a “zigzag” of % 2 kinked
chains Fig. 19. In shock wave compressioSé¢kine

et al., 1987 and laser-heated DAC experimentsy(

et al., 1978, there were reports on formation of fully
disordered niccolite (NiAs) structure in which oxy-
gen atoms form thécp sublattice and silicon atoms
are statistically distributed over octahedral voids. The

L.S Dubrovinsky et al./Physics of the Earth and Planetary Interiors 143-144 (2004) 231-240

the Fit2D program in order to obtain a conventional
diffraction spectrum. The LeBail fits of powder X-ray
diffraction data were carried out using the GSAS
program [arson and Von Dreele, 1994As internal
pressure standards we used NaCl, Pt or Au powder
mixed with a sample in the mass proportion approx-
imately 1:1 for NaCl and 1:20 for metals. In some
experiments, Au wire of bm in diameter placed in
the centre of the pressure chamber was used as an
internal pressure standard. All loadings of DAC were
made in inert atmosphere (Ar or He).

For details of the lattice dynamic simulations, see

structures of these high-pressure silica phases (excepDubrovinsky et al. (1997, 1998nd Dubrovinskaia

a-PbO-type) have not been refined and the physical
reasons for such variety of modifications as well as
their relative stabilities are not known so far.

The goal of the present work was to study the be-

haviour of silica at pressures above 100 GPa and tem-

peratures above 1000 K.

2. Experimental

et al. (2001) We used the empirical and ab initio
Si—O interatomic potentials modelDbrovinsky
etal., 1997, 1998 All calculations were performed at
300 K using a 64-point mesh in the Brillouin zone. No
symmetry restrictions were used in the calculations.

3. Results

We conducted a series of experiments in electri-

Cristobalite samples were obtained by heating a cally heated diamond anvil cells (DACs) in order to

silica gel (99.99% purity) at 155 for 8h and
then quenching it or by annealing of silica sol-gel
glass Prokopenko et al., 2001The naturak-quartz
(Brazil) and orthorhombic tridymite from San Cristo-
bal (Mexico) used in some runs were provided by Dr.
P. Nysten (Uppsala University, Sweden).

The details of the experiments performed with
electrically-heated DAC are described in our ear-
lier papers DPubrovinsky et al., 2000; Talyzin et al.,
2002. At ESRF powder diffraction experiments
were conducted at the beam lines BMO1 and ID30.
At the BMO1 beam line the data were collected
with the MAR345 detector using an X-ray beam of
0.6996 A wavelengths and size of gfh x 50um
(beam line BM01), and at ID30 we used MAR345
or Bruker CCD area detectors and a highly focused
beam of 1Qum x 15um of 0.3738 A wavelengths.
The detector-to-sample distance varied in different
experiments from 170 to 350mm. The modified
Merril-Basset (three- and four-pin) cells have been
used. Diamonds with 250 or 3@0n culets were
mounted on the seats made of@® or cubic BN
allowing us to collect the complete Debye rings to
0.95A. The collected images were integrated using

determine the behaviour of silica at pressures above
100 GPa and temperatures above 1000/Kg. 2
shows a typical sequence of diffraction patterns ob-
tained in high-pressure high-temperature experiments
with «-cristobalite as a starting material. On com-
pression in Ar pressure medium above 10-12 GPa
a new phase, first described HAyguchida and Yagi
(1990) as Cristobalite X—I, appeared and persisted
on compression at room temperature to 37-40 GPa
(Tsuchida and Yagi, 1990; Dubrovinsky et al., 2001;
Prokopenko et al., 200)(Figs. 2 and R If at pres-
sures between 30 and 40 GPa temperature increases
to 700-900K, Cristobalite X—I reflections could be
observed on the compression at high temperature to
at least 65 GPa. However, upon heating at pressures
above 35GPa the diffraction pattern of Cristobalite
X—I slowly evolved—the reflections at about 1.24,
1.45, and 1.85 A are growing, while other reflections
diminish Fig. 2). At the same time, long heating at
pressures above 75-80 GPa results in crystallisation
of the a-PbQ-structured phaséd-{g. 2), in agreement
with previous observation®(brovinsky et al., 1997,
200)) and theoretical predictiondéter et al., 1998;
Dubrovinsky et al., 1997 Based on experiments with
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%gg §§§ == = © Fig. 3. Examples of the diffraction patterns of “Cristobalite X—I"
500 1 =< 9o g =34(1) GPa, 300 K obtained in different experimental conditions—compression in ar-
N A = =) (b) gon pressure medium (a), in nitrogen pressure medium (b) and
v = without pressure medium (c). In all experimentscristobalite
RTP  &85- &§,8 g s = was used as a starting material. Indexing was made for monoclinic
8=y T(¢ 7 = 2 @ unit cells with following lattice parameters: (a)= 7.473(3) A,
0 1 b = 3961(1)A, ¢ = 4993(2)A, 8 = 12008(2y; (b)
1' ‘ ‘ ‘ - ) a=T74854)A b =3967(3)A, c = 4989(4)A, g = 1200(1);
5 20 25 30 35 40 © a = 7377(QQA, b = 40024)A, ¢ = 502509)A,
d A B =1167(2y.

Fig. 2. Examples of the diffraction pattems collected in 5t nressyres above 90 GPa and temperatures above
high-pressure high-temperature experiments witristobalite as . . .
850K results in appearance of new reflections, which

a starting material. All observed reflections of the initial mate- . )
rial (a) belong to the low-cristobalite tetragonal structure with Cannot belong tax-PbQy-type SiG (Fig. 2). More-
lattice parameters: = 4.9733(3)A andc = 6.9234(4)A. (b) over, the diffraction pattern from a quenched sample

On compression in Ar pressure medium to 34(1)GPa at am- treated at pressures above 110 GPa and 1050K dur-
bient temperature Cristobalite X-I phase was formed (indexes ing 8h is quite different from the diffraction patterns
for monoclinic unit cell with lattice parameteis= 7.473(3) A, e .

b = 3961(1)A, ¢ = 4993(2)A, f — 12008(2)): heating at of quenchedx-PbQ-type silica Dubrovinsky et al.,
850(1) K and 61(4) GPa (c) during 2 h produces a disordered phase, 200])-

which crystallizes to the.-PbG-structured phase on heating dur-

ing 4 h at 82(2) GPa and 950(20) K (d) (indexes for orthorhombic

cell a = 4.232(5) A, b = 3.848(4) A, c = 4.756(9) A). Heating at : :

91(4) GPa and 860(20) K at about 3 h results in appearance of new 4. Discussion

reflections (e) which can be indexed in a monoclinic cell with lat- ) )
tice parameters = 7.294(5) A, b = 3.868(3) A, c = 4.841(7) A, A key for understanding the nature of the described

p = 1188(1y. The top spectrum (f) was obtained from the ini- above transformations of cristobalite at high pres-
b oo ooy e s ot momsaiw ums Sures and emperatures is provided by the difractin
Ceg” with lattice pa?ametirg — 30553@)A. b = 4.1037(4) A, pattern shown irFig. 2c The most intense diffraction
¢ = 5.0753(9) A, B = 11861(L)). peaks closely resemble the pattern reportedLiy
et al. (1978)for quartz heated above 1000 at pres-
sures between 35 and 40 GPa. It was interpreted as
pre-synthesiseda-PbG-type  silica Dubrovinsky the hexagonal disordered niccolite structugeKine
et al.,, 200} conducted at pressures below 85GPa et al.,, 1987; Liu et al., 19%8 Our lattice dynam-
it was proposed thate-PbOp-structured silica is a  ics simulations for pressure 60 GPa and temperature
stable post-stishovite phase. However, long heating 1000 K for hexagonal close packed configuration
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Fig. 4. (a) Comparison of calculated (bottom line) and experimentally observed (upper line) diffraction patterns at 61(4) GPa and 850(10) K.
Calculations were made for the structure in which oxygen atoms are hexagonally closed packed and silicon atoms statistically distributed
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over all possible octahedral positions. Lattice parameters used in calculations=aré32A, b = 3.87A, ¢ = 481A, g = 1176°.

Broad peaks between 2.5 and 3.5A from untransformed low-pressure material. 2D diffraction images of post-quartz (b) at 39(3) GPa and

post-tridymite (c) at 9(1) GPa with diffusive scattering lines (arrows).

of oxygen atoms and silicon atoms statistically dis-
tributed over octahedral interstitials indicate that the
unit cell should be monoclinic with the parameters
a=732A b =387A ¢ = 481A g = 1176°.
Using this unit cell, we can reproduce the diffraction
pattern collected in experiments with cristobalite at
850(1)K and 61(4) GPa after about 2h of heating
(Figs. 2c and % It is well known that depending
on the conditions of experiments (hydrostaticity of

post-cristobalite, post-tridymite) silica phases are
based on hexagonal close packing of oxygen atoms
as was predicted by theoretical worRritriev et al.,
1998. Broadening of diffraction lines as observed
by us Figs. 2, 3 and band reported earlietHaines

et al., 2001; Hemley et al., 1996ould associate with
statistical disorder of silicon atoms among octahedral
voids (Giacovazzo, 1992 Moreover, the presence of
the diffuse scattering lines={g. 4b and ¥ on the 2D

the pressure medium, speed of compression, durationdiffraction images of post-quartz and post-tridymite

time of high-pressure treatment, starting material,

phases provides a direct evidence for the disordered

etc.) different silica phases appear on compression nature of those phase&igcovazzo, 1992; Vainshtein

(Hemley et al., 1996; Yamakata and Yagi, 1997,
Dubrovinsky et al., 2001; Haines et al., 2001; Yagi
and Yamakata, 2000; Prokopenko et al., 200the
post-quartz phase discovered Hgines et al. (2001)
(Fig. 1B has a monoclinic unit cell with dimen-
sions close to those we found for disordered silica.
In our experiments, on cristobalite and quartz in

dependence on the experimental conditions we ob-

et al., 1982.

It is logical to propose that at moderate pressures
between 10 and 35GPa silicon atoms may be dis-
tributed over both tetrahedral and octahedral sites of
the hcp oxygen sublattice, while at higher pressures
silicon atoms occupy mostly octahedral positions. In-
deed, we could quantitatively reproduce a diffraction
pattern of one of modifications of Cristobalite X—I

served different phases at pressures between 25 andFig. 69 at 34(1) GPa assuming that 27% of silicon

50 GPa, but all diffraction patterns could be indexed
in a framework of the proposed monoclinic unit cell
(Figs. 3-5. This observation allows us to suggest
that all “post-tetrahedrally-co-ordinated” (post-quartz,

atoms are still in tetrahedral positions, and a diffrac-
tion pattern of Quartz I1Kig. 6b at 44(2) GPa with
50% of silicon in tetrahedral and 50% in octahedral
positions of a distorteticp oxygen lattice.
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of the post-quartz modificatiorH@ines et al., 2001
Cristobalite X—I and Quartz Il. As in all those silica
g8 45(2) GPa, 300 K modifications, oxygen in the new high-pressure phase
N forms hcp sublattice while silicon atoms fully or par-
tially occupy octahedral positionsigs. 1 and 6g
This structure could be described as a concentration
modulation of the silicon sublattice over the mono-

2500 -

(-322)

=
N
o8

2000 +

;f 1500 1 clinicall'y'distortedhg:p oxygen subIatticeRig. 1d-9.

= 432) GPa, 300K The origin and lattice parameters_ of _thls modula?eo_l

5 - structure can be understood considering the atomistic

5 8 8§ mechanism of densification of the cristobalite struc-

£ 10007 &% ture Omitriev et al., 1998 which can be formulated
44(2) GPa, 300 K in terms of the neighbouring oxygen layers collapse.

The oxygen atoms belonging to the successive cou-
ples of layers perpendicular to the [0 1 2] direction of
the tetragonak-cristobalite structure, collapse thus
forming the ABAB ... stacking order of hexagonal
close packed layers. In order to fit experimental data
appropriate monoclinic distortions should be taken
into account resulted into the Cristobalite X—I su-
d, A perstructure. However, the silicon atoms still kept
Fig. 5. Examples of the diffraction patterns of quartz compressed an II.’lltlal mOtlf‘ which corresponds to the,tetragonal
in different pressure media: in argon (a), in nitrogen (b), and -Cristobalite. One can see that the latter is commen-
without a pressure medium. Indexing was made for monoclinic surable withc of the Cristobalite X—I structure and

500 +

1.5 20 25 3.0 35 4.0

unit cells with following lattice parameters: (@)= 7.593(5) A, guadrupledh (Figs. 1 and &

b - 32356();1)/3\, c = :~§34.(4)/i, B v\ 11971(;)"?1 1(b) At low pressure the variety of silica polymorphs is
o o o a b s e sesys,  related to the flexibility of the Si-O-Si bonding an-
§ = 11896(42). ' ' ' ' ’ gle between corner-shearing Si@trahedra. At high

pressure, the diversity of silica modifications is associ-
ated with the ability of silicon atoms to occupy varies
Visual similarities of the diffraction patterns of interstices in the monoclinically distortédp oxygen

Cristobalite X—I and Quartz Il and the diffraction pat- lattice. Our studies reveal the existence of the new
terns obtained in experiments (in situ and quenched) class of silica phases with different degree of the or-
at pressures above 90 GHags. 2-9 suggest that sil-  dering of silicon atoms. Silica polymorphs with octa-
ica phases observed at corresponding conditions arehedrally co-ordinated silicon known so far (stishovite,
also distorted. The main, most intense reflections are fully disordered phase with niccolite’-type structure
close to those ak-PbOp-type silica, but some of them  (Liu et al., 1978, a-PbQ-type Dubrovinsky et al.,
(for example, at~3.5A in a quenched sampl€jg. 20017), and monoclinicP21/c space group) post-quartz
26), as well as relative intensities of reflections are phase Kaines et al., 2001are members of this class.
clearly distinct form those of the diffraction pattern The details of the silicon distribution among free po-
of the a-PbGy structure Dubrovinsky et al., 2001 sitions in the oxygen network strongly depend on the
We indexed all reflections of the sample treated at starting material and the conditions of high-pressure
112(3) GPa and 1050(30)K during 8h in a frame- high-temperature treatment of silica, but the general
work of a monoclinic unit cell with lattice parameters trend is that at pressures above 40-45GPa most of
a = 30.553(4)A, b = 4.1037(4) A,c = 5.0753(9) A, the silicon atoms are placed in octahedral positions.
B = 11861(1y (Figs. 2e and 6c The a lattice Our structural model provides a key for an explana-
parameter is about four times bigger than the corre- tion of the mysterious behaviour of silica, known for
sponding lattice parameter of monoclinic unit cells more than 30 years, when at the same pressure and
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Fig. 6. Profile-fitted X-ray diffraction data of different silica phases obtained: (a) at 34(1) GPa (startingxptréstebalite), (b) at 44(2) GPa
(starting phase-quartz), and (c) at ambient conditions after treatment of initigkistobalite sample at 112(3) GPa and 1050(30) K during
8h. The GSAS program packageafson and Von Dreele, 1994vas used in the LeBail fit. Structural parameters available from authors.
Refinement done assumiil space group. Monoclinic lattice is fixed during the fitting of the atomic coordinates. “Pseudo-monoclinic”
symmetry of atomic coordinates (space grdefy/c) derived from lattice dynamics simulations is preserved. Thermal parameters of all

atoms are fixed on the value 0.025.
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1500 as well as known high-pressure silica modifications
" v (stishovite, fully disordered phase with niccolite-type
R v structure,a-PbQ-type, and monoclinicK2:/c space
¥ 1200 1 Stishovite
5 group) post-quartz phase) belong to the same class of
= v silica phases with different degree of the ordering of
T 900 A P & silicon atoms within (distorted) hexagonal close pack-
g ADisorgerod NiAs ing of oxygen atoms. The details of the silicon dis-
g i o ©° X _ tribution among free positions in the oxygen network
= 600 4 Partially disordered or R X
Quarzllo o vy _ v ordered a-PbO, strongly depend on the starting material and the con-
Cristabolite X1 v VT T ditions of high-pressure high-temperature treatment of
300 { = wimin vovv wv v v . silica, but a general trend is that at pressures above
0 30 60 90 120 40-45 GPa most of the silicon atoms are placed in oc-

Pressure, GPa tahedral positions.

Fig. 7. Phases observed in electrically-heated DAC experiments
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