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Ab initio studies of high-pressure transformations in GeQ
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We performedab initio calculations of germanium dioxide to study its behavior and possible similarity to
silica under high pressure. At the rutile-Ca®pe phase transition, the lattice constants, unit cell volume, and
Gibbs free energy change continuously with increasing pressure and indicate that this ferroelastic phase
transition is close to the second order. Further phase transitions to denser packed phaB&Optype and
pyrite Pa3 are considered. The pressure dependence of the elastic constants is determined. For zero-pressure
and 30-GPa phonon dispersion relations of rutile-type and £g@é structures, respectively, are calculated.

A softening of an optical mode, linearly coupled to a shear instability, is found. The present results confirm the
analogy of the phase-transition sequence between silica and germanium dioxide at high pressures.
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I. INTRODUCTION Thus the interest can be focused on the investigation of

The great interest in the high pressure phase transitions ithe silica analog Ge'**>which undergoes the same series
silica SiO, comes from the possible geophysical repercusof rutile-type to CaGJ-type phase transitions at lower pres-
sions. The high pressure polymorphs of silica have beesures. Ge@has structural properties very close to Sighd
studied quite intensively.® The a-quartz structure, which SnG,. Moreover, GeQ is considered to display the high-
is the silica polymorph stable at ambient conditions, transPressure properties of silica at relatively moderate pressures
forms to the coesite phase at around 3 GPa. Then, abovedd thus is more easily accessible to the experimental
GPa coesite transforms into the stishovite phase. At highdPvestigations® At ambient pressure GeOexists in the
pressure silica shows a sequence of phase transhfons:utile-type structure. Raman experlméﬁtmd|cqte that this
stishovite  (rutile)  (P4,/mnm Z=2)=(~50 GPa) compound transforms at 26.7 GPa from rutile-type to the
=CaCb-type (PnnmZ=2)=(~85 GPa)> a-PbO,-type CaClb-type structure and that the phase transition is of sec-

(Pbcnz=4)=(~205 GPaypyrite (modified fluorits- ond order. Note that_ at ambi_ent_pressurg Sikas the
— . . a-quartz structure, while GeQexists in the rutile-type sym-
type (Pa3,Z=4). The tetragonal stishovite phase transformsmetry. A quartzlike structure of germanium dioxide can be

i ; ,3,8-10
reve_r5|bly to an orthorhomb_|c, Callype phgsé. AC-  obtained only at high pressure and temperatures above 1000
cording to Landau theory this phase transition should be fer,

roelastic and of second order. It involves the softening of the There exist a wide literature on the low pressure behavior
Raman actives;q mode. The softening of thB,; mode has ¢ gormanium dioxidéd’-2° but information on the possible
been conflrmed expenmentgFIyThls soft mode.becomes an existence of post-stishovite phases in GéOscarce. In par-
Aq mode in the orthorhombic phase. Under higher Pressur€geylar, there is no confirmation that GeQ@ndergoes the

T ; ; ik 2
§|I|ca fransforms t.o. post-stishovite phases, bG;,” py- same series of phase transitions under pressure as SiO
rite. For the stability range of-PbO,-type phase, on the (silica) or SNG do.

basis of the density functional theory calculations, Teter

al.” proposed a large class of energetically ComMpetitvgaions of the rutile-CaGl phase transition. The possible

pht?]sei that could .be generr]a}?d ff{ﬁm h(t:pha:jra);s '(t)f OX_IYE%ase transitions ta-PbQO, and the pyrite structure and the
with stlicon occupying one-nalf of the octahedral SItes. The g 54yq stability of some post-stishovite phases are also con-

hlgh—pressure phase transitions in silica, however, PréSeiigered. In the following paragraph we present the method of
expenmental problems as th(_ay_ occurwell above the SOIIdIfI'calculations, then in Sec. Ill the structural properties and
catlon. pressure of all tran-smlttmg med|a. . changes arising under increasing pressure are presented. In
_In tin dioxide SnQ, a similar series of phase transitions, Sec. IV we calculate phonon dispersion relations of the
rutile-type (P4;/mnmZ=2)=(~11.8 GPaj>CaCl- rutile-type and CaGltype phases and the pressure depen-
type (PnnmZ=2)=(~15 GPaj>a-PbO-type(PbcnZ — 4once of the Raman active modes. In Sec. V we treat the
=4)=(~21 GPaj>pyrite  (modified  fluoritg-type  hresqre hehavior of the elastic constants. The paper is com-
(Pa3,Z=4) was measuretl. The phase transition to the pleted with the conclusions.
a-PbO,-phase was observed under increasing pressure, and
only part of the sample was transformed. The rutile-

In the present paper we report on detaidddinitio calcu-

" . IIl. METHOD
CaCl-type phase transition proved to be ferroelastic and
should be accompanied by a soft md@&imilar behavior is Theab initio calculations of Ge@Qwere performed within
expected for Pb@(see Ref. 1B the density functional theory, using the pseudopotential
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TABLE I. Calculated structural parameters of Ge@or each phase the pressure is given in GPa, at
which the calculations are done. Lattice constants are in A,

Phase Space group Pressure Lattice Constants Atomic positions
Rutile-type P4,/mnm 0 a 4.3838 Ge:(0,0,0)
(Stishovite =2 c 2.8637 0:&,x,0)
Tetragonal x=3059
CaCl-type Pnnm 30 a 4.2813 Ge:(0.0,0.0,0.0)
Orthorhombic Z=2 b 4.1430 0:(0.3229,0.2833,0.0)
c 2.7984
a-PbO,-type Pbcn 40 a 4.5792 Ge:(0.5,0.6613,0.25)
Orthorhombic Z=4 b 4.0956
c 5.0880 0:(0.2394,0.8920,0.4221)
Pyrite-type Pa3 70 a 4.4046 Ge:(0.0,0.0,0.0)
Cubic Z=4 O:(X,X,X)
x=0.3473

method with the local density approximatiohDA) imple-  convergence of the energy with respect to the electronic
mented in thevasp package 4?1t is generally believed that kinetic-energy cutoff and the integration over the Brillouin
the gradient corrected methods should give more accurateone. A plane-wave basis set with 494-eV energy cutoff was
results as to pressure behavior of crystals. LDA methodused to expand the electronic wave functions at special
however, has proven to give very reasonable results of strugepoints mesh generated by x#x4 and 2x2x2
tural parameters, elastic constants, and transition pressur@donkhorst Pack scheme for thex1l X1 and 2X2X 2 su-

as applied to the SiD(Refs. 7,23 unless one compares tet- percells, respectively. The applied convergence allowed us to
rahedraly and octahedraly coordinated@iGe), thus we do  gptain residual forces exerted on atoms being less than

not go beyond this approach. Vanderbilt-type ultrasofty 0op2 eV/A. In the vicinity of the continuous phase tran-
pseudopotentials, provided by the package, were used fQftion, however, the energy differences between the phases
germanium ?”d oxygen. These pseudopotentials represegfnear to be too small with respect to the convergence ob-
s°p” ands°p” electron configurations of Ge and O atoms, tgined by the above methods. Thus, we turned the minimiza-
respectively. For Ge thesdstates penetrate theldemicore  tion of the electronic degrees of freedom in the vicinity of
states, hence some care is necessary in treating the valengge transition point, from the iterative matrix diagonalization
core interactions. Thus the partial nonlinear core-correctiongased on the minimization of the norm of the residuum vec-

were included in the pseudopotential. The Hellmannyo in each eigenstate, to the conjugate gradient method. The
Feynman forces exerted on the atoms and the stresses actiger is proven to be globally convergent.

on the unit cell are also calculated. For the calculations of the
pressure dependence of the structural parameters, elastic con-
stants and thé&'-point phonon frequencies we have used the
elementary unit cell with 6 to 36 atoms depending on sym-
metry. For the phonon dispersion relations, we used22 The calculated structural parameters of the stable phases
X 2 supercells with 48 atoms. Thex2 X 2 supercell allows of GeO, are given in Table I. They have been obtained as a
us to check the dynamical stability of the system by verify-result of the minimization of the supercell ground-state en-
ing that all phonon frequencies are real. Because of vergrgies with respect to the electronic states and ionic configu-
small energy differences between phases in the vicinity ofations. In Table Il the lattice parameters of the rutile-type
the phase-transition points, we put particular attention to th@hase are compared with available experimental data and

Ill. PHASE TRANSITIONS

TABLE Il. Comparison of measured and calculated lattice parameters of rutile-type Phass nm of
GeQ,. Lattice constants are in A. Oxygen position is ©x,0).

Lattice constants Present Experinfent  Experimenf Calculatiory Calculatiod

a 4.3838 4.4066 4.4066 4.3515 4.5623
C 2.8637 2.8619 2.8619 2.8628 2.7474
X 0.3059 0.3059 0.3060 0.3060 0.3032

8Reference 15.
bReference 14.
‘Reference 17.
dreference 19.
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CaCl, Pbcn P&, and other considered phases with respect to
tﬂhe rutile-type phase as a function of pressure. The rutile-type phase
. ) as been optimized under constraintsR¥%,/mnm space group.
onal rutile-type and orthorhombic Cadype phases of Ge0(a) The inset shows the energy differences between tetragonal and

The lattice constantgb) the unit cell volumeV. In (b.) the pressure orthorhombic phases in the vicinity of the second-order phase tran-
dependence of volumes for all calculated phases in the sequence ar.

) — i ition point. Axis labels in the inset are the same as on the main
given. ForPbcnandPa3 phases half of the volume of the unitcell gyqq
is shown.

FIG. 1. Pressure dependence of the lattice parameters of tetra

to the second order. The axial ratita increases linearly as
other calculations. A good agreement within a 0.5% intervakuggested also by the experimént.
is found. The precise information about the stability of Ge€an
be deduced from the pressure dependence of the Gibbs free
energy. In Fig. 2 the differences of the Gibbs free energies
between CaGl, Pbcn, and Pa3-type phases and some
The cell parameters and atomic positions of the tetragonalther phases as proposed in Refs. 8 and 7 with respect to the
rutile-type and orthorhombic Cagtype structures were op- rutile-type phase are depicted. Above 20 GPa Gayie
timized for several pressures up to 80 GPa. One could prestructure becomes energetically more favorable. However, as
serve the tetragonal phase for pressures far above the transien in the inset, in the energy range between 18 and 20 GPa
tion point provided the symmetry constraints of thethe energy differences are too small to distinguish the abso-
P4,/mnmspace group are imposed. lute stability between phases. Below we present another
The resulting lattice parameters are presented in R&). 1 method to estimate accurately the transition pressure. Our
One can see that above around 19 GPa the square base of thgiice constants, volume and free energy behavior give simi-
tetragonal unit cell transforms smoothly to the rectangulalar phase transition pressure around 19.0 GPa and this value
one, consistent with an orthorhombic symmetry. On the conis |ower than the experimental one at 26.7 GRaf. 16 and
trary, at pressures below 19 GPa the orthorhombic phasgmbient temperature. The result is not surprising, since it is
always relaxes spontaneously to the tetragonal structure. Theell known that in some cases density functional theory cal-

smaller unit cell volume of the orthorhombic-type structurecylations atT=0 K, could underestimate the transition
above 19 GPa, as seen in Fig(bll indicates that the pressures for about 30%.

CaCl-type structure is more densely packed than rutile-type

structure. At this point, it is worth to mention that the ionic i

optimization methods like quasi-Newton and conjugate gra- B. CaCly-type to a-PbO,-type phase transition

dient, appear to fail in the definite estimation of transition Neither the Hartree-Fock calculatidfisnor the param-
pressure by the unit cell relaxation. Since energy differencestrized potential calculatio of germanium dioxide deal
between both the phases tend to become very small, alreaghith a possible CaGta-PbO, transformation. However, in

2 GPa away from the phase transitiofless than analogy to SiQ and SnQ, such phase transition should exist
~0.001 eV), the inaccuracy of the lattice constants in thisn GeQ,. From the pressure dependence of the Gibbs free
pressure range increases. The inaccuracy of about 1% seamergy presented in Fig. 2 we find that at the pressure of 36
to be impossible to overcome in this region. The changes oGPa a structural change to thePbO,-type phase with the
the cell parameters and the cell volume are almost continuspace grougPbcn (Z=4) occurs. This phase transition in-
ous, and that suggests that this phase transition is quite closelves large atomic rearrangements with respect to the

A. Rutile-type—CacCl,-type phase transition
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CaClb-type structure. The lattice vector is approximately
doubled. The finite volume changEig. 1(b)] at the transi-
tion point, indicates its first-order character. The predicted
structural parameters of tiebcn phase at 40 GPa are given
in Table I. Experimental/® the space group af-PbO,-type
phase has been determined Rsc2. The Pbcn structure
can be mapped ontBnc2 lattice by a simple axis permuta-
tion and the shift of the unit cell origihln fact our calcu-
lated cell parameters and atomic positions at pressures c
40-60 GPa could be equally well described Bync2 or rutile-type CaClytype
Pbcn space group.

Within the stability range ofPbcn phase the series of
competitive phases may exist for Si@s proposed by Teter
et al.” Among them we consider for Ge@he orthorhombic
phases of &4 SnG (Pbcnz=12), 3X3 NaTik
(Pbcnz=8) and the monoclinic 82 P2,/c (Z=6)
since they seem to be of the main importance. We have
checked the possible stability of those phases, as shown i
the Fig. 2. The lattice parameters of the orthorhombic tin
dioxide-type phase at 50 GPa aee=4.03, b=5.06, c
=13.79. Those of NaTifFtype are:a=4.03, b=5.06, c
=9.17, and the monocliniP2, /c-type at 40 GPa=7.77,
b=4.10,c=5.12, 3=11744'. We checked that the phase a — PbOy-type pyrite-type
of baddelyite(seven coordinated Gés even less stable. All . , _
the above results indicate that thePbO,-type Pbcn phase _ FIG. 3. Schema_tlc plot of the top view of the unit cells of con-
is the most stable one in the pressure range from 36 to 65 3dered phases. Bright spheres represent oxygen.

GPa.

host positions. The phase transition to the Gag@be occurs

, , ) tetragonal symmetry. This symmetry breaking is connected

The calculations performed in Ref. 17 for Ge@redict 4 gistortions of O-Ge-O bond angles. These distortions in-

that a pyrite structure with space groB@3 should become  crease within CaGltype phase, but the Ge ions reside at

stable above 60 GPa. Our calculatidsee Fig. 2 indicate  their previous equilibrium positions. When the distortions
that the cubic phase becomes energetically more favorablgffect the germanium atoms, the alignment of the octahedra

with respect to the rutile-type one at pressures above 56 GPajong thec direction is lost and a denser arrangement in the
From the interpolation of Gibbs free energi€sig. 2), we  4-Ph0, structure is adopted. Further increase of the pressure
estimate that th&bcn phase should transform to the cubic |eads to the cubic phase, in which unlike in the other phases,
one at about 65.5 GPa. The transformation is accompaniqﬁere is no edge Sharing between octahedra. The oxygen at-

by an abrupt volume chandéig. 1(b)], hence the phase oms are rather shared between vertices of three octahedra.
transition is of the first order. The structural parameters ofrhe structures are shown in Fig. 3.

the GeQ phase with the pyrite structure at 70 GPa are given
in Table I.

IV. PHONON FREQUENCIES AND SOFT MODES

D. Internal structural changes from 0 GPa to 70 GPa The phonon dispersion relations give a criterion for the

With the comfort of the reader in mind, we go through thecrystal stability and indicate, through soft modes, possible
descriptive presentation of the structural transition in GeO structural changes. If all phonon frequenciggk) are posi-
The structural changes in silica are described by the mutuaive, the crystal is at least locally stable. Thus, we calculated
rearrangements of Sibctahedra; for a detailed discussion the phonon dispersion relations of rutile-type phase of 5e0
see, e.g., Teteet al.” Rutile-type GeQ is composed of dis- at zero pressure, and of the Ca@lpe structure at 30 GPa,
torted GeQ octahedrons aligned along tbelirection, which  and all phonon square frequencies proved to be positive. The
share corners ing;b) plane and their edges alorig The  phonon dispersion relations were determined by the direct
octahedrons possess two slightly different Ge-O bondnethod*~2"*?using the optimized 2 2x 2 supercell. The
lengths (1.870 A and 1.896 A) at 0 GPa and consequentlyiellmann-Feynman forces were computed for the four inde-
different O-O separations. As is well known, the primary pendent displacements in the tetragonal rutile-type phase:
response of the system to the increasing pressure should afvo alonga direction and two along direction for Ge and O
fect the weakest bonds. Thus, similar to S¥e observe a atoms as required by the tetragonal symmetry. The amplitude
contraction of the oxygen separations, connected with rotaef displacement was 0.5% of the lattice constant in each
tions of oxygens aroundaxis. The Ge atoms remain in their direction. All calculated displacements generate 576 compo-
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FIG. 4. Phonon dispersion relations of the rutile-type phase of Pressure (GPa)

GeG, calculated from the X 2X 2 supercell.
FIG. 5. The pressure dependence of the nondegenerate zone

center mode frequencies of the rutile-type and Gag@be structures

nents of the Hellmann-Feynman fqrces. Making use of th%f GeO,. The experimental data are denoted by symbols. Left- and
symmetry of force constants following from thi#,/mnm right-hand lines correspond to calculated mode frequencies of the

space group, 165 independent cumulant force constants, bggragonal and orthorhombic structures, respectively. Line denoted
longing to the 34 coordination shells, are fitted by the singu-g (@) is a guide to the eyes, suggesting the soft-mode pressure
lar value decomposition method. Those force constants afgehavior in the orthorhombic phase.

used to construct the dynamical matrix, whose diagonaliza-
tion provides the phonon dispersion relations. According to
the direct method, the 22x 2 supercell provides correct Ve.=2.0, andZ*(0)/\e.=—1.0. The calculated phonon
phonon frequencies at tHe (0,0,0 (except longitudinal op- dispersion curves at zero pressure for the rutile-type phase
tic infrared active modes that are calculated froxi Ix8  are presented in Fig. 4. In Table Ill we list the zone-center
supercell, X (1/2,0,0, Z (0,0,1/2, M (1/2,1/2,0, R (1/2,0,1/  Raman active-mode frequencies. These modes do not depend
2), andA (1/2,1/2,1/2 special points of the tetragonal Bril- on the nonanalytical term and are independent of the effec-
louin zone. Since the magnitude of the force constants ddive charge tensors.
creases relatively fast with distance, the phonon branches, The pressure dependence of the nondegenerate Raman ac-
being an interpolation between special points, should be reldive modes calculated using the elementary unit cell only is
tively well reproduced. shown in Fig. 5. As one can see, the frequency ofBhg

For polar crystals, corrections for the spurious multipolemode decreases as the pressure is increased. On the other
fields created by the periodic boundary conditidespress- hand, the low-frequency modg, in the orthorhombic struc-
ible in terms of the Born effective charge tensanust be ture softens with decreasing pressure towards the phase tran-
added to the dynamical matrix. This leads to LO/TO splittingsition point. ThisB,4 mode interacts strongly with the nor-
of infrared active modes. Since the direct method applied tanal shear component of the salg, symmetry. Finally, the
2% 2% 2 supercell allow us to calculate TO modes only, toshear stress produces the phase transition.
estimate LO frequencies we used an elongated X 8 su-

percell, and extrapolated the LO branches to zone center. R r s x r 7 T
Hence, we estimated effective point charges 2%(Ge)/ iccg ceollizeo] ool 00a0¢ 12}
B — ]
TABLE lll. Frequencies(in THz) of Raman active zone center ul ? Q>"”__
phonon modes of the rutile-type phase of Ge@ 0 GPa, and I St
———
CaCl-type phase at 30 GPa. 5 :<—/\>/_< /\:
: S 6l z\c i
Rutile type Cadl type | —— ]
) L1
Mode Present Expt. Mode Present 2 .
Big 4.38 5.13 A 5.01 ~—]
E, 15.33 Big 15.46 —< 1
Aqg 20.44 21.03 Bsg 16.59 L _
Bag 24.90 26.19 Bag 17.29 %3 0.0 0.5 0005 00 0500 05
Ag 23.31 Wave vector {
Big 28.57
FIG. 6. Phonon dispersion relations of the Catype phase of
%Reference 16. GeQ, at 30 GPa calculated from thex2 X 2 supercell.
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TABLE V. Zero-pressure elastic constants of Ge€@mpared 900 F PR N T T E
with calculated and experimental data. The elastic constants are il 800 |- @ O A —— 55 —emrkemm 66 ]
GPa. r <O 12 =y cl3 —y—c23 1

700 _____________ 0=--=== O——=0—ou_ o 0——O0——
600 f
o} Present  Experimeft Calculated  Calculate = 3 s
% 0 - /D/D -.
Ciy 316.1 337.2 492 300 :’ 400 - o — /D/.,,_,__--——_'
Ciz 199.4 188.2 238 97 300 F oo A — §——év:5—v —
Cis 175.6 187.4 239 143 ) g e vy v—
Cas 573.9 599.4 679 474 100 permrmrmr o S — * —o——
Cu 149.9 161.5 197 150 10 15 0 25 30
Ces 254.6 258.4 165 93 pressure(GEa)
Q 300 % T ¥ T % T ] T » T * T
3 B —{3—cll-cl2 T
Zie:erence ;g ?5 L ®) —O—(cl1+c22)-2c12 o—1
eference 28. 150 0—F
o B/
‘Reference 19. s '\E\?‘/n/ 1
© 0 i ] R ] i P ) i ] )
. . . 12 14 16 18 20 22 24 26
For the orthorhombic symmetry the phonon dispersion pressure (GPa)

curves were calculated from thex2x2 supercell. This
symmetry requires to calculate Hellmann-Feynman forces FIG. 7. (a) The pressure dependence of the elastic constants of
for six independent displacements, three for Ge and three fdktile-type and CaGl phases of GeO The same symbols apply
O atom in each crystallographic directions. In Fig. 6 theaccordingly in subsequent phasés. The shearc,;—cy, and (€1
phonon dispersion relations for the Ca@Jpe phase are pre- +Cy) —2Cyp for. orthorhomblc.phase, responglble for the second-
sented. The effective charges were assumed to be the Samrger ferroelastic phase transition, as a function of pressure.
as in the tetragonal phase. The mode frequencies are shown
in Table 111. tion pressure. Similarly the pressure behavior of the shear
modulus €1;+ Cy)-2C4, Of the orthorhombic phasbcn
also softens as approaching transition pressure from the
V. ELASTIC CONSTANTS high-pressure side. The observed behavior is consistent with

The pressure dependence of the elastic constants is a vefjt calculated by Karket al?*#* The transition pressure
important characterization of the crystals under varying pres€Stimated from the pressure dependence of the elastic con-
sure and/or temperature. Moreover, the change of the elastitants is consistent with the value of 19 GPa elucidated from
constants at the transition point may drastically influence théhe structural changes and the 19 GPa obtained from the
macroscopic properties, such as the velocity of sound or resoftening of the RamaB;4 mode.
flective properties of the crystat.

The elastic constants of the rutile type and Gaglases
were determined from the computation of stresses generated VI. CONCLUSION
by small deformations of the unit cell. Since it was previ- . o )
ously suggested that phase transition from the rutile type to 10 Summarize what we have calculated, within a density
the CaC} type results from strong coupling of the s functlonal theory approach, tht_e_folloyvmg series of pressure
mode to the lattice strains, we allowed the simultaneougnduced structural phase transitions in Gegere observed:
atomic relaxation. For each pressure, several strains of thigitile=(~19 GPaj»CaChb=(36 GPaj>a-Pb0,=(65.5
amplitude up to 1% were applied. Then the elastic constantsPa)=Pa3 (pyrite). The first transition at 19 GPa is close
were determined at the appropriate limit of zero strain.  to the second order as suggested by the lattice-constants

The particular direction of the unit cell deformation de- changes and the Gibbs free energy behavior. The normal
pend on the symmetry of each phase and the number Gfiode analysis indicate a softening of tBg, Raman active
independent elastic constants—ranging from six for tetragomoge that is strongly coupled to the shear mode responsible
nal phase to nine for orthorhombic one. The elastic constantg. ,e rutile-CaCJ-type phase transition. Indeed, ti,

of the tetragonal rutile-type phase are presented in Table I\éoft mode eigenvector involves the rotation of Si@tahe-

and are compared W'.th the expenmenéally meas"ﬁredt_as dra arounct axis and resembles the oxygen displacements in
and calculated by different methotfs?® One can notice : , . o
the orthorhombic phase with respect to their positions in the

fairly good agreement of thab initio results with the experi- ragonal phase. The next two phase transitions are of the
mental values. The calculated pressure dependence of elai}% 9 P ' P

constants are depicted in Fig. 7. Generally, the elastic corl'St Order and the phase transition to tRécn structure
stants change monotonically with pressure. However, th@CCUrs at 36 GPa, while the subsequent transition frdyon
shear modulug;;-c4, of rutile-type phase, Fig.(B), con-  to the pyritePa3 structure occurs at 65.5 GPa. Both phases
nected with the rotation of the oxygen octahedron, decreasentain four formula units in the unit cell. The concurrent
with the pressure. Interpolation @f;;-c1, leads to zero at phases proposed for silica are less stable in this pressure
about 18.7 GPa, which implies that this is the phase transiFange. The elastic constants changes continuously with pres-
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