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Ab initio studies of high-pressure transformations in GeO2
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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-CaCl2-type 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 phases ofa-PbO2-type and

pyrite Pa3̄ are considered. The pressure dependence of the elastic constants is determined. For zero-pressure
and 30-GPa phonon dispersion relations of rutile-type and CaCl2-type 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

The great interest in the high pressure phase transition
silica SiO2 comes from the possible geophysical reperc
sions. The high pressure polymorphs of silica have b
studied quite intensively.1–6 The a-quartz structure, which
is the silica polymorph stable at ambient conditions, tra
forms to the coesite phase at around 3 GPa. Then, abo
GPa coesite transforms into the stishovite phase. At hig
pressure silica shows a sequence of phase transition7,8

stishovite ~rutile! (P42 /mnm, Z52)⇒(;50 GPa)
⇒CaCl2-type (Pnnm,Z52)⇒(;85 GPa)⇒a-PbO2-type
(Pbcn,Z54)⇒(;205 GPa)⇒pyrite ~modified fluorite!-
type (Pa3̄,Z54). The tetragonal stishovite phase transfor
reversibly to an orthorhombic, CaCl2-type phase.1,3,8–10Ac-
cording to Landau theory this phase transition should be
roelastic and of second order. It involves the softening of
Raman activeB1g mode. The softening of theB1g mode has
been confirmed experimentally.1 This soft mode becomes a
Ag mode in the orthorhombic phase. Under higher pressu
silica transforms to post-stishovite phases, likea-PbO2,2 py-
rite. For the stability range ofa-PbO2-type phase, on the
basis of the density functional theory calculations, Teteret
al.7 proposed a large class of energetically competit
phases that could be generated from hcp arrays of oxy
with silicon occupying one-half of the octahedral sites. T
high-pressure phase transitions in silica, however, pre
experimental problems as they occur well above the solid
cation pressure of all transmitting media.

In tin dioxide SnO2, a similar series of phase transition
rutile-type (P42 /mnm,Z52)⇒(;11.8 GPa)⇒CaCl2-
type (Pnnm,Z52)⇒(;15 GPa)⇒a-PbO2-type(Pbcn,Z
54)⇒(;21 GPa)⇒pyrite ~modified fluorite!-type
(Pa3̄,Z54) was measured.11 The phase transition to th
a-PbO2-phase was observed under increasing pressure,
only part of the sample was transformed. The ruti
CaCl2-type phase transition proved to be ferroelastic a
should be accompanied by a soft mode.12 Similar behavior is
expected for PbO2 ~see Ref. 13!.
0163-1829/2001/63~13!/134106~7!/$20.00 63 1341
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Thus the interest can be focused on the investigation
the silica analog GeO2,14,15which undergoes the same seri
of rutile-type to CaCl2-type phase transitions at lower pre
sures. GeO2 has structural properties very close to SiO2 and
SnO2. Moreover, GeO2 is considered to display the high
pressure properties of silica at relatively moderate press
and thus is more easily accessible to the experime
investigations.15 At ambient pressure GeO2 exists in the
rutile-type structure. Raman experiments16 indicate that this
compound transforms at 26.7 GPa from rutile-type to
CaCl2-type structure and that the phase transition is of s
ond order. Note that at ambient pressure SiO2 has the
a-quartz structure, while GeO2 exists in the rutile-type sym-
metry. A quartzlike structure of germanium dioxide can
obtained only at high pressure and temperatures above 1
K.

There exist a wide literature on the low pressure behav
of germanium dioxide,17–20 but information on the possible
existence of post-stishovite phases in GeO2 is scarce. In par-
ticular, there is no confirmation that GeO2 undergoes the
same series of phase transitions under pressure as2
~silica! or SnO2 do.

In the present paper we report on detailedab initio calcu-
lations of the rutile-CaCl2 phase transition. The possibl
phase transitions toa-PbO2 and the pyrite structure and th
relative stability of some post-stishovite phases are also c
sidered. In the following paragraph we present the metho
calculations, then in Sec. III the structural properties a
changes arising under increasing pressure are presente
Sec. IV we calculate phonon dispersion relations of
rutile-type and CaCl2-type phases and the pressure dep
dence of the Raman active modes. In Sec. V we treat
pressure behavior of the elastic constants. The paper is c
pleted with the conclusions.

II. METHOD

Theab initio calculations of GeO2 were performed within
the density functional theory, using the pseudopoten
©2001 The American Physical Society06-1
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TABLE I. Calculated structural parameters of GeO2. For each phase the pressure is given in GPa
which the calculations are done. Lattice constants are in Å.

Phase Space group Pressure Lattice Constants Atomic positions

Rutile-type P42 /mnm 0 a 4.3838 Ge:(0,0,0)
~Stishovite! Z52 c 2.8637 O:(x,x,0)
Tetragonal x53059
CaCl2-type Pnnm 30 a 4.2813 Ge:(0.0,0.0,0.0)
Orthorhombic Z52 b 4.1430 O:(0.3229,0.2833,0.0)

c 2.7984
a-PbO2-type Pbcn 40 a 4.5792 Ge:(0.5,0.6613,0.25)
Orthorhombic Z54 b 4.0956

c 5.0880 O:(0.2394,0.8920,0.4221)
Pyrite-type Pa3̄ 70 a 4.4046 Ge:(0.0,0.0,0.0)

Cubic Z54 O:(x,x,x)
x50.3473
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method with the local density approximation~LDA ! imple-
mented in theVASP package.21,22 It is generally believed tha
the gradient corrected methods should give more accu
results as to pressure behavior of crystals. LDA meth
however, has proven to give very reasonable results of st
tural parameters, elastic constants, and transition press
as applied to the SiO2 ~Refs. 7,23! unless one compares te
rahedraly and octahedraly coordinated Si~or Ge!, thus we do
not go beyond this approach. Vanderbilt-type ultras
pseudopotentials, provided by the package, were used
germanium and oxygen. These pseudopotentials repre
s2p2 and s2p4 electron configurations of Ge and O atom
respectively. For Ge the 4s-states penetrate the 3d-semicore
states, hence some care is necessary in treating the val
core interactions. Thus the partial nonlinear core-correcti
were included in the pseudopotential. The Hellman
Feynman forces exerted on the atoms and the stresses a
on the unit cell are also calculated. For the calculations of
pressure dependence of the structural parameters, elastic
stants and theG-point phonon frequencies we have used
elementary unit cell with 6 to 36 atoms depending on sy
metry. For the phonon dispersion relations, we used 232
32 supercells with 48 atoms. The 23232 supercell allows
us to check the dynamical stability of the system by veri
ing that all phonon frequencies are real. Because of v
small energy differences between phases in the vicinity
the phase-transition points, we put particular attention to
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convergence of the energy with respect to the electro
kinetic-energy cutoff and the integration over the Brillou
zone. A plane-wave basis set with 494-eV energy cutoff w
used to expand the electronic wave functions at spe
k-points mesh generated by 43434 and 23232
Monkhorst Pack scheme for the 13131 and 23232 su-
percells, respectively. The applied convergence allowed u
obtain residual forces exerted on atoms being less t
0.0002 eV/Å. In the vicinity of the continuous phase tra
sition, however, the energy differences between the pha
appear to be too small with respect to the convergence
tained by the above methods. Thus, we turned the minim
tion of the electronic degrees of freedom in the vicinity
the transition point, from the iterative matrix diagonalizatio
based on the minimization of the norm of the residuum v
tor in each eigenstate, to the conjugate gradient method.
latter is proven to be globally convergent.

III. PHASE TRANSITIONS

The calculated structural parameters of the stable ph
of GeO2 are given in Table I. They have been obtained a
result of the minimization of the supercell ground-state e
ergies with respect to the electronic states and ionic confi
rations. In Table II the lattice parameters of the rutile-ty
phase are compared with available experimental data
TABLE II. Comparison of measured and calculated lattice parameters of rutile-type phaseP42 /mnmof
GeO2. Lattice constants are in Å. Oxygen position is O:(x,x,0).

Lattice constants Present Experimenta Experimentb Calculationc Calculationd

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

aReference 15.
bReference 14.
cReference 17.
dReference 19.
6-2



va

n
-
pr
an
he

of
la
on
a
T
re

p
ic
ra
on
ce
ea

hi
e

s
in
lo

free
ies
e

the

r, as
GPa
so-

ther
Our
imi-
alue

it is
al-
n

l

st
ree
f 36

-
the

tra

e

ll

to
ase

and
ran-
ain

AB INITIO STUDIES OF HIGH-PRESSURE . . . PHYSICAL REVIEW B63 134106
other calculations. A good agreement within a 0.5% inter
is found.

A. Rutile-type—CaCl2-type phase transition

The cell parameters and atomic positions of the tetrago
rutile-type and orthorhombic CaCl2-type structures were op
timized for several pressures up to 80 GPa. One could
serve the tetragonal phase for pressures far above the tr
tion point provided the symmetry constraints of t
P42 /mnmspace group are imposed.

The resulting lattice parameters are presented in Fig. 1~a!.
One can see that above around 19 GPa the square base
tetragonal unit cell transforms smoothly to the rectangu
one, consistent with an orthorhombic symmetry. On the c
trary, at pressures below 19 GPa the orthorhombic ph
always relaxes spontaneously to the tetragonal structure.
smaller unit cell volume of the orthorhombic-type structu
above 19 GPa, as seen in Fig. 1~b!, indicates that the
CaCl2-type structure is more densely packed than rutile-ty
structure. At this point, it is worth to mention that the ion
optimization methods like quasi-Newton and conjugate g
dient, appear to fail in the definite estimation of transiti
pressure by the unit cell relaxation. Since energy differen
between both the phases tend to become very small, alr
2 GPa away from the phase transition~less than
;0.001 eV), the inaccuracy of the lattice constants in t
pressure range increases. The inaccuracy of about 1% s
to be impossible to overcome in this region. The change
the cell parameters and the cell volume are almost cont
ous, and that suggests that this phase transition is quite c

FIG. 1. Pressure dependence of the lattice parameters of te
onal rutile-type and orthorhombic CaCl2-type phases of GeO2. ~a!
The lattice constants,~b! the unit cell volumeV. In ~b! the pressure
dependence of volumes for all calculated phases in the sequenc

given. ForPbcnandPa3̄ phases half of the volume of the unit ce
is shown.
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to the second order. The axial ratioc/a increases linearly as
suggested also by the experiment.6

The precise information about the stability of GeO2 can
be deduced from the pressure dependence of the Gibbs
energy. In Fig. 2 the differences of the Gibbs free energ
between CaCl2 , Pbcn, and Pa3̄-type phases and som
other phases as proposed in Refs. 8 and 7 with respect to
rutile-type phase are depicted. Above 20 GPa CaCl2-type
structure becomes energetically more favorable. Howeve
seen in the inset, in the energy range between 18 and 20
the energy differences are too small to distinguish the ab
lute stability between phases. Below we present ano
method to estimate accurately the transition pressure.
lattice constants, volume and free energy behavior give s
lar phase transition pressure around 19.0 GPa and this v
is lower than the experimental one at 26.7 GPa~Ref. 16! and
ambient temperature. The result is not surprising, since
well known that in some cases density functional theory c
culations at T50 K, could underestimate the transitio
pressures for about 30%.

B. CaCl2-type to a-PbO2-type phase transition

Neither the Hartree-Fock calculations17 nor the param-
etrized potential calculations18 of germanium dioxide dea
with a possible CaCl2–a-PbO2 transformation. However, in
analogy to SiO2 and SnO2, such phase transition should exi
in GeO2. From the pressure dependence of the Gibbs f
energy presented in Fig. 2 we find that at the pressure o
GPa a structural change to thea-PbO2-type phase with the
space groupPbcn (Z54) occurs. This phase transition in
volves large atomic rearrangements with respect to

g-

are

FIG. 2. The difference of Gibbs free energy (E1PV) of the

CaCl2 , Pbcn Pa3̄, and other considered phases with respect
the rutile-type phase as a function of pressure. The rutile-type ph
has been optimized under constraints ofP42 /mnm space group.
The inset shows the energy differences between tetragonal
orthorhombic phases in the vicinity of the second-order phase t
sition point. Axis labels in the inset are the same as on the m
axes.
6-3
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CaCl2-type structure. Thec lattice vector is approximately
doubled. The finite volume change@Fig. 1~b!# at the transi-
tion point, indicates its first-order character. The predic
structural parameters of thePbcnphase at 40 GPa are give
in Table I. Experimentally2,8 the space group ofa-PbO2-type
phase has been determined asPnc2. The Pbcn structure
can be mapped ontoPnc2 lattice by a simple axis permuta
tion and the shift of the unit cell origin.7 In fact our calcu-
lated cell parameters and atomic positions at pressure
40–60 GPa could be equally well described byPnc2 or
Pbcn space group.

Within the stability range ofPbcn phase the series o
competitive phases may exist for SiO2 as proposed by Tete
et al.7 Among them we consider for GeO2 the orthorhombic
phases of 434 SnO2 (Pbcn,Z512), 333 NaTiF4
(Pbcn,Z58) and the monoclinic 332 P21 /c (Z56)
since they seem to be of the main importance. We h
checked the possible stability of those phases, as show
the Fig. 2. The lattice parameters of the orthorhombic
dioxide-type phase at 50 GPa area54.03, b55.06, c
513.79. Those of NaTiF4-type are: a54.03, b55.06, c
59.17, and the monoclinicP21 /c-type at 40 GPaa57.77,
b54.10, c55.12, b51170448. We checked that the phas
of baddelyite~seven coordinated Ge! is even less stable. Al
the above results indicate that thea-PbO2-type Pbcn phase
is the most stable one in the pressure range from 36 to
GPa.

C. a-PbO2-type to pyrite-type phase transition

The calculations performed in Ref. 17 for GeO2 predict
that a pyrite structure with space groupPa3̄ should become
stable above 60 GPa. Our calculations~see Fig. 2! indicate
that the cubic phase becomes energetically more favor
with respect to the rutile-type one at pressures above 56 G
From the interpolation of Gibbs free energies~Fig. 2!, we
estimate that thePbcn phase should transform to the cub
one at about 65.5 GPa. The transformation is accompa
by an abrupt volume change@Fig. 1~b!#, hence the phase
transition is of the first order. The structural parameters
the GeO2 phase with the pyrite structure at 70 GPa are giv
in Table I.

D. Internal structural changes from 0 GPa to 70 GPa

With the comfort of the reader in mind, we go through t
descriptive presentation of the structural transition in Ge2.
The structural changes in silica are described by the mu
rearrangements of SiO6 octahedra; for a detailed discussio
see, e.g., Teteret al.7 Rutile-type GeO2 is composed of dis-
torted GeO6 octahedrons aligned along thec direction, which
share corners in (a,b) plane and their edges alongc. The
octahedrons possess two slightly different Ge-O bo
lengths (1.870 Å and 1.896 Å ) at 0 GPa and conseque
different O-O separations. As is well known, the prima
response of the system to the increasing pressure shoul
fect the weakest bonds. Thus, similar to SiO2 we observe a
contraction of the oxygen separations, connected with r
tions of oxygens aroundc axis. The Ge atoms remain in the
13410
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host positions. The phase transition to the CaCl2 type occurs
when the rotation of semirigid GeO6 octahedron breaks th
tetragonal symmetry. This symmetry breaking is connec
to distortions of O-Ge-O bond angles. These distortions
crease within CaCl2-type phase, but the Ge ions reside
their previous equilibrium positions. When the distortio
affect the germanium atoms, the alignment of the octahe
along thec direction is lost and a denser arrangement in
a-PbO2 structure is adopted. Further increase of the press
leads to the cubic phase, in which unlike in the other pha
there is no edge sharing between octahedra. The oxyge
oms are rather shared between vertices of three octahe
The structures are shown in Fig. 3.

IV. PHONON FREQUENCIES AND SOFT MODES

The phonon dispersion relations give a criterion for t
crystal stability and indicate, through soft modes, possi
structural changes. If all phonon frequenciesv2(k) are posi-
tive, the crystal is at least locally stable. Thus, we calcula
the phonon dispersion relations of rutile-type phase of Ge2
at zero pressure, and of the CaCl2-type structure at 30 GPa
and all phonon square frequencies proved to be positive.
phonon dispersion relations were determined by the di
method24–27,12 using the optimized 23232 supercell. The
Hellmann-Feynman forces were computed for the four in
pendent displacements in the tetragonal rutile-type ph
two alonga direction and two alongc direction for Ge and O
atoms as required by the tetragonal symmetry. The amplit
of displacement was 0.5% of the lattice constant in ea
direction. All calculated displacements generate 576 com

FIG. 3. Schematic plot of the top view of the unit cells of co
sidered phases. Bright spheres represent oxygen.
6-4
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nents of the Hellmann-Feynman forces. Making use of
symmetry of force constants following from theP42 /mnm
space group, 165 independent cumulant force constants
longing to the 34 coordination shells, are fitted by the sin
lar value decomposition method. Those force constants
used to construct the dynamical matrix, whose diagonal
tion provides the phonon dispersion relations. According
the direct method, the 23232 supercell provides correc
phonon frequencies at theG ~0,0,0! ~except longitudinal op-
tic infrared active modes that are calculated from 13138
supercell!, X ~1/2,0,0!, Z ~0,0,1/2!, M ~1/2,1/2,0!, R ~1/2,0,1/
2!, andA ~1/2,1/2,1/2! special points of the tetragonal Bri
louin zone. Since the magnitude of the force constants
creases relatively fast with distance, the phonon branc
being an interpolation between special points, should be r
tively well reproduced.

For polar crystals, corrections for the spurious multipo
fields created by the periodic boundary conditions~express-
ible in terms of the Born effective charge tensor! must be
added to the dynamical matrix. This leads to LO/TO splitti
of infrared active modes. Since the direct method applied
23232 supercell allow us to calculate TO modes only,
estimate LO frequencies we used an elongated 13138 su-
percell, and extrapolated the LO branches to zone cen
Hence, we estimated effective point charges as:Z* (Ge)/

FIG. 4. Phonon dispersion relations of the rutile-type phase
GeO2 calculated from the 23232 supercell.

TABLE III. Frequencies~in THz! of Raman active zone cente
phonon modes of the rutile-type phase of GeO2 at 0 GPa, and
CaCl2-type phase at 30 GPa.

Rutile type CaCl2 type
Mode Present Expt.a Mode Present

B1g 4.38 5.13 Ag 5.01
Eg 15.33 B1g 15.46
A1g 20.44 21.03 B3g 16.59
B2g 24.90 26.19 B2g 17.29

Ag 23.31
B1g 28.57

aReference 16.
13410
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Ae`52.0, andZ* (O)/Ae`521.0. The calculated phono
dispersion curves at zero pressure for the rutile-type ph
are presented in Fig. 4. In Table III we list the zone-cen
Raman active-mode frequencies. These modes do not de
on the nonanalytical term and are independent of the ef
tive charge tensors.

The pressure dependence of the nondegenerate Rama
tive modes calculated using the elementary unit cell only
shown in Fig. 5. As one can see, the frequency of theB1g
mode decreases as the pressure is increased. On the
hand, the low-frequency modeAg in the orthorhombic struc-
ture softens with decreasing pressure towards the phase
sition point. ThisB1g mode interacts strongly with the nor
mal shear component of the sameB1g symmetry. Finally, the
shear stress produces the phase transition.

f

FIG. 5. The pressure dependence of the nondegenerate
center mode frequencies of the rutile-type and CaCl2-type structures
of GeO2. The experimental data are denoted by symbols. Left-
right-hand lines correspond to calculated mode frequencies of
tetragonal and orthorhombic structures, respectively. Line den
as (a) is a guide to the eyes, suggesting the soft-mode pres
behavior in the orthorhombic phase.

FIG. 6. Phonon dispersion relations of the CaCl2-type phase of
GeO2 at 30 GPa calculated from the 23232 supercell.
6-5
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For the orthorhombic symmetry the phonon dispers
curves were calculated from the 23232 supercell. This
symmetry requires to calculate Hellmann-Feynman for
for six independent displacements, three for Ge and three
O atom in each crystallographic directions. In Fig. 6 t
phonon dispersion relations for the CaCl2-type phase are pre
sented. The effective charges were assumed to be the
as in the tetragonal phase. The mode frequencies are sh
in Table III.

V. ELASTIC CONSTANTS

The pressure dependence of the elastic constants is a
important characterization of the crystals under varying pr
sure and/or temperature. Moreover, the change of the el
constants at the transition point may drastically influence
macroscopic properties, such as the velocity of sound or
flective properties of the crystal.23

The elastic constants of the rutile type and CaCl2 phases
were determined from the computation of stresses gener
by small deformations of the unit cell. Since it was pre
ously suggested that phase transition from the rutile typ
the CaCl2 type results from strong coupling of the softB1g
mode to the lattice strains, we allowed the simultane
atomic relaxation. For each pressure, several strains of
amplitude up to 1% were applied. Then the elastic consta
were determined at the appropriate limit of zero strain.

The particular direction of the unit cell deformation d
pend on the symmetry of each phase and the numbe
independent elastic constants—ranging from six for tetra
nal phase to nine for orthorhombic one. The elastic const
of the tetragonal rutile-type phase are presented in Table
and are compared with the experimentally measured15 ones
and calculated by different methods.19,28 One can notice
fairly good agreement of theab initio results with the experi-
mental values. The calculated pressure dependence of e
constants are depicted in Fig. 7. Generally, the elastic c
stants change monotonically with pressure. However,
shear modulusc11-c12 of rutile-type phase, Fig. 7~b!, con-
nected with the rotation of the oxygen octahedron, decrea
with the pressure. Interpolation ofc11-c12 leads to zero at
about 18.7 GPa, which implies that this is the phase tra

TABLE IV. Zero-pressure elastic constants of GeO2 compared
with calculated and experimental data. The elastic constants a
GPa.

Ci j Present Experimenta Calculatedb Calculatedc

C11 316.1 337.2 492 300
C12 199.4 188.2 238 97
C13 175.6 187.4 239 143
C33 573.9 599.4 679 474
C44 149.9 161.5 197 150
C66 254.6 258.4 165 93

aReference 15.
bReference 28.
cReference 19.
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tion pressure. Similarly the pressure behavior of the sh
modulus (c111c22)-2c12 of the orthorhombic phasePbcn
also softens as approaching transition pressure from
high-pressure side. The observed behavior is consistent
that calculated by Karkiet al.23,29 The transition pressure
estimated from the pressure dependence of the elastic
stants is consistent with the value of 19 GPa elucidated fr
the structural changes and the 19 GPa obtained from
softening of the RamanB1g mode.

VI. CONCLUSION

To summarize what we have calculated, within a dens
functional theory approach, the following series of press
induced structural phase transitions in GeO2 were observed:
rutile⇒(;19 GPa)⇒CaCl2⇒(36 GPa)⇒a-PbO2⇒(65.5

GPa)⇒Pa3̄ (pyrite). The first transition at 19 GPa is clos
to the second order as suggested by the lattice-cons
changes and the Gibbs free energy behavior. The nor
mode analysis indicate a softening of theB1g Raman active
mode that is strongly coupled to the shear mode respons
for the rutile-CaCl2-type phase transition. Indeed, theB1g

soft mode eigenvector involves the rotation of SiO6 octahe-
dra aroundc axis and resembles the oxygen displacement
the orthorhombic phase with respect to their positions in
tetragonal phase. The next two phase transitions are of
first order and the phase transition to thePbcn structure
occurs at 36 GPa, while the subsequent transition fromPbcn

to the pyritePa3̄ structure occurs at 65.5 GPa. Both phas
contain four formula units in the unit cell. The concurre
phases proposed for silica are less stable in this pres
range. The elastic constants changes continuously with p

in

FIG. 7. ~a! The pressure dependence of the elastic constant
rutile-type and CaCl2 phases of GeO2. The same symbols apply
accordingly in subsequent phases.~b! The shearc112c12 and (c11

1c22)22c12 for orthorhombic phase, responsible for the secon
order ferroelastic phase transition, as a function of pressure.
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sure, exhibiting softening in the vicinity of the secon
orderphase transition. The above predicted sequence of t
formations is in one to one correspondence to the sequ
of transitions predicted for silica, however, these in Ge2
occur at considerably lower pressures. Our results lead
better understanding of the analogy between germanium
oxide and silica and might provide hints for further expe
mental investigations.
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