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High pressure and temperature synthesis of compositions made

of (Si1 – x,Gex)O2 where x is equal to 0, 0.1, 0.2, 0.5, 0.7, and
1 was performed at 7–12 GPa and 1200–1600°C using a

Kawai-type high-pressure apparatus. At 12 GPa and 1600°C,
all the run products were composed of a single phase with a

rutile structure. The lattice constants increase linearly with the
germanium content (x), which indicates that the rutile-type

phases in the SiO2–GeO2 system form a complete series of

solid solutions at these pressure and temperature conditions.
Our experimental results show that thermodynamic equilibrium

state was achieved in this system at 12 GPa and 1600°C, but
not at 1200°C. At lower pressures (7 and 9 GPa) and 1600°C,
we observed the decomposition of (Si0.5,Ge0.5)O2 into SiO2-rich
coesite and GeO2-rich rutile phases. The silicon content in the

rutile structure increases sharply with pressure in the vicinity

of the coesite–stishovite phase transition pressure in SiO2.

I. Introduction

S ILICON dioxide (silica) is a fundamental oxide component
for Earth and materials sciences. Pressure-induced phase

transitions in silica have been heavily studied and it has been
known that silica with a rutile structure, whose mineral name
is stishovite,1 is stable between 9 (Ref. [2]) and 50 GPa where
it further transforms into the CaCl2-type structure.3 Pressure-
induced phase transitions in germanium dioxide (germania)
have also been widely studied because this material is
regarded as an analogue of silica. In germania, the rutile
structure is stable at ambient conditions. The pressure-
induced phase transition sequence after the rutile structure is
exactly the same as that in silica.4 In germania, the phase
transition from rutile to the CaCl2-type structure occurs at
~35 GPa.5 The phase diagrams in silica and germania show

us that rutile structure is stable between 9 and 35 GPa in
both of these compositions. We therefore hypothesize that
(Si1�x,Gex)O2 (x = 0–1) rutile phases make a complete solid
solution in this pressure range. There are examples showing
continuous substitutions between Si and Ge in other systems:
Si1�xGex (x = 0–1) alloy6 with the diamond-type structure at
1 bar; Mg2(Si1�x,Gex)O4 (x = 0–1) with the olivine-type
structure7 at 1 bar; (Si1�x,Gex)3N4 (x = 0–1) with the spinel
structure8 under high pressure and temperature.

Stishovite is known to be elastically and plastically stiff.
The bulk modulus and Vickers hardness were reported to be
~3009,10 and ~30 GPa,11–13 respectively. Stishovite is the
hardest known oxide at ambient conditions.11–14 The rutile-
type germania is also elastically stiff. The reported bulk
modulus is 258 GPa,15 which is slightly larger than that of
Al2O3 corundum (254 GPa16). As hardness of ionic and
covalent materials increases with bulk modulus,17 the rutile-
type germania is a potential hard oxide material. Solid
solutions between SiO2 and GeO2 with a rutile structure can
also be potential hard ceramics.

There have been numerous studies on structural and
physical properties for rutile-type silica (stishovite) and
germania (argutite). However, there have been a limited
number of studies18–21 to examine mutual solubility between
these phases. Miller et al.18 performed a high-pressure and
temperature experiment in the SiO2–GeO2 system at 11 GPa
and 400°C and found no evidence of mutual solubility: the
presence of the two-endmembers was observed at these con-
ditions. Fursenko et al.19 carried out an experiment at 9 GPa
and 800°C and observed limited mutual solubilities (6 mol%
GeO2 into stishovite; 16 mol% SiO2 into argutite). Gullikson
et al.20 performed experiments at about 10 GPa and 1200°C.
They reported that solubility of SiO2 into argutite is 25 mol
% and that of GeO2 into stishovite is 18 mol%. On the
other hand, a theoretical study21 predicted that these two
endmembers can be completely miscible. Here, we report
synthesis of solid-solutions in the SiO2–GeO2 system at
12 GPa and 1600°C using SiO2–GeO2 glasses prepared by a
containerless processing method. Our experimental data
indicate that rutile structures in this system form a complete
series of solid solutions at these conditions.
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II. Experimental Methods

Three different types of starting materials were prepared. The
first samples were SiO2–GeO2 glasses prepared by an aerody-
namic levitation furnace22 (ALF) installed at the Institute of
Industrial Science, University of Tokyo. This technique
enables us to synthesize glasses without a container. Powder
mixtures with compositions of (Si1�x,Gex)O2 where x = 0.1,
0.2, 0.5, and 0.7 were prepared using SiO2 and GeO2 quartz
powders. The pelleted oxide mixtures were levitated by an O2

gas flow and melted using a CO2 laser. The levitated melts
were quenched to form glasses by shutting off the laser
power. This type of starting material is referred to as ALF-
glass hereafter. The second samples were also SiO2–GeO2

glasses (x = 0.2 and 0.5) but they were prepared using a
normal furnace (NF) with lamp heaters. Temperature was
increased to 1600°C and the sample was cooled in the
furnace after shutting off the heater power. A platinum cru-
cible was used as the sample container. These glasses are
referred to as NF-glass hereafter. The third samples were
mechanical mixtures of pure silica glass (T-4040; Covalent
Materials Corporation, Tokyo, Japan) and GeO2 quartz
(>99.99%; Sigma-Aldrich, St. Louis, MO) with two different
bulk compositions (x = 0.5 and 0.7). This type of starting
material is referred to as OM (oxide mixture) hereafter. This
commercially available silica glass and GeO2 quartz were also
used as the starting materials for the end-member composi-
tions with x = 0 and 1, respectively. All the starting materials
were ground into fine powders using an agate mortar. All the
powdered samples were checked by X-ray diffraction (XRD)
measurements using an X-ray diffractometer with CuKa radi-
ation (MiniFlex600; Rigaku, Akishima, Tokyo, Japan).

High-pressure and high-temperature synthesis experiments
were performed using a Kawai-type apparatus with a
Walker-module (mavo press LPR 1000-400/50; Max Voggen-
reiter GmbH, Mainleus, Germany) installed in Deutsches
Elektronen Synchrotron (DESY). The second stage anvils
were tungsten carbide cubes with a truncated edge length of
11 mm. An octahedral Cr2O3-doped magnesia with an edge
length of 18 mm was used as the pressure medium. A cylin-
drical LaCrO3 furnace (Nikkato Corp., Osaka, Japan) was
employed. The powdered samples were packed into a plat-
inum container and then embedded into a magnesia sleeve
with magnesia lids. Pressure was calibrated at room tempera-
ture using fixed pressure points: Bi I-II, 2.55 GPa; Bi III-V,
7.7 GPa; ZnTe transition I, 9.6 GPa23; ZnTe transition II,
12.0 GPa.23 Temperature was calibrated in separate runs
using a W5%Re/W26%Re thermocouple (C-type). For syn-
thesis runs, pressure was applied first at room temperature

for ~2 h and temperature was increased at constant loads
corresponding to 7, 9 and 12 GPa with a heating rate of
~100°C/min. Temperature was maintained at target values
(1200°C, 1400°C, and 1600°C) for 2 h. Then, temperature
was quenched by shutting off the power. Decompression
took ~12 h and samples were recovered.

Some recovered samples synthesized at 12 GPa and
1600°C with rutile structure were crushed and ground into
powders using a pestle and a mortar made of nanopolycrys-
talline diamond.24,25 First, we tried to crush them using an
alumina mortar, but we observed a huge amount of contami-
nation of alumina because SiO2 stishovite is much harder
than alumina.11–14 Then we synthesized nanopolycrystalline
diamond materials using a 6000tonf-Kawai-type apparatus
(BOTCHAN-600025 in Geodynamics Research Center,
Ehime University) and made the nanopolycrystalline
diamond mortar, which enables us to grind stishovite crystals
without contamination.

For these powdered samples, XRD measurements were
performed at K 1.3b (structural materials science beamline)26

at the Kurchatov synchrotron radiation source. X-rays were
monochromatized by a channel-cut monochromator with a
Si (111) crystal to 17.998 keV. We used a two-dimensional
imaging plate as a detector. The incident beam size was
300 lm 9 300 lm and the sample to detector distance was
200 mm. For the other recovered samples, XRD measure-
ments of sintered pieces were carried out using the benchtop
X-ray diffractometer with CuKa radiation (MiniFlex600;
Rigaku) at DESY.

Raman spectra of the selected samples were recorded using
a micro-Raman spectrometer system (SENTERRA; Bruker,
Billerica, MA) installed at P01, PETRA III, DESY. Excita-
tion was provided by a 532 nm laser.

We observed the microstructure of a recovered sample
using a field-emission scanning electron microscope (FESEM;
JSM-7000F, JEOL, Akishima, Tokyo, Japan) at the Geody-
namics Research Center, Ehime University. A fragment of
the sample was embedded into epoxy resin and it was pol-
ished using diamond pastes down to 1 lm. The polished sur-
face was coated with carbon and the FESEM observation
was performed with an acceleration voltage of 15 kV.

III. Results and Discussion

Figure 1(a) shows XRD patterns of ALF-glasses. We
observed a halo at about 22° with no sharp peak indicating
that this kind of starting material consists only of glass. This
method is the most appropriate for the fabrication of glasses
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Fig. 1. X-ray diffraction patterns of glass starting materials: (a) glasses made by an aerodynamic levitation furnace (ALF-glass); (b) glasses
made by a normal furnace (NF-glass).
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by suppressing inhomogeneous nucleation from the container
wall.22 Figure 1(b) shows XRD patterns of NF-glasses. We
observed the presence of a sharp peak corresponding to the
101 + 011 peak of SiO2 quartz in (Si0.8,Ge0,2)O2. Two sharp
peaks corresponding to the 101 + 011 peaks of SiO2 and
GeO2 quartz crystals were observed in (Si0.5,Ge0.5)O2. These
glass starting materials contain a small amount of quartz
crystals.

Table I summarizes all the conditions and results of high-
pressure and temperature synthesis experiments performed in
this study. All the run products synthesized at 12 GPa and
1600°C were composed of a single phase with rutile struc-
ture.

Figure 2 shows XRD patterns of recovered samples
(x = 0, 0.1, 0.2, 0.5, 0.7, and 1) synthesized at 12 GPa and
1600°C (run#: H077, H086, H084, H083, H082, and H078).
These XRD patterns were collected at the Kurchatov syn-
chrotron radiation source. The samples with intermediate
compositions (x = 0.1, 0.2, 0.5, and 0.7) were synthesized
from ALF-glasses. Then, each XRD pattern can be explained
by the presence of a single phase with a rutile structure. We
can clearly observe the systematic peak shifts toward lower
diffracted angle with Ge content (x).

We determined lattice constants (a and c) of the rutile
phases shown in Fig. 2 by Rietveld refinement. Figure 3
shows the relationship between the determined lattice con-
stants and the Ge content (x). The lattice constants increase
linearly with the Ge content (x) and are expressed as linear
functions: a = 4.1758(20) + 0.2200(40) x; c = 2.6632
(20) + 0.1968(35) x. The recovered samples with x = 0.2 and
0.5 synthesized from NF-glasses and those with x = 0.5 and
0.7 synthesized from OMs at these conditions also consist of a
single phase with a rutile structure. Lattice constants of these
rutile phases are also shown in Fig. 3. We can see that the Ge
content (x) is the only parameter to control the lattice con-
stants of the rutile phases synthesized at 12 GPa and 1600°C,
regardless of the type of starting material. For comparison,
we plotted previous data determined by single crystal XRD
measurements for the end-members.27,28 These results indicate
that the rutile-type phases in the SiO2–GeO2 system form a
complete series of solid solutions at 12 GPa and 1600°C.
These results also show that these rutile phases (x = 0–1) are
thermodynamically equilibrated at these conditions.

Figure 4 shows a backscattered electron image of a rutile
phase with the (Si0.5,Ge0.5)O2 composition synthesized from

an ALF-glass at 12 GPa and 1600°C (run#: H083). The
image looks homogeneous showing that this sample is
composed of a single phase, (Si0.5,Ge0.5)O2 rutile. This result
is consistent with that obtained by XRD measurement
(Fig. 2). According to this image, the grain size of this sam-
ple is about 5 lm. Faint contrast seen in this figure may be
the channeling contrast that originates from different crystal-
lographic orientations.

We collected Raman spectra [Fig. 5(a)] of the recovered
samples whose XRD patterns were shown in Fig. 2. We
observed all the Raman active modes (A1g, B1g, B2g, and Eg)
that were observed in a previous study29 for the spectrum of
SiO2 stishovite (run#: H077). The peak positions, relative
intensities, and peak width of the observed bands are very
similar to those in the previous study.29 A spectrum of the
other end-member, GeO2 argutite (run#: H078), also resem-
bles that in a previous study.30 The Eg band can be over-
lapped with the A1g band29 [Fig. 5(a)]. Other rutile phases
with intermediate compositions with x = 0.1, 0.2, 0.5, and

Table I. Summary of High-PT Synthesis Conditions and Results

Run no. Starting material x in (Si1�x,Gex)O2 Pressure (GPa) Temperature (°C) Phase present

Lattice constants of rutile

phase

a (�A) c (�A)

H077 Glass† 0 12 1600 Rutile 4.1792 (2) 2.6667 (1)
H086 ALF-glass 0.1 12 1600 Rutile 4.1979 (2) 2.6828 (1)
H084 ALF-glass 0.2 12 1600 Rutile 4.2172 (1) 2.7003 (1)
H080 NF-glass 0.2 12 1600 Rutile 4.2153 (3) 2.7031 (2)
H083 ALF-glass 0.5 12 1600 Rutile 4.2847 (2) 2.7604 (2)
H079 NF-glass 0.5 12 1600 Rutile 4.2816 (3) 2.7651 (3)
H091 OM 0.5 12 1600 Rutile 4.2779 (3) 2.7611 (3)
H082 ALF-glass 0.7 12 1600 Rutile 4.3268 (1) 2.7981 (1)
H095 OM 0.7 12 1600 Rutile 4.3221 (1) 2.7981 (3)
H078 quartz‡ 1 12 1600 Rutile 4.3989 (1) 2.8631 (1)
H139 ALF-glass 0.5 12 1400 Rutile — —
H142 OM 0.5 12 1400 Rutile — —
H138 ALF-glass 0.5 12 1200 Rutile — —
H141 OM 0.5 12 1200 Two rutiles§ — —
H143 ALF-glass 0.5 9 1600 Coesite + rutile 4.3529 (3) 2.8221 (1)
H081 ALF-glass 0.5 7 1600 Coesite + rutile 4.3778 (2) 2.8471 (2)

†Silica glass (T-4040; Covalent Materials Corporation).
‡GeO2 quartz (>99.99%; Sigma-Aldrich).
§Ge-bearing stishovite (SiO2-rich) and Si-bearing argutite (GeO2-rich).
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0.7 show similar Raman spectra with those of the end-mem-
bers [Fig. 5(a)]: the Eg band can be seen clearly in x = 0.1
and 0.2, and these spectra are similar to that of SiO2 stisho-
vite; spectra in x = 0.5 and 0.7 are similar to that of GeO2

argutite. A minor difference is observed in some spectra: the
B2g band in x = 0.2, 0.5, and 0.7 look broadened (or an
additional broader band could be present next to the B2g

band). Figure 5(b) shows peak positions of all the observed
Raman active modes as a function of Ge content (x). We
observed that the peak positions shift linearly with x. Raman
spectra of rutile-structured oxides (SiO2, GeO2, SnO2, and
TiO2) are similar because the metal ions occupy centrosym-
metric positions in this structure and none of these positions
have metal ion displacements.29 All the Raman spectra
shown in Fig. 5(a) are similar, which supports the results
obtained in the XRD measurements: (Si1�x,Gex)O2 rutile-
type phases form a complete solid solution at 12 GPa and
1600°C.

We also performed a series of synthesis experiments at
12 GPa and lower temperatures of 1200°C and 1400°C in
(Si0.5,Ge0.5)O2 (x = 0.5). Two types of starting materials,
ALF-glass and OM, were employed. The XRD patterns of
recovered samples are shown in Fig. 6. At 1600°C, a single
phase of (Si0.5,Ge0.5)O2 rutile was synthesized from these
two different starting materials (also see Fig. 3), which
ensures the achievement of thermodynamic equilibrium. In
contrast, at a lower temperature of 1200°C, the recovered
sample synthesized from ALF-glass and that from OM show
different XRD patterns. The ALF-glass crystalized into a
single-phase of rutile [Fig. 6(a)] and the XRD pattern of the
recovered sample synthesized from OM shows the presence
of two rutile (SiO2-rich and GeO2-rich) phases [Fig. 6(b)].
These results show that thermodynamic equilibrium was not
achieved at 1200°C. The XRD patterns of the recovered
samples synthesized from the two different starting materials
at 1400°C [Figs. 6(a) and (b)] can be explained by the pres-
ence of a single phase of (Si0.5,Ge0.5)O2 rutile, but it may
not mean achievement of thermodynamic equilibrium at this
temperature because the peaks of both the samples look
broader than those at 1600°C [see Fig. 6(a) and (b)]. The
similar broadening was also observed for the single phase of
rutile synthesized from ALF-glass at 1200°C [see Fig. 6(a)].
These results suggest that the run products synthesized at
1200°C and 1400°C may have small grain sizes, low crys-
tallinities, and inhomogeneous chemical compositions that
are caused by incomplete transitions in the SiO2–GeO2

Fig. 4. An example of backscattered electron image of a rutile
phase with (Si0.5,Ge0.5)O2 composition synthesized from a ALF-glass
at 12 GPa and 1600°C (run#: H083). The homogeneous image shows
that this sample consists of a single phase.
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system at these conditions. Gullikson et al.20 also observed
significant peak broadenings in this system. The results
obtained in the present and previous studies demonstrate
that temperature of 1600°C is required to obtain thermally
equilibrated run products within heating time of 2 h in this
system at 12 GPa.

The presence of two rutile phases in the run product
synthesized from the OM starting material at 12 GPa and
1200°C is consistent with results obtained in previous
studies.19,20 Gullikson et al.20 obtained a run product that
consist of two rutile phases, Ge-bearing stishovite [(Si0.81,
Ge0.19)O2] and Si-bearing argutite [(Si0.25,Ge0.75)O2], at
9.02 GPa and 1200°C (run#, BB1111). They obtained a simi-
lar run product at 10.25 GPa and 1200°C (run#, BB1114).
The starting materials for these two runs were an oxide mix-
ture (high-purity GeO2 powder + SiO2 powder). Fursenko
et al.19 carried out a synthesis run at even lower temperature,
9 GPa and 800°C. They used a mixture of silica glass and
GeO2 quartz as a starting material and their run product
showed the presence of two rutile phases with limited mutual
substations [(Si0.94,Ge0.06)O2 stishovite and (Si0.16,Ge0.84)O2

argutite]. In these studies, phase diagrams in the SiO2–GeO2

system were shown. However, our experimental results show
that a temperature of 1200°C and a heating duration of 2 h,
which is the same as that in Gullikson et al.,20 are insufficient
to achieve thermodynamic equilibrium to study the mutual
substitution between SiO2 stishovite and GeO2 argutite.
Therefore, their phase boundaries above 9 GPa may be
affected by a kinetics issue.

To overcome this issue, we performed some additional
synthesis experiments at different pressures at a constant
temperature of 1600°C at which thermodynamic equilibrium
was achieved for the Si–Ge substation in the rutile structure
at 12 GPa. Figure 7 shows a schematic phase diagram at
1600°C. We observed decomposition of (Si0.5,Ge0.5)O2 into
SiO2-rich coesite and the GeO2-rich rutile phase at 7 and
9 GPa. We estimated values of x (Ge content) of the GeO2-
rich rutile phases using the linear relationships between the
lattice constants (a and c) and x shown in Fig. 3. We
obtained (Si0.06,Ge0.94)O2 at 7 GPa and (Si0.19,Ge0.81)O2 at
9 GPa. Our data also show that unit cell volumes of SiO2-
rich coesite phases (V for 7 GPa sample = 551.04(2) �A3; V
for 9 GPa sample = 548.86(6) �A3) are slightly larger than
that of the end-member coesite31 [V = 546.46(5) �A3]. These
results suggest that the coesite phases obtained in these run
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Fig. 7. A schematic phase diagram in SiO2–GeO2 system at
1600°C. A single phase with rutile structure was observed at
conditions represented as solid circles; coexistence of SiO2-rich
coesite and GeO2-rich rutile was observed at conditions represented
as open circles. Plus, chemical compositions of the GeO2-rich rutile
phases estimated using the linear relationships between lattice
constants of (Si1�x,Gex)O2 rutiles and Ge content (x) shown in
Fig. 3; cross, phase transition pressures in SiO2 determined in
previous studies.2,32
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products incorporate a small amount of Ge into the
structure. The present results at 7 and 9 GPa are consistent
with those of Gullikson et al.20 Quartz-coesite32 and coesite-
stishovite2 phase transition pressures at 1600°C in SiO2 are
also plotted. In Fig. 7, the phase boundaries above 7 GPa
were drawn on the basis of the present experimental data
and those below this pressure are based on Gullikson et al.20

As seen in this figure, the silicon content in the GeO2 rutile
phase increases sharply with pressure in the vicinity of the
coesite-stishovite phase transition pressure in SiO2. Above
this phase transition pressure, a complete solid solution with
the rutile structure between SiO2 and GeO2 can be formed.
We should note that there is no guarantee that the complete
solid solution is thermodynamically stable at temperatures
below 1600°C. Further studies including thermodynamic and
first-principles calculations are required to solve this issue.

Formation of the complete solid solution suggests that
elastic and mechanical properties of SiO2 stishovite are
tunable by substituting Ge into the Si site. Stishovite is the
hardest known oxide11–14 at ambient conditions. As a value
of the bulk modulus15 of GeO2 argutite is slightly higher or
as high as that of Al2O3 corundum, a continuous solid
solution between SiO2 stishovite and GeO2 argutite can be a
series of hard oxides whose hardness values change continu-
ously between 19 (=hardness of corundum33) and 30 GPa.
As nanocrystalline bulk stishovite13,34 is a simultaneously
hard and tough oxide material whose fracture toughness
exceeds 10 MPa�m1/2, nanocrystalline bulk (Si1�x,Gex)O2

rutile (x = 0–1), if it is possible to synthesize it, may have
tunable enhanced mechanical properties.

IV. Conclusion

In summary, a complete solid solution with a rutile-type
structure and compositions made of (Si1�x,Gex)O2 where
x = 0–1 was synthesized at 12 GPa and 1600°C. We
observed that lattice constants (a and c) of the rutile phases
are expressed as linear functions of the Ge content (x):
a = 4.1758(20) + 0.2200(40) x; c = 2.6632(20) + 0.1968(35) x.
Raman spectra of (Si1�x,Gex)O2 rutile phases look similar,
which also supports the formation of the complete solid
solution. In previous experimental studies,18–20 limited
mutual solubility was reported between SiO2 and GeO2

rutile-type phases at 9–11 GPa and 400°C–1200°C. The pre-
sent experimental results obtained at 12 GPa and 1200°C
with a heating duration of 2 h demonstrate that the thermo-
dynamic equilibrium was not achieved to study the mutual
substitution at these conditions. Some of the results obtained
by the previous studies18–20 may be affected by a kinetic
issue. The formation of the complete solid solution suggests
that elastic and mechanical properties of SiO2 stishovite,
which is the hardest oxide at ambient conditions,11–14 are
tunable by substituting Ge into the Si site.
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