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Abstract Germanium dioxide was found to undergo a
transition from the tetragonal rutile-type to the ortho-
rhombic CaCl,-type phase above 25 GPa. The detailed
structural evolution of both phases at high pressure in a
diamond anvil cell has been investigated by Rietveld
refinement using angle-dispersive, X-ray powder-dif-
fraction data. The square of the spontaneous strain
(a —b)/(a+ b) in the orthorhombic phase was found to
be a linear function of pressure and no discontinuities in
the cell constants and volume were observed, indicating
that the transition is second-order and proper ferro-
elastic. Compression of the GeOg octahedra was found
to be anisotropic, with the apical Ge-O distances de-
creasing to a greater extent than the equatorial distances
and becoming shorter than the latter above 7 GPa.
Above this pressure, the GeOg octahedron exhibits the
common type of tetragonal distortion predicted by a
simple ionic model and observed for most rutile-type
structures such as those of the heavier group-14 dioxides
and the metal difluorides. Above the phase transition,
the columns of edge-sharing octahedra tilt about their
two fold axes parallel to ¢ and the rotation angle reaches
10.2(5)° by 36(1) GPa so as to yield a hexagonal close-
packed oxygen sublattice. The compressibility increases
at the phase change as is expected for a second-order
transition at which an additional compression mecha-
nism becomes available.
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Introduction

There has been a great deal of interest in the high-
pressure phase transitions of stishovite rutile-type silica,
due to the possible geophysical repercussions of such
transitions. Among the dioxides, GeO, is the closest
analog to silica, and thus the study of rutile-type GeO,
may further the understanding of the high-pressure
behavior of stishovite. Stishovite was found to undergo
a phase transition from the tetragonal rutile-type
(P4,/mnm,Z =2) to an orthorhombic, CaCl,-type
(Pnnm, Z = 2) phase by Raman spectroscopy (Kingma
et al. 1995) and X-ray diffraction (Mao et al. 1994;
Andrault et al. 1998) at pressures of between 50 and
56 GPa. Second-order rutile-type to CaCl,-type transi-
tions have also been observed in GeO, at 26.7 GPa by
Raman spectroscopy (Haines et al. 1998) and in the
heavier group-14 dioxides, SnO, (Haines and Léger
1997) and PbO, (Haines et al. 1996a), from X-ray dif-
fraction measurements. Molecular dynamics calcula-
tions indicate a much higher transition pressure of 80
GPa for GeO, (Tsuchiya et al. 1998). Up to the present,
there are no structural data for rutile-type GeO, above
7.2 GPa (Hazen and Finger 1981; Léger et al. 1998),
which is well below the observed phase transition pres-
sure. In the present study, the structural evolution of
GeO, up to 36 GPa is described and compared with the
behavior of stishovite and the other group-14 dioxides.

Experimental

Rutile-type GeO, was prepared from the quartz-type phase (Pro-
duits Touzart and Matignon, purity 99.999%) at 3 GPa and 585 °C
in a belt-type apparatus. No impurities could be detected in the
sample by X-ray diffraction, and the widths of the diffraction lines
are consistent with a crystallite size of 70 nm.

High-pressure X-ray diffraction experiments were performed
using a diamond anvil cell in which the rear diamond was mounted
over a 16°-wide slit allowing access to 40 = 80°. The powdered
rutile-type GeO, was loaded in the 150-pm holes drilled in inconel
gaskets preindented to a thickness of 100-120 pm. Several grains of
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ruby powder were added as a pressure calibrant. In certain runs, up
to 10% w/w titanium carbide or platinum was mixed with the
sample in order to absorb laser radiation for heating. In the ex-
periments, up to 16.1 GPa, 16:3:1 methanol:ethanol:water was used
as a pressure-transmitting medium, whereas for higher pressures
cryogenically loaded nitrogen was used. At all pressures above 11
GPa, laser heating was performed using a 50-W Nd-Yag laser in
order to minimize deviatoric stress. The laser was slowly scanned
over the sample for a period of typically 1-2 h. The temperature
was not measured; however, the intensity of the visual emission
produced from the 5-um diameter hot spot indicated a temperature
of the order of 1000 °C. The pressure was measured based on the
shift of the ruby R; and R, fluorescence lines (Mao et al. 1986). In
one run, in which 10% w/w TiC was added, yielding a very black
sample mixture, the pressures estimated based on the ruby signals,
which originated from the sample-mixture-diamond interface,
proved to be unreliable. The ruby lines were very broad, indicating
contact between the ruby and the diamond, whereas the diffraction
lines remained sharp. In this run, the pressure was estimated based
on the equation of state of titanium carbide with a bulk modulus of
242 GPa (Chang and Graham 1966) and a first pressure derivative
of 4.

Angle-dispersive X-ray powder-diffraction data were obtained
on an imaging plate placed at between 117.21 and 147.90 mm from
the sample, using zirconium-filtered molybdenum radiation from a
microfocus tube. These distances were measured mechanically with
a precision of +0.03 mm. Data were obtained either with a
130 x 130 pm beam defined using a collimator built of two sets of
crossed slits, or using the 100-pm beam from an X-ray capillary
optic. Exposure times were 48—60 h. An additional exposure was
performed on the same installation at ambient pressure with a
GeO, sample in a 0.3-mm diameter glass capillary and an imaging
plate at a distance of 143.06 mm.

The observed intensities on the imaging plate were integrated as
a function of 20 in order to obtain conventional one-dimensional
diffraction profiles. The resulting profiles were used for multiphase
Rietveld refinement using the program FULLPROF (J. Rodriguez-
Carvajal, unpublished) in order to account for lines from TiC, N,
and nickel from the gasket in addition to GeO,. In addition to the
cell constants and atomic positional parameters for GeO,, scale
factors, line shape, and an overall thermal parameter were varied.
Strain parameters were also included for GeO, near and above the
phase transition to account for preferential broadening of certain
diffraction lines due to fine-scale twinning effects. The inclusion of a
preferred orientation parameter resulted in no improvement to the
fits. This was taken as evidence that preferred orientation effects
were absent. A similar absence was also observed for CaCl,-type
SnO, under hydrostatic conditions (Haines and Léger 1997). Due
to the low diffracted intensity arising from ¢-N,, all values for this
phase, except the scale factor, were fixed. A recent study of TiC at
high pressure by Dubrovinskaia et al. (1999) indicated that a
transition to a rhombohedral phase occurs above 18 GPa at am-
bient temperature. This transition was not observed in the present
work on laser-annealed samples and no deviation from cubic
symmetry was detected in the Rietveld refinements. Figures in
parentheses refer to standard uncertainties given by FULLPROF
in the case of diffraction data and estimated error for other mea-
sured values.

Results and discussion
Rutile-type to CaCl,-type phase transition

The structure of rutile-type GeO, (Fig. 1) is composed
of columns of edge-sharing GeOg octahedra lying along
¢, which are cross-linked along the [1 1 0] and [1 1 0]
directions. In this structure, the oxygen array is tetra-
gonal close-packed (Baur 1981; West and Bruce 1982;
Wells and Chamberland 1987). This arrangement is

Rutile-type GeO; at 0.1 MPa

CaCl,-type GeQ; at 36 GPa

Fig. 1 Polyhedral representations of the crystal structures of rutile-
type and CaCl,-type GeO, projected on the xy plane. Note that the
tilt angle of the GeOg octahedra by 10° with respect to their
orientation in the rutile structure produces the hexagonal close-packed
oxygen planes perpendicular to b in the CaCl,-type structure shown
below. In consequence, the oxygens no longer lie in the [1 1 0] and
[11 0] planes

slightly less dense than hexagonal close packing and can
be described as a distorted puckered hexagonal closest
packing. There is one refinable atomic positional pa-
rameter, the oxygen x-coordinate (Table 1). The value
obtained in this study at ambient pressure of 0.3063(3) is
in very good agreement with the values of 0.3059(2) and
0.3061(13) obtained using single-crystal X-ray diffrac-
tion (Baur and Khan 1971; Hazen and Finger 1981) and
that of 0.30604(6) using neutron powder diffraction
(Bolzan et al. 1997). The diffraction data obtained at
pressures up to and including 25 GPa were consistent
with a tetragonal rutile-type structure (Fig. 2; Table 1).
At pressures between 28 and 36 GPa, the hkl (h # k)
diffraction lines were found to split, whereas the /Al lines
did not, indicating an orthorhombic distortion of the
parent tetragonal structure. This is identical to what was
observed at the rutile-type to CaCl,-type transitions in a
series of dioxides, SiO, (Andrault et al. 1998), SnO,
(Haines and Léger 1997), PbO, (Haines et al. 1996a),
MnO, (Haines et al. 1995), and RuO, (Haines and Léger
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Table 1 Structural data for tet-

ragonal rutile—typ4e+Ge02 [P4,/ P (GPa)* a(A) b (A) ¢ (A) X y Rp/Ryp/ Ry (%)°
(mon’(’)’(f Oz_zéfjfsit‘g;‘(i‘f w0y Ambient  4396(1) - 28626(1)  0.30633) - 2.5/4.3/7.0
and orthorhombic CaClytype . Ambient  4.3964 - 2.8626 0.3061 -
GeOs [P, 2 = 2. G on LTI 43856 - 28598 03060 -
- > - 3.1 375 - 857 0.3047 -
fi’ S;teog? 0. 0) O on dgssites 300 43711 - 2.8558 0.3035 -
b 4.2(1) 43751(1) - 28511(1)  0.3048(4) - 2.0/4.9/6.8
500 43666(1) - 28522(1)  0.30473) - 1.6/3.5/4.1
6.2(2) 43553(1) - 2.8463(1)  0.3030(4) - 3.0/5.4/7.9
72020 43483(1) - 2.8436(1)  0.3036(4) - 2.3/4.7/7.0
8.93) 43417(1) - 28407(1)  0.3027(4) - 2.3/5.3/74
10.4(3) 43340(1) - 28376(1)  0.3035(4) - 2.0/4.8/72
10.53) 43349(1) - 2.8424(1)  0.3029(6) - 2.6/7.1/7.4
16.1(5) 42980(1) - 28295(1)  0.2997(7) - 3.1/6.9/7.4
20.3(9) 428352) - 281932)  02985(5) - 2.5/6.6/7.9
25(1) 426300) - 28148(2)  0.2972(6) - 2.3/7.6/10.7
28(1) 4284109) 4209809  2.8089(3)  03352)  0.2642)  23/6.7/9.4
29(1) 42852(6)  4.1959(6)  2.8062(2)  03352)  0.262(1)  2.2/5.6/7.4
32(1) 42866(6)  4.1742(6)  2.7995(3)  03402)  0.256(1)  1.8/5.5/7.2
35(1) 42834(6)  4.1508(5)  27941(3)  0336(2)  0.225(1)  1.4/5.6/7.0
36(1) 42814(6)  4.1424(6)  2.79193)  03352)  0.255(1)  23/6.1/7.5

# Ruby fluorescence was used for pressure measurements below 20 GPa, whereas the equation of state
of TiC was used above this pressure. It can be noted that above 20 GPa the average difference between
the pressure given by the TiC and the ruby which was in contact with the diamond anvil was 1 GPa
® Agreement factor B = Bragg, p = profile, wp = weighted profile

¢Single-crystal data (Hazen and Finger 1981)

dPowder data (Léger et al. 1988)

1993; Haines et al. 1997), and in the case of GeO,, re-
finements could readily be performed using a CaCl,-type
structural model (Fig. 3; Table 1).

Landau theory predicts that a transition from a te-
tragonal rutile-type structure, space group P4,/mnm
Z = 2, to an orthorhombic CaCl,-type structure, space
group Pnnm Z = 2, should be second-order and proper
ferroelastic and involve the softening of the Raman-ac-
tive B;, mode (Salje 1990; Stokes and Hatch 1988). This
mode corresponds to a libration of the columns of GeOyg
octahedra about their two fold axes parallel to ¢. The

2 Rutile-type
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Fig. 2 Experimental data (+) and calculated profiles (solid line) from
the Rietveld refinement of rutile-type GeO, at 4.2 GPa. Intensity is in
arbitrary units and the difference profile is on the same scale. Vertical
bars indicate the calculated positions of reflections (xoy, Koy, xf5)
arising from GeO,, Ni from the gasket and TiC. The diffraction lines
of GeO, are indexed

Raman-active B, mode in rutile-type GeO, does indeed
soften with pressure up to 26.7 GPa, above which it
becomes a hard 4, mode (Haines et al. 1998). In the
present X-ray diffraction study, the cell constants
(Fig. 4) and volume (Fig. 5) exhibit no discontinuities as
required for a second-order phase transition. The pri-
mary order parameter for this transition is the sponta-
neous strain, ey = (¢ —b)/(a+b), which is of B,
symmetry. As shown previously for this type of proper
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Fig. 3 Experimental data (+) and calculated profiles (solid line) from
the Rietveld refinement of CaCl,-type GeO, at 36 GPa. Intensity is in
arbitrary units and the difference profile is on the same scale. Vertical
bars indicate the calculated positions of reflections (ioy, ko, Kff)
arising from GeO,, Ni from the gasket and TiC and &-N,. The
diffraction lines of GeO, are indexed. Note the splitting of the
tetragonal 211, 310, and 301 reflections in the 260 range beyond 25°
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Fig. 4 Cell constants of rutile-type ((J) and CaCly-type (V) GeO, as a
function of pressure. The single-crystal data of Hazen and Finger 1981
are indicated by 0. Lines represent least-squares fits to the data. Open
and solid symbols refer to points obtained on compression and
decompression, respectively
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Fig. 5 Relative volume of rutile-type ((J) and CaCl,-type (V) GeO, as
a function of pressure. The single-crystal data of Hazen and Finger
1981 are indicated by 0. Lines represent Birch-Murnaghan equations
of state using the parameters given in the text. Open and solid symbols
refer to points obtained on compression and decompression,
respectively

ferroelastic transition (Haines and Léger 1993; Haines
et al. 1995), the square of the spontaneous strain should
be a linear function of (P — P.), where P, is the critical

pressure. This is indeed the case for GeO, and extrap-
olation of e gives a critical pressure of 25+1 GPa
(Fig. 6) in good agreement with the value obtained from
Raman measurements (Haines et al. 1998). Preferential
broadening of the #hk/ reflections which split in the
orthorhombic phase, was observed in the present study,
as was also the case for SnO, (Haines and Léger 1997)
and MnO, (Haines et al. 1995). This broadening is an
indication of the existence of fine-scale twinning
commonly observed at ferroelastic transitions.

Compressibility and equation of state

The P-V data for GeO, were fitted using two Birch-
Murnaghan equations of state (Birch 1947):

P =15B[(V/Vo) "> = (V) 15)>P{1 + 0.75(B), — 4)
< [(V/n) 2 =11}, (1)

where B is the bulk modulus and B’ is its first pressure
derivative. The subscript zero refers to the value at
ambient pressure. A bulk modulus of 250(9) GPa with a
Bj, of 5.6(9) was obtained from fitting the data for the
rutile-type phase (P < 25 GPa) in Table 1 to the above
equation. These values are in good agreement with the
results of ultrasonic measurements (Wang and Simmons
1973), By =259 GPa with Bj = 6.16, and with those
obtained from molecular dynamics calculations (Tsu-
chiya et al. 1998), By = 245 GPa with B = 4.7). A fit to
the data for the high-pressure CaCl,-type phase (P > 28

0.0003

0.0002 |

[(a-b)/(a+b)]?

0.0001

0.0000 : L L
20 25 30 35 40

PRESSURE (GPa)

Fig. 6 Square of the spontaneous strain in rutile-type ((J) and CaCl,-
type (V) GeO, as a function of pressure. The Line represents a least-
squares fit to the data. Open and solid symbols refer to points obtained
on compression and decompression, respectively



GPa) yielded By =241(10) GPa and V/V = 1.008(3)
with B fixed to 4. These values have no physical sig-
nificance, as this phase is only present above the critical
pressure of this second-order phase transition. The bulk
modulus at P, is 390(32) GPa for the rutile-type phase
and 340(10) GPa for the CaCl,-type phase. These results
imply that the compressibility increases by 15% at the
phase transition pressure. This increase in compress-
ibility is predicted by Landau theory and can be
understood in terms of the additional compression
mechanism, polyhedral tilting, which is available in the
orthorhombic phase. Alternatively, the data for both
phases can be almost equally well fitted with a single
equation of state with By = 262(6) GPa and B}, = 4.0(4).
The present results are similar to those obtained for
stishovite (Andrault et al. 1998), for which the Bj of the
CaCl,-type phase of 282 GPa was found to be slightly
lower than that of the rutile-type phase, 291 GPa; again
the P-V data could alternatively be fitted to a single
equation of state. A polyhedral bulk modulus (B,) for
the GeOg octahedron in the rutile-type phase was cal-
culated to be 304(13) GPa with B/ = §(2) using poly-
hedral volumes obtained from the cfata in Table 1 using
the program IVTON (Bali¢-Zunié¢ and Vickovi¢ 1996).
The octahedron is thus 18% less compressible than the
unit cell as a whole. Polyhedral volume calculations in-
dicate that the octahedron is essentially incompressible
above the phase transition at which polyhedral tilting
becomes available as a compression mechanism.

The initial compressibilities of the rutile-type structure
along a and ¢ as obtained from a second-order polyno-
mial fit to the data (Fig. 4; Table 2) are x, = 1.5(1)x
1073 GPa™' and x = 0.9(1) x 1073 GPa™". The x,0/kco
ratio is 1.7. The corresponding compressibilities of the
rutile-type phase at the critical pressure of 25 GPa are
Kaos = 1.0(2) x 103 GPa™' and k.5 = 0.5(2) x 1073
GPa™'. An increase in the compressibility both in the xy
plane and along ¢ is observed at the phase transition
[KGayny/25 = 1. 1(1) x 1073 GPa™" and K5 = 0.7(1)x
10~ GPa™'], Fig. 4, and the (atb /z/KC ratiois 1.5 above
the transition. The overall compression in the xy plane is
greater than that along the ¢ direction in both phases,

Table 2 Pressure dependence of the cell constants of rutile-type
and CaCl,-type GeO,. Data were fitted to the following equation:
a = ay + a1x + ax?, where x = P for the rutile-type phase and
x = P — P. for the CaCl,-type phase. ag was fixed to the ambient
value of the cell constant for the rutile-type phase and the value of
the rutile-type phase at P, for the CaCl,-type phase

Cell constant o (A)  a; (10 A GPa™") 4, (1075 A GPa™?)
Rutile

a 43966  —6.6(5) 5.02.0)

¢ 2.8626  —2.5(3) 2.4(1.2)

CaC12

a 4.2630 7.5(1.0) -53(9)

b 42630 —17.8(1.8) 65(15)

¢ 28148 —2.1(1) -

(a + b)2 42630  -4.7(2) -
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which is as expected as the columns of edge-sharing
octahedra lie along c.

Structural evolution of GeO, at high pressure

At ambient pressure, the GeOy octahedron is slightly
elongated with two apical Ge-O distances of 1.905(1) A
and four equatorial distances of 1.871(1) A. As was
observed in the previous single-crystal X-ray diffraction
study up to 3.7 GPa (Hazen and Finger 1981), the value
of x decreases with increasing pressure. Consequently,
the apical Ge-O distances compress to a greater extent
than the equatorial distances and become shorter than
the latter above 7 GPa (Fig. 7), yielding a flattened
octahedron. This is easily understood, as the equatorial
distances bridge the germanium atoms lying across the
shared octahedral edge in the columns along ¢, whereas
the apical distances participate in the cross-linkages in
the compressible xy plane. The ¢ lattice parameter cor-
responds to the shortest germanium-germanium dis-
tance in the structure. The next-shortest Ge-Ge distance
lies along the [1 1 1] direction and is 19.6% longer at
ambient pressure. The O-O distances decrease with
pressure except for that corresponding to the short,
shared octahedral edge, 2.409(2) A at ambient pressure.
This distance increases slightly both in the present study
and the single-crystal work of Hazen and Finger (1981).

Robinson et al. (1971) defined two quantitative
parameters to describe the distortion of polyhedra from
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Fig. 7 Polyhedral interatomic distances in rutile-type ((J) and CaCl,-
type (V) GeO, as a function of pressure. The single-crystal data of
Hazen and Finger 1981 are indicated by 0. Lines represent least-
squares fits to the data. Open and solid symbols refer to points
obtained on compression and decompression, respectively. Bond
multiplicities are given in square brackets
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their ideal symmetries, angle variance, and quadratic
elongation, which for an ideal polyhedron have values of
0 and 1, respectively. In rutile-type GeO,, the angle
variance decreases from 35.2 at ambient pressure to 23.5
at 25 GPa, while the quadratic elongation decreases
from 1.010 to 1.007 over the same pressure range. The
major part of the octahedral distortion is of angular
origin as the O-Ge-O angles in the equatorial plane are
of 99.84(3)° and 80.16(7)° at ambient pressure instead of
the 90° expected for a regular octahedron. The respec-
tive values at 25 GPa are 98.0(1)° and 82.0(2)°. The
overall effect of pressure is to slightly reduce the poly-
hedral distortion in the GeOg octahedra.

The transition, as expected from the high polyhedral
bulk modulus of the GeOg octahedron, has little effect
on the apical and equatorial Ge-O distances, which are
1.792(3) A and 1.864(2) A at 25(1) GPa and 1.81(1) A
and 1.86(1) A at 28(1) GPa. There is also very little effect
on the intrapolyhedral O-Ge-O angles. The O-Ge-O
angles in the equatorial plane of the octahedron con-
tinue their gradual progression towards 90° reaching
97.0(2)° and 83.0(4)° by 36 GPa. At this pressure the
other O-Ge-O angles, which in the CaCl,-type structure
are no longer required by symmetry to be 90°, deviate by
only 1°. Consequently, the distortion parameters further
decrease with the angle variance and quadratic elonga-
tion reaching 18.6 and 1.006, respectively.

The columns of edge-sharing octahedra are permitted
by symmetry to tilt about their two fold axes above the
phase transition. Birninghausen and coworkers
(Bdrninghausen et al. 1984; Range et al. 1987) described
the rotation of the columns of octahedra with respect to
their original orientation in the rutile-type structure in
terms of two angles w and «’, where:

Tan(45° + ) = b(1/2 — y)/a(1/2 — x) (2)
and
Tan(45° — ') = by/ax , (3)

with @ and b being the cell constants and x and y the
oxygen coordinates for the CaCl,-type structure. The
angles o and o' in CaCl,-type GeO, were found to
increase up to 10.2(5)° and 8.6(3)°, respectively, at 36(1)
GPa, so as to yield a hexagonal close-packed oxygen
sublattice (Fig. 1). These values are comparable to the
11.91° and 8.00° observed for p-PtO, (Range et al.
1987), which is the only CaCl,-type dioxide which can be
recovered and studied at ambient pressure. In the pre-
sent case, the MOg octahedra are slightly less distorted.
The tilting of the highly incompressible octahedra,
B, =304(13) GPa, is favored by the application of
pressure, as this compression mechanism produces a
hexagonal close-packed (hcp) oxygen sublattice and,
consequently, a denser structure. A tilt angle of 10°, in
fact, places the oxygens, which initially form buckled
layers in the disorted puckered hexagonal close-packed
array (tetragonal close packing) of the rutile-type
structure, in planar layers corresponding to hexagonal
close packing (Baur 1994).

Systematic relationships in the group 14 dioxides

The present investigation of rutile-type GeO, permits a
comparison to be made with recent data for isotypic
stishovite, SnO,, and PbO, in order that systematic
behavior can be identified. Considerable work has been
done on bulk modulus volume systematics, in particular
that of Anderson (1972), which yielded the following
relationship:

By = 700S*Z4Zc [ Vo (4)

where S? is the ionicity, S* = 0.5 for oxides, Z, and Zo
are the formal anion and cation charges, respectively,
and V) is the molar volume per ion pair. This relation-
ship gives the following B, values for the group-14
dioxides when going from Si to Pb: 299 GPa, 252 GPa,
195 GPa, and 168 GPa. The experimental values for
stishovite, 298(8) GPa (Hemley et al. 1994), and the
present value of 250(9) GPa for rutile-type GeO, are in
very good agreement with these values obtained from
this systematic relationship. Similarly, the bulk moduli
of 205(7) and 176(16) GPa obtained for SnO, (Haines
and Léger 1997) and PbO, (Haines et al. 1996a),
respectively, are in relatively good agreement.

The polyhedral bulk moduli also vary with the
inverse of the polyhedral volume. The bulk modulus of
the SiO¢ octahedron in stishovite was found from single-
crystal, X-ray diffraction at high pressure to be 342 GPa
(Ross et al. 1990). If this value is multiplied by the ratio
of polyhedral volumes, one can calculate the following
values for GeQOyg, 287 GPa, and for SnOg, 223 GPa. The
experimental polyhedral bulk moduli are, respectively,
304(13) GPa and 209-243 GPa, depending on the value
of the first pressure derivative. These polyhedral bulk
moduli thus scale well to the value obtained for stisho-
vite. It can be seen for these dioxides that the com-
pression of both the unit cell and the constituent
polyhedra varies systematically, indicating that these
structures respond in a very similar way to applied
pressure.

The ratio of the compressibilities along a and c,
Ka0/Ke0, in the series SiO,, GeO,, SnO, is essentially
constant with values of 1.8 (Ross et al. 1990), 1.7, and
1.9 (Haines and Léger 1997), respectively. In all cases,
the chain direction is thus significantly less compressible
with respect to compression in the xy plane.

The oxygen x-coordinate was found to decrease as a
function of pressure in SiO,, GeO,, and SnO, and, as a
consequence, in all three dioxides the two apical M-O
distances lying in the xy plane decrease to a greater
extent than the four equatorial distances, which bridge
the cations along the chain direction The former dis-
tances become shorter than the latter at 7 GPa in GeO,.
The pressure at which this occurs in stishovite is 35 GPa
upon extrapolating the single-crystal results of Ross
et al. (1990), and around 54 GPa based on the powder
work of Andrault et al. (1998). These apical and equa-
torial distances in SnO, are very similar at ambient
pressure, with recent data indicating that the apical



distances are shorter (Bolzan et al. 1997). The apical
distances also decrease to a greater extent than the
equatorial distances at high pressure (Haines and Léger
1997). The apical distances are shorter in PbO, at
ambient pressure (Hill 1982). The type of tetragonal
distortion (two short distances—four long distances)
observed for SnO, and PbO, is that predicted by a
simple ionic model (Baur 1961), which is also observed
for rutile-type metal difluorides and a number of other
metal dioxides. It has been proposed that the opposite
type of distortion (two long distances—four short dis-
tances) observed for some smaller cation dioxides is
mainly due to anion-anion repulsions (Burdett 1985,
1995). It is apparent that at high pressure cation-cation
repulsions predominate and, as a consequence, above
given pressures, SiO, and GeO, exhibit the same type of
distortion as that observed for SnO, and PbO,.

The critical pressure for the rutile-type to CaCl,-type
phase transitions in SiO,, GeO,, and SnO, was found to
be a linear function of the square of the frequency of the
By, soft mode at ambient pressure with P, = 9.886 x
10%05,, — 2.8 (Haines et al. 1998). It is this mode,
involving the libration of the columns of MOg octahe-
dra, which drives the phase transition. Above the rutile-
type to CaCl,-type phase transition, the rotation angle
of the columns of octahedra was found to rapidly
approach 10° in GeO, and SnO,, thereby producing a
hexagonal close-packed oxygen array. In contrast, the
rotation angle in CaCl,-type SiO, was not found to
increase beyond 6° up to 120 GPa (Andrault et al. 1998).

The rutile-type to CaCl,-type phase transition and
the resulting formation of an hcp oxygen sublattice can
be considered as a first step in pathways towards denser
structure types such as a-PbO, and Fe,N. Transitions to
these denser phases occur at pressures similar to those at
which the rutile to CaCl, transitions are observed
(Table 3). The CaCl,-, a-PbO,-, and Fe,N-type struc-
tures are all based on an hcp oxygen sublattice, with half
the octahedral sites occupied by cations. The CaCl,- and
a-PbO,-type structures represent different cation-order-
ing patterns and in the Fe,N(L’3)-type structure the
cation sites are randomly occupied (Liu et al. 1978).
Transformation between these structures requires sig-

Table 3 Ambient-temperature pressures (GPa) for transitions to
postrutile phases in group-14 dioxides*

CaCl, «-PbO,° Fe,N® Pa3
SiO, 50c, 54¢°, 56b 68d 35-40a -
GeO,  25h°-26.7g - 25-30a, f -
SnO, 11.8j 14i - 21j
PbO, 4l 1k - 71

#Data from the following references: SiO, — (a, Liu et al. 1978; b,
Mao et al. 1994; ¢, Kingma et al. 1995; d, Dubrovinsky et al. 1997;
e, Andrault et al. 1998). GeO, — (a, Liu et al. 1978; f, Ming and
Manghnani 1983; g, Haines et al. 1998; h, this work). SnO, — (i,
Suito et al. 1975; j, Haines and Léger 1997); PbO, — (k, White et al.
1961; 1, Haines et al. 1996a)

®Based on the study of heated samples
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nificant energy, as cation displacements are necessary.
The CaCl,-type phases in the group-14 dioxides either
exhibit a limited pressure range of stability or are
metastable, as in the case of PbO,, and their occurrence
is an indication of the proximity of a further transition
to a denser phase; however, as there is a very high energy
barrier between the CaCl,-type structure and these
denser structures, their formation requires high temper-
ature or shear stress and, in the case of SiO, and GeO,,
the use of low-density vitreous or quartz-type starting
materials. Further transitions to much denser cubic, Pa3-
modified-flourite-type phases are predicted from theo-
retical calculations for SiO,(Park et al. 1988; Cohen
1992; Dubrovinsky et al. 1997; Teter et al. 1998) and
GeO, (Jolly et al. 1994), and have been observed exper-
imentally for SnO, and PbO, (Haines et al. 1996b). The
group-14 dioxides thus undergo one or more steps along
the following high-pressure phase-transition sequence:
rutile — CaCl, and/or Fe,N and/or a-PbO, — Pa3.

Conclusions

The structural evolution of rutile-type and CaCl,-type
GeO, has been investigated at high pressure. The phase
transition from the tetragonal rutile-type phase to the
orthorhombic CaCl,-type phase is shown to be second-
order and proper ferroelastic. Compression of the GeOg
octahedron is anisotropic, with the apical Ge-O dis-
tances shortening to a much greater extent than the
equatorial distances. This modifies the type of tetragonal
distortion observed for the octahedron, and at pressures
above 7 GPa, the type of distortion present is the same
as that observed for SnO, and PbO,. Above the phase
transition, the columns of edge-sharing GeOg octahedra
tilt about their two fold axes so as to yield an hcp oxygen
sublattice. Systematic relationships are identified in the
group-14 dioxides, which arise from the strong similar-
ities in their structures and vibrational properties.
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