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Abstract. Lattice parameters and crystal structures of the low-temperature
quartz-type (‘low-quartz’) forms (space group P3,21) of SiO, and GeO,
were refined from single-crystal X-ray diffraction data under hydrostatic
pressures up to 10.2 GPa for SiO, and 5.57 GPa for GeO,. R, (F) values
range from 2 to 5%.

Hexagonal unit-cell parameters for SiO,: a = 4.921(1), c = 5.4163(8) A
at ambient conditions; a =4.604(1), ¢ = 5.207(1) A at 10.2(1) GPa. For
GeO,: a=4.9844(2), c = 5.6477(2) A at normal pressure; a = 4.750(1), ¢ =
5.548(5) A at 5.57 GPa. Volume decrease, 16% for Si0; and 11% for
GeO, is accomplished mainly by tetrahedral tilting, the rest arising from
tetrahedral angle distortion.

GeO,-quartz is an almost perfect high-pressure model for SiO,-quartz:
At 10 GPa the geometry of the SiO,-quartz structure approaches that of
GeO, at ambient pressure (e.g. similar values for c/a, atomic parameters,
tetrahedral tilt angle, tetrahedral distortion). These values then further
change for GeO, with increasing pressure reflecting increasing structural
distortion.

The Si—O —Si angle decreases with pressure from 144.2(2) to 130.3(1),
the Ge—O—Ge angle from 130.0(1) to 123.4(3)°. The Si...Si distance
between vertex-connected tetrahedra shrinks from 3.0627(4) to 2.9152(8) A,
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the respective Ge...Ge distance from 3.1515(3) to 3.054(1) A. Both dis-
tances, at maximum pressures, fall slightly below smallest reported values
for silicates and germanates at ambient conditions. The variations in the
angle T—O—T and the nonbonded distance T...T are nearly independent
of changes in the T—O bond lengths.

The shortest O...0 distance between unconnected tetrahedra decreases
from 3.345(2) to 2.793(2) A in SiO,, and from 3.023(3) to 2.809(9) A in
GeQ,. For quartz this distance remains longer than the longest tetrahedral
edge, which increases from 2.640(3) to 2.690(2) A. For GeO, however, it
shrinks to the second-shortest oxygen—oxygen distance in the structure;
only two symmetry equivalent tetrahedral edges are shorter, 2.725(4) A, at
the maximum pressure. The two symmetry equivalent second-shortest inter-
tetrahedral O...0 distances in GeO, decrease from 3.192(2) to 2.926(6) A,
becoming shorter than the largest tetrahedral edge, which increases from
2.903(2) to 2.943(5) A. Extrapolating these developments, the oxygen atoms
would reach positions at the lattice points of a cubic body-centred lattice
(Sowa, 1988).

Increasing tetrahedral distortion with pressure is displayed mainly by
angle distortion. The quantity, DI(OTO) (Baur, 1974), increases from 0.6
to 2.6% for SiO, and from 2.5 to 4.2% for GeO,. The longer Si—O bond
remains constant at 1.614(2) A, whereas the shorter one decreases from
1.605(2) to 1.599(2) A. These values reflect the stiffness of the respective
bonds. The changes in the Ge—O bond lengths are correspondingly small
but are less regular with increasing pressure. The variations of bond angles
O—T—0O and respective tetrahedral edges are nearly independent of
changes in the T—O bond lengths.

Tetrahedral distortion mechanisms are seen to differ in comparing
changing pressure or temperature.

Introduction

Quartz has been the subject of numerous studies. Among the many reasons
are: its importance as a mineral, its interesting physical properties, its
commercial importance as a piezoelectric material and as a component of
glass, and its comparatively simple crystal structure.

For SiO, the low-quartz form is the stable phase at ambient conditions.
At room temperature coesite becomes the stable phase above 2GPa, and
stishovite above 8 GPa (for the phase boundaries see Akaogi, Navrotsky,
1984). However, at room temperature the low-quartz form is preserved
metastably to approximately 15 GPa. Above this pressure it transforms, in
a not well understood manner, to an amorphous state (Hemley et al., 1988
Hazen, Finger, Hemley, Mao, 1989; Tattevin et al., 1990).
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In recent years crystal-structure investigations have been extended to
high pressures, thus complementing high- and low-temperature structure
determinations. The literature on the crystal structure and the elastic
properties of SiO,-quartz under ambient and pressure conditions is
thoroughly reviewed by Levien, Prewitt and Weidner (1980). A more recent
high-pressure structure investigation was performed by Hazen et al. (1989),
and a combined high-pressure, high-temperature structural study by Ogata,
Takéuchi and Kudoh (1987).

At ambient conditions GeO, is stable in the rutile (SiO,-stishovite)
form. Above 1280 K and ambient pressure a low-quartz phase exists which
can be flux-grown at lower temperatures and which is quenchable to room
temperature. This form is studied here.

The purpose of the present work is to show how both, pressure and
chemical variation, affect the low-temperature quartz structure. Further-
more, it should be searched for any crystal-chemical omen for a phase
transition under pressure.

Therefore, high-precision high-pressure single-crystal X-ray measure-
ments on SiO,- and GeO,-quartz were performed. An earlier study up to
2.5 GPa of the structural behaviour of SiO,- and GeO,-quartz was
published by Jorgensen (1978), who used time-of-flight neutron powder
diffraction.

In addition, the results on quartz-type SiO, and GeO, are compared
with SiO,-coesite under pressures up to 5.2 GPa (Levien and Prewitt, 1981).

Large parts of the crystal-chemical discussions of this study ground on
and extend the ideas of Levien, Prewitt and Weidner (1980) and Levien and
Prewitt (1981).

There has been much confusion about the ‘proper’ space group and
choice of the unit cell axes for the low-quartz structure. In this paper the
recommendations of Donnay and Le Page (1978) are followed in choosing
space group P3,21 (No. 152; International Tables, Vol. A, 1989), setting
r(+). In this setting the cations occupy the special position x,0,0 on the
twofold axis parallel [100]. This corresponds to an origin shift of 1/3 ¢
compared with International Tables, Vol. A (1989). The reader is directed
to Donnay and Le Page (1978) for an extensive discussion of the impli-
cations for this setting. The oxygen atoms are in the general position. There
are three formula units per unit cell.

Experimental

Si0o,

From a synthetic, untwinned quartz sample (Sawyer Research Products
Inc.) (001) wafers of 0.05 and 0.04 mm thickness were cut. Fragments were

then broken from these and used in the present study. Sample No. 1 had a
triangular shape with edges of 0.10, 0.15, and 0.16 mm and was 0.05 mm
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Table 1. Conditions of data collection.

a) Si0O,, quartz

1st crystal 2nd crystal
Pressure 4.0(1) GPa 1074, 7.2(1),
10.2(1) GPa
Radiation MoK,
Wavelength 0.71069 A
Tube type fine focus
Voltage/current 50 kV/40 mA
sin@/s. <1.00A"! <090A°!
hk,l —10<hk<+10
+1<I<+10
Step-scan type 26 < 30°: w-scan
20 >30°: w/26-scan
Step width 0.02° 0.015°
Scan velocity 0.01°s7! 0.005°s™*
Scan width per
reflection 1.2° 0.9°

No. of reflections 1563

No. of reference
reflections

b) GeO,, quartz-type

Pressure 10~* GPa®

Radiation
Wavelength
Tube type
Voltage/current

sinf/2 <0.70A"!
hkl —6<hk<+6
0</<+7

Scan type
Step width
Scan velocity

Scan width per
reflection

No. of reflections 752

No. of reference
reflections

same crystal
at all pressures

MoK,
0.71069 A
fine focus

50 kV/20 mA

w-scan
continuous scan

variable based on
reflection intensity

1.0°

3

1324, 1137, 1098

1.07(2)%, 2.18(2)",
3.74(2)", 4.53(2)¢,
5.12(2)%. 5.57(2)° GPa

<1.00A"!

—6<hk<+6
-1<i<+7

742, 727. 754, 523,
319, 518

* Data collected for crystal outside diamond cell.

® First mounting of crystal.
© Second mounting of crystal.
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Fig. 1. Basic part of the high-pressure cell used for SiO, experiments with diffraction
geometry. The shaded area of the incoming beam suffers from increased gasket absorption
from inside to outside. The same holds for the reflected beam.

thick. It served only for the 4.0 GPa data sampling (Table 1a) and was
broken between the diamonds at the attempt to further increase the pres-
sure. Sample No. 2 was rectangular, 0.14 x 0.10 mm?, and 0.04 mm thick.
Three data sets, at ambient pressure (10~* GPa), P=7.2 GPa and P=
10.2 GPa, were measured from it (Table 1a). The data at 10~ * GPa were
sampled after release of pressure, still with the crystal mounted within the
pressure cell. This provided a measure of the effectiveness of the diamond-
cell corrections by comparing the results of the structure refinement at
ambient pressure with those from ‘normal’ ambient-condition experiments.
The respective quartz wafer was fixed with its (001) face on the lower
diamond (1.9 mm culet; Fig. 1), a small ruby splinter for pressure cali-
bration (Keller and Holzapfel, 1977) on the upper.diamond (0.7 mm culet).
A 4:1 methanol:ethanol mixture was used as the hydrostatic pressure
transmitting medium (Piermarini, Block and Barnett. 1973). The estimated
error of the pressure calibration is 0.1 GPa. The gasket was made of
INCONEL X 750, with a height of 0.10 mm, and a hole of 0.21 mm diame-
ter. A Philips PW 1100 four-circle diffractometer equipped with MoK,
radiation and a graphite monochromator was used for the diffraction
experiments. Further details are given in Table 1a. Lattice parameters
(Table 4a) were calculated from the 260 angles for always the same 25
reflections in the range 12° < 26 < 67°. Each reflection was centred in the
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four diffractometer settings attainable with the used diamond cell in the
bisecting mode (no Friedel reflections possible) (Hamilton, 1974; King
and Finger, 1979). Then the average 20 value with its estimated standard
deviation served as input to the lattice-parameter refinement program
PARAM of the X-RAY system (Stewart et al., 1972). After refinements
with no restrictions on the cell parameters imposed gave no indication of
a deviation from the hexagonal lattice, the final lattice parameters were
refined with the appropriate constraints. The Goodness of Fit of the least-
squares calculations ranged between 1.35 and 1.98.

Details of the diamond cell used here and its adaptation to a four-
circle diffractometer are described by Koepke (1985), Koepke, Dieterich,
Glinnemann and Schulz (1985) and Glinnemann (1987). The cell was first
applied to a structure investigation of cordierite up to 2.3 GPa using
Beryllium gaskets (Koepke and Schulz, 1986). To extend the pressure range
to about 10 GPa, INCONEL X 750 gaskets were used in the present study.
However, some aspects of the cell especially appropriate to this study should
be discussed because they are important in understanding the high quality
of the data. There are some salient features of the scattering geometry and
sample orientation which contribute to the large volume of reciprocal space
which is accessible: In this study between 90 and 93% of all non-Friedel
reflections in the chosen range in sinf/7, to 1.00 A~ ! for the first crystal
and to 0.90 A~ for the second, were measured.

A cross section through the basic part of the cell with an indication of
the scattering geometry is given in Fig. 1. The main axis of the cell is
perpendicular to the diamond culets, as in the Merrill-Bassett type cell
(Merrill and Bassett, 1974). But different from the latter this axis now
parallels the ¢ axis of the four-circle diffractometer. The sample is oriented
such that its crystallographic main axis ¢ coincides with this axis of the cell.
This arrangement, in connection with the bisecting mode of the dif-
fractometer, then corresponds to the equi-inclination geometry, where inci-
dent and reflected beams for all reflections with a given / index make the
same angle with the ¢ axis and hence with the gasket (angle u in Fig. 1).
This angle p ranged from 4° for hk1 reflections to 43° for hk10 reflections
(hkQ reflections are completely shadowed by the gasket). Thus, the effective
scattering volume of the sample increases from zero at y = 0° to a maximum
value at maximum g. In the ideal, rotational-symmetric case of the cell-
and-sample arrangement around the ¢ axis, the absorption by the gasket
and the lower diamond of all rays for reflections with constant y, i.e. with
constant / index, are the same.

GeOZ

Crystals were grown by a flux technique using a 1:2 molar mixture of
LiO, and WO3; as flux (Goodrum, 1972). A small, clear single crystal
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(0.12x0.12 x 0.05 mm?) was selected and mounted in a standard fashion
on an Enraf-Nonius CAD-4 diffractometer equipped with graphite-
monochromatized molybdenum K, radiation (4= 0.71069 A), and oper-
ated by locally-modified CAD-4 software.

Its unit cell was found to be trigonal and the parameters (Table 4b) are
in good agreement with those from previous workers (Smith and Isaacs,
1964; Jorgensen, 1978). Intensity measurements were made at ambient
conditions through omega scans of those Bragg peaks in the range
0° < 260 < 60°. Several standard reflections were monitored throughout the
data collection and their variations throughout were insignificant.

This crystal was then remounted in a Merrill and Bassett type (Merrill
and Basset, 1974) diamond anvil cell. Also placed into the pressure chamber,
formed in a 0.25 mm thick stainless steel foil by drilling a 0.35 mm diameter
hole, were several small chips of Cr-doped ruby to be used as a pressure
calibrant. A mixture of 4:1 methanol:ethanol was used as the hydrostatic
pressure transmitting medium. The cell was placed on the diffractometer
and the crystal orientation determined through the use of rotation photo-
graphs. At this point diffracted-beam measurements of the crystal centering
(King and Finger, 1979), locally modified for use with CAD-4 geometry,
were used in positioning the cell on the diffractometer. Afterwards this
same technique was employed in measuring the “ideal” setting angles for
the 12—20 reflections used in refining the crystal orientation and cell
parameters. No assumed symmetry was imposed on these refinements, but,
up to the highest pressures the lattice remains hexagonal. The intensities of
the Bragg peaks were then measured. Locally-modified CAD-4 software
was used to measure these reflections in the fixed-phi setting-angle mode
(Finger and King, 1978). Within the limited, 82° aperture of the Merrill
and Bassett cell all reflections to 260 < 90° were measured. At the end of
data collection the pressure was measured through use of the ruby ma-
nometer (King and Prewitt, 1980). This sequence was repeated for each
pressure listed in Table 1b. This table also summarizes the conditions of
the data collection.

In Table 4 are listed some additional, higher pressure, unit cell param-
eters. A full structure refinement was not performed in this pressure range
because a phase transition, which increases the mosaic spread for the crystal
and broadens the diffraction peaks, takes place in the interval 5.5 to 6.5
GPa. This will be more fully discussed elsewhere (King, LaPlaca and Dacol,
1990).

Data reduction and structure refinement
Si0,

Statistical details of the data reduction are found in Table 2a. Conver-
sion of the step-scan data to integral intensities according to Lehmann
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Table 2. Statistics of data reduction.
a) SiO,, quartz

Pressure/GPa
(4= 4.0 7.2% 10.2*
No. of reflections 1324 1563 1137 1098
1>30(I) 776 (58%) 628 (40%) 772 (68%) 784 (11%)
After removal of shadowed
and falsified reflections 1127 1259 971 942
1>30(I) 754 (67%) 534 (42%) 753 (78%) 765 (81%)
After averaging 279 337 243 236
I1>30() 205 (74%) 218 (65%) 193 (79%) 200 (85%)
Internal R-value for
reflections with 7> 3a(/) 12.7% 16.5% 10.5% 9.8%
b) GeOg, quartz-type
Pressure/GPa

1074 1.07(2)¢ 2.18(2)¢ 3.74(2)% 4.53(2)° 5.12(2)° 5.57(2)°

No. of reflections 752 742 727 754 523 519 518
After removal of

shadowed reflections

and those over-

lapping Be powder

diffraction rings 752 433 387 426 391 349 372
I>30() 735 406 352 390 353 314 341

# 2nd crystal.

® {st crystal.

¢ Data collected for crystal outside diamond cell.
¢ First mounting of crystal.

¢ Second mounting of crystal.

and Larsen (1974) was performed with the data-reduction part of the
PROMETHEUS computing system (Zucker et al., 1983), which also in-
cluded Lorentz and polarization correction. A maximum of 10% of the
measured reflections had to be rejected from each of the data sets due to
overlapping with diamond reflections® or powder lines from the gasket, as
well as partial or complete shadowing by parts of the pressure cell.

The strong absorption of the INCONEL gasket could not be handled
analytically. Instead, this problem was treated in two steps. (i) Averaging
the intensities of all symmetry-equivalent reflections with given / (six in the
case of quartz for a general reflection) helped overcome the asymmetries

' The effects of diamond diffraction on the integrated intensities in X-ray single-

crystal diamond-anvil cell work has been investigated only very recently by Loveday,
McMahon and Nelmes (1990).
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Table 3. Goodness of final structure refinements.
a) SiO,, quartz

Pressure/GPa

14 4.0 7.2 10.2

No. of refined
parameters 15 15 15 15
R(|F1)/% 5.6 95 3.8 3.8
R(F1)/% 23 4.2 2.0 2.1
GOF? 2.82 231 2.89 3.20
b) GeO,, quartz-type
Pressure/GPa

1074%  1.07(2)° 2.18(2)° 3.74(2)° 4.53(2)¢ 5.12(2)¢ 5.57(2)¢

No. of refined

parameters 16 16 16 16 16 16 16
R (IF))/% 2.9 2.7 2.5 3.2 219 2.6 3.6
R.(F)/% 3.8 38 34 4.7 4.8 3.1 51
GOF* 0.748 0.707 0.637 0.880 0.890 0.697 0.932
a S _EN2 T
GOF = [—M] n —m = number of degrees of freedom.
n—m

® Data collected for crystal outside diamond cell.
¢ First mounting of crystal.
¢ Second mounting of crystal.

é 5 . 211/2
cor - Zw QR = 1))
n=m

in the gasket-hole diameter and in the positioning of the non circular crystal
within it. These reflections gave reasonable overall internal agreements
between 10 and 17% (Table 2a). (ii) To account for the different absorption
effects for reflections with different /, separate scale factors were applied to
them in the initial steps of the refinements (since 1 < /< 10, ten scale factors
had to be applied).

Severe extinction is often reported in stuctural studies on quartz
(Zachariasen and Plettinger, 1965; Levien, Prewitt and Weidner, 1980; Le
Page. Calvert and Gabe, 1980; Kihara, 1990). As a consequence of the just
described treatment of absorption, no path lengths of the X-rays inside the
sample were available and extinction refinement thus was not possible. On
the other hand, a survey of observed and calculated structure factors
revealed no indication for extinction. This might be attributed to the fact,
that the effective scattering volume for reflections which would suffer most
from extinction (small sin6//, small / index) is very small (see end of section
Experimental — SiO,).
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The structure refinements were based on |F| values with weights w =1/
a%(|F]). The estimated standard deviations (c.s.d.’s) of the averaged |F|
values of symmetrically equivalent reflections were calculated according to
the GauB error propagation law from the e.s.d.’s of the individual values

Table 4. Results of structure refinements (e.s.d. of least cited figure in parenthesis).

Pressure/GPa

1074 40 7.2 10.2
a) SiO,, quartz
alA 4.921(1) 4.775(1) 4.6764(8) 4.604(1)
b/A 5.4163(8) 5.3046(7) 5.2475(5) 5.207(1)
cla 1.1007(3) 1.1107(5) 1.1221(5) 1.1310(5)
VA3 113.59(4) 104.78(4) 99.38(4) 95.58(4)
Silicon
x 0.4698(2) 0.4570(5) 0.4503(2) 0.4458(2)
U 0.0046(1) 0.0033(4) 0.0050(1) 0.0048(1)
Up,® 0.0049(3) 0.0012(9) 0.0053(2) 0.0052(2)
Us, 0.0041(4) 0.002(1) 0.0041(4) 0.0039(3)
Uss 0.0046(2) 0.0069(4) 0.0051(2) 0.0048(2)
Us,s 0.0002(2) 0.0002(8) 0.0006(2) 0.0006(2)
Oxygen
x 0.4151(5) 0.408(1) 0.4012(4) 0.3951(4)
y 0.2675(4) 0.2881(9) 0.2971(3) 0.3031(4)
Z —0.1194(1) —0.1033(4) —0.0961(2) —0.0921(2)
Ut 0.0101(3) 0.0108(9) 0.0086(3) 0.0077(2)
Uyy® 0.014(1) 0.017(3) 0.0119(8) 0.0106(7)
U, 0.0102(8) 0.009(2) 0.0082(6) 0.0072(6)
Uss 0.0101(4) 0.011(1) 0.0083(3) 0.0076(3)
U, 0.0091(8) 0.010(3) 0.0070(6) 0.0061(5)
Uss 0.0029(5) 0.003(2) 0.0026(4) 0.0017(3)
Uss 0.0036(4) 0.001(1) 0.0030(3) 0.0020(3)
oo 16.10(4) 21.7(1) 24.50(7) 26.20(7)

In addition to the above unit cell parameters for GeQ, the following were determined:
P =2.64(2) GPa, a=4.857(1) A, c = 5.5925(9) A, V = 114.27(4) A3
P=3.12(2) GPa, a =4.8396(9) A, c = 5.5856(5) A, ¥ =113.30(3) A3
P =5.48(2) GPa, a=4.755(2) A, ¢ = 5.5505(9) A, V' =108.67(5) A3
P=6.18(2) GPa.a=4.726(3) A. ¢ = 5.537(2) A. ¥ =107.1(1) A3

. : 1
* Given in AZ; Uyg= 3 2Z;Uataf a; - a;= (for hexagonal axes)

1 4
=5 [U33+?(U“ + Uz, — Uy));

its e.s.d. calculated according to Schomaker and Marsh (1983), Eq. (2).

® Coefficients U;; of temperature factor Tin A2; T= exp(—2nZ.Z;Uhihatay).
For Siand Ge only: U,; =1/2U,,, U3 =1/2U,;.

¢ Tetrahedral tilt angle according to Grimm and Dorner (1975).
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or from the dispersion of the single measurements (Zucker et al., 1983).
The respective greater value was used as the e.s.d. of a unique reflection.
The error of a single measurement was deduced from counting statistics.
Structure refinements were carried out with the X-RAY system (Stewart
et al., 1972) using only |F| > 30(|F|) and atomic form factors of neutral
atoms (Cromer and Mann, 1968). Each reciprocal-lattice layer with / con-
stant received its own scale factor (see above). In the initial stages of
refinement with isotropic temperature factors each scale factor was treated
independently. The / dependence of the scaling was then fixed and the
refinements continued by including anisotropic thermal motion parameters

Table 5. Atomic distances and bond angles (e.s.d. of least cited figure in parenthesis).

Pressure/GPa

107* 4.0 7.2 10.2
a) SiO,, quartz
d(Si—0)/A
2x8Si—0 (d1) 1.614(2) 1.613(4) 1.615(1) 1.614(1)
2x8Si—0 (a2)
{8i—0)* 1.610(2) (1) 1.608(5) (3) 1.6070(15) (8)  1.6066(15) (8)
Tetrahedral edges, d(O...0)r/A
2x0...0 (4) 2.640(3) 2.651(6) 2.672(2) 2.690(2)
2x0...0(B) 2.615(3) 2.593(8) 2.580(3) 2.569(2)
1x0...0 (C) 2.637(2) 2.635(5) 2.629(2) 2.617(2)
1x0...0 (D) 2.621(2) 2.623(5) 2.609(2) 2.601(2)
{0...0>* 2.628(3) (1) 2.626(6) (3) 2.6237(23) (9)  2.6227(20) (8)
Tetrahedral angles, (O —Si—0)/°
2x0—-Si—0 (a) 110.19(7) 111.1(2) 112.49(6) 113.72(5)
2x0-Si—0 (B) 108.69(7) 107.6(2) 106.80(6) 106.20(5)
1x0-S8i—0(y) 109.6(1) 109.6(3) 108.97(9) 108.37(9)
1x0-Si—0(8) 109.5(1) 109.9(3) 109.37(9) 109.80(9)

{0O-Si—-0)* 109.48(8) (3) 109.5(2) (1) 109.49(7) (3) 109.50(6) (3)
Tetrahedral

volume,

Vr/A3® 2.139 2.128 2124 2.118
Angle at bridging oxygen, (Si—O—Si)/* ' .
4xSi—0—Si 144.2(2) 137.1(4) 133.1(1) 130.3(1)
Distance of tetrahedral centres, d(Si...Si)/A
4x8Si...Si 3.0627(4) 2.992(2) 2.9477(9) 2.9152(8)
Oxygen-oxygen distances between tetrahedra, d(0...0)/A
2x0...0 (DY) 3.414(2) 3.158(7) 3.031(2) 2.947(2)

1x0...0 (D2) 3.345(2) 3.033(4) 2.884(2) 2.793(2)
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and a single, overall scale factor. Refinements in which the scale factors
were allowed to vary had indicated unacceptable correlations with some of
the anisotropic thermal motion parameters.

Mechanical stress can induce twinning in a quartz crystal. Such stress
can occur during sample preparation and/or from non-hydrostatic con-
ditions during the pressure experiment. For that reason all refinements were
carried out with variable twin portions (Zachariasen and Plettinger, 1965),
but no twinning was observed. Table 3a shows the quality of the final
refinements in terms of R-values and Goodhness of Fit; in Table 4a the results
are listed.

The high percentage of accessible reflections along with the effectiveness
of the ‘corrections’ for absorption are reflected in the high precision of the
results (Tables 2a—5a): They are in excellent agreement with previous
ambient-pressure studies (Young and Post, 1962; Smith and Alexander,
1963; Zachariasen and Plettinger, 1965; Le Page and Donnay, 1976; Le
Page, Calvert and Gabe, 1980; Levien, Prewitt and Weidner, 1980; Wright
and Lehmann, 1981; Lager, Jorgensen and Rotella, 1982; Will, Parrish and
Huang, 1983; Ogata, Takéuchi and Kudoh, 1987; Hazen et al., 1989;
Kihara, 1990), and the high-pressure results have higher precision than
those from any other previous high-pressure study (Jorgensen, 1978;
D’Amour, Denner and Schulz, 1979; Levien, Prewitt and Weidner, 1980;
Ogata, Takéuchi and Kudoh, 1987; Hazen et al., 1989).

Table Sa gives atomic distances and bond angles as calculated with the
program BONDLA of the X-RAY system (Stewart et al., 1972). For mean
values, two kinds of estimated standard deviations are given in parentheses,

o, =1/n-Zo; and 1)
g,=1/n-VZa?. ()

g, gives an upper limit, ¢, a lower limit of the correct standard deviation
(Hazen and Finger, 1982, p. 84/85).

GeO,

The scan profile data were reduced to integrated intensities by dividing the
scan into three segments. The left and right segments were used in calculat-
ing an average background which was then subtracted from the intensity
value obtained in a numerical integration of the central, peak region.
Corrections were then applied for crystal absorption, Lorentz effect, and
incident X-ray polarization. In addition to the corrections applied to the
ambient-condition data, the high-pressure data were corrected for the dia-
mond-cell absorption in a manner similar to that described in Finger and
King (1978). Also, those reflections overlapping the beryllium powder-
diffraction rings and those outside the 82° aperture of the cell were elimin-



192 J. Glinnemann et al.

ated. This is summarized in Table 2b. In a few instances overlap with
diamond reflections biased a reflection and these reflections were removed
from the data. Approximately, one reflection for each data set was affected
by this.

The structure refinements were based on |F| values with weights, w =
1/a*(|F|), where o was estimated from counting statistics. Structure refine-
ments were carried out with a locally modified version of the program
ORFELS (Busing, Martin and Levy, 1964), using only |F| > 3¢(|F|) and
atomic form factors of neutral atoms (Cromer and Mann, 1968).

The results for the ambient-pressure structure, Table 4b, are in excellent
agreement with previous studies (Smith and Isaacs, 1964; Jorgensen, 1978).

Atomic distances and bond angles (Table 5b) were calculated with the
program ORFFE. For the two types of standard deviations given for mean
values in Table 5b see Egs. (1) and (2).

Results and discussion
Unit cell compression

Both SiO, and GeO, are highly compressible when compared to most
oxides. The previously obtained values for SiO, for the bulk modulus (i.e.
the reciprocal of the volume compressibility), Ko =37.1(2) GPa, and its
pressure derivative, Ko = 6.2(1) (Levien, Prewitt and Weidner, 1980) and
K, =34(4) GPa, Ky =5.7(9) (Hazen et al., 1989) are in good agreement
with the compression found here (Fig. 2). The unit cell volumes for GeO,
in Table 4b were used in a least-squares fit to the Birch-Murnaghan equa-
tion of state and the resulting values are K, = 39.2(4) GPa and K, = 3.8(4).
(The equation of state and the fitting procedure are described by Bass,
Liebermann, Weidner and Finch, 1981.) This K|, value is in excellent agree-
ment with that obtained by Jorgensen (1978), but his Kj value is nearly a
factor of two smaller. However, the accuracy in determining K}, which
describes the curvature of the P—V data, is very sensitive to the pressure
range of the experimental data. The threefold increase in range for the
present study over that of Jorgensen (1978) makes it likely the new value
is a better estimate. The quite different bulk modulus for coesite, K, =
96(3) GPa (Levien and Prewitt, 1981) shows that this silica polymorph is
much less compressible than both quartz phases.

As can be seen from comparison of the SiO, and GeO, values for K,
and also from Fig. 2, the volume compressibility for these two crystals is
nearly equal. However, Fig. 3 shows that the anisotropy of the cell dimen-
sions, measured by the c/a ratio, is quite different for the two. At ambient
pressure the c/a ratio for GeO, is much larger than that for SiO,, an
indication of the increased distortion of the tetrahedra in the former crystal
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Fig. 2. Volume compression for GeO, () and SiO, (O). The solid line is a least-squares
fit to a Birch-Murnaghan equation of state (see text under Unit cell compression). The
dashed lines are published fits to a Birch-Murnaghan equation of state for SiO,: —-—-—
Levien, Prewitt, Weidner (1980) and ———- Hazen et al. (1989).

(Smith, 1963; Smith and Isaacs, 1964; Megaw, 1973, pp. 453 —459; Grimm
and Dorner, 1975). Increasing pressure causes the c/a ratios for both com-
pounds to increase, but the rate for GeO, is nearly twice that of SiO,. The
tetrahedral distortions implied by this difference are discussed in the section
Intra-tetrahedral features: General. The nearly equal volume compres-
sibility for the two compounds implies that the variation of the product of
the ¢ and a parameters is nearly equal for the two structures. Therefore the
strong difference in the pressure derivative of the ¢/a ratio must derive from
a coupled difference in the compressibility of the a and ¢ axes. Indeed, the
a-axis compressibility for SiO, is found to be about 20% less than that for
GeQ,, whereas the c-axis compressibility is about 25% greater. This should
be reflected in quite different elastic constants for the two materials, but
those for quartz-like GeO, have not been measured.

In Fig. 4 the c/aratio is plotted against the unit-cell volume (normalized
to ambient conditions). The SiO, data include high-pressure, room-tem-
perature studies as well as low- and high-temperature, ambient pressure
ones. There is clearly a break in slope at ambient volume indicating a
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1.14

c/a

P, GPa

Fig. 3. Ratio of hexagonal unit-cell axes, c/a, as a function of pressure. O, O this study;
A Jorgensen (1978); + D’Amour et al. (1979); © Levien et al. (1980); B Hazen et al.
(1989).

difference between pressure- and temperature-induced tetrahedral distor-
tions (see last main section Brief comparison ...).

For an elucidation of the high compressibility and its anisotropy in the
c and a parameters details of the crystal structures under pressure have to
be discussed.

Thermal displacement parameters
Si0,

Anisotropic thermal displacement parameters were refined at each pressure,
and the U;; values are given in Table 4a. The magnitudes of the ambient-
pressure values are in general agreement with those given by previous
authors [cf. Kihara (1990) for a discussion of the differences in these values
found in the literature]. An analysis of the RMS magnitudes of the eigen
values from the thermal-motion tensors show similar good agreement. The
silicon atom is essentially isotropic whereas the oxygen atoms exhibits
significant anisotropy, with 60 percent difference between the maximum
and minimum RMS displacement. Previous studies have shown that this
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Fig. 4. Ratio of hexagonal unit-cell axes, c/a, as a function of normalized cell volume, V/
Vo, with ¥, the unit-cell volume at ambient conditions. The high- and low-temperature
data are seen to follow a distinctly different trend than that found at high pressure. The
legend for this figure is followed throughout the other figures and is as follows: JG,
Si0, — this study; HEK, GeO, — this study; HdA, D’Amour et al. (1979); RH, Hazen
etal. (1989); LL, Levien, Prewitt and Weidner (1980);JJ, Jorgensen (1978); AJ, Jay (1933);
KK, Kihara (1990), YLP, Le Page, Calvert and Gabe (1980); GL, Lager, Jorgensen and
Rotella (1982); KO, Ogata et al. (1987).

maximum is nearly perpendicular to the plane formed by the Si—O—Si
linkage [cf. Kihara (1990) for a discussion], but the orientation found here
is at an arbitrary angle to this plane. The high-pressure refinements exhibit
additional, different orientations. This probably is an artifact of the corre-
lation between the thermal parameters and the angle-dependent scale
factors used in correcting the diamond cell absorption (see Data reduction
and structure refinement). However, this is apparently a small effect, and
as pressure is increased the expected slight reduction in magnitude of the
oxygen thermal motion is observed (see for example U, in Table 4a).

GeOZ

Anisotropic thermal displacement parameters were also refined for these
data and the values are given in Table 4b. The eigen values from the
displacement tensor show that the germanium atom is essentially isotropic
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Fig. 5. Inter-tetrahedron distortion parameter (tilt angle ¢, see Grimm and Dorner, 1975)
increases with pressure but begins to saturate at the highest pressures. At 10 GPa the
magnitude for the tilt in SiO, equals that in GeO, at ambient pressure. Data shown are
(see Fig. 4 for legend): JG, HEK, HdA. JJ, LL, and RH.

at all pressures whereas the oxygen atom is highly anisotropic. The degree
of anisotropy equals that noted above for oxygen in SiO,. The orientation
for this large oxygen displacement is perpendicular (5 + 5°) to the plane
formed by the Ge —O — Ge inter-tetrahedron linkage. In contrast to SiO,,
for neither atom in GeQ, can a significant change with pressure be resolved:
The U, values in Table 4b are nearly constant. This undoubtedly reflects
the much greater range of compression measured for SiO, than for GeO,.
The orientation of the oxygen atom displacement are also unchanged at
high pressures. The ambient pressure results reported here are in excellent
agreement with those of Smith and Isaacs (1964) on GeO,.

Inter-tetrahedal features: General

Thermal expansion and baric compression (at least in the investigated
pressure ranges) are mainly accomplished by rotation of the tetrahedra
around their twofold axes. In the idealized high-quartz structure this “tilt
angle (¢)” is zero. (For the calculation of this angle and related topics, as
atomic parameters and lattice constants for structure models of quartz with
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Fig. 6. Inter-tetrahedron T—O —T angle decreases with pressure for both materials. At
10 GPa the magnitude of Si—O—Si equals that for Ge—O —Ge at ambient pressure.
(See Fig. 4 for legend.)

given tetrahedra but different tilt angle, see Grimm and Dorner, 1975.) It
increases to about 16° for low-quartz at room temperature and ambient
pressure. Its further increase with pressure is given in Table 4 and is shown
in Fig. 5. For both compounds, SiO, and GeO,, the rate of tilting decreases
with increasing pressure, the tilt angles apparently reaching maxima slightly
above 14 GPa (SiO,) and 7 GPa (GeO,). The tilting of the tetrahedra
accounts for 13% of the total 16% in volume decrease for quartz, and for
8% of the total 11% for GeO,. (Here the unit-cell volumes of structural
models built from ambient-pressure tetrahedra tilted to the maximum ex-
perimental angles were compared with the experimental unit-cell volumes.)
The tilting is correlated with a pronounced decrease in the T—O —T angle
(Table 5, Fig. 6), in GeO, less so than in quartz for the same pressure range.
In quartz the T—O—T angle reaches 130° at 10 GPa, the value in GeO,
for ambient conditions (as also observed for the tilt angle ¢). In GeO, it
decreases further to 123°. Under ambient conditions the T—O —T angle
varies between ca. 120 and 180° in silicates (Liebau, 1985, p. 16) and
between 110 and 136° in germanates (Hill, Louisnathan and Gibbs, 1977).
Thus no peculiarity can be seen in the values found in the investigated
pressure ranges.
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Fig. 7. Cos(T—0—T) vs. ¥/V,. A linear scaling of cos(T —O—T) with respect to nor-
malized volume, V/V,, is found for the high-pressure data, but the temperature data lay
along a different trend. [See Fig. 4 for legend except RY, Young (1962).]

Figures 5 and 6 clearly demonstrate the higher precision of the structural
data of Levien, Prewitt and Weidner (1980) and of this work as compared
to the other authors. This will also become apparent from Figs. 7 to 9.

The correlation between cell volume and T—O—T angle is shown in
Fig. 7. [The choice of cos<(T—O—T) serves only to show the linear
relationships; a structural explanation for this linearity is not known to the
authors.] In both quartz-type phases the pressure dependent variation is
similar, as the two nearly parallel lines clearly indicate. (For the different
slope of the temperature dependence in quartz see last main section Brief
comparison...)

Decrease of the T—O —T angle results in shortening of the T...T dis-
tance. At the maximum pressures this quantity, 2.92 A for SiO, and 3.05 A
for GeO, (Table 5), falls slightly below the reported smallest values for
silicates and germanates under ambient conditions, 2.94 and 3.06 A, respec-
tively (O’Keeffe and Hyde, 1978; Hill, Louisnathan and Gibbs, 1977).

The decrease of the two shortest inter-tetrahedral O...0O distances with
pressure in both compounds is shown in Fig. 8 A and B. The shortest one
(D2),2.79 A for SiO, and 2.81 A for GeO, respectively, at highest pressures,
are still longer than the shortest reported lengths in silicates (2.75 A in
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Fig. 8A, B. Inter-tetrahedron oxygen-oxygen distances O...O as function of pressure. For
GeQ, the D2 distance becomes shorter than several intra-tetrahedron distances for P > 2
GPa. Where no error bars are given, they are smaller than symbols. (See Fig. 4 for legend.)
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phenacite; Zemann, 1986) and in oxide structures (2.65 A for UTe;0,:
Zemann, 1986).

In a structural model with tilted, but regular tetrahedra, where the tilt
angle is the experimental value and the T—O distance the mean of the
experimental values, both at highest pressure, the shortest inter-tetrahedral
0...0 distance D2 would be reduced to 2.65 A for quartz and 2.55 A for
GeO,. In these models the unit-cell volume is always greater than the
experimental one. If one chooses the experimental volume, the tilt angle ¢
in the models has to be larger which would lead to even shorter oxygen-
oxygen distances. Thus, it is the progressive tetrahedral distortion (see
section Intra-tetrahedral features: General) with pressure which prevents
this O...0 distance D2 from becoming unusually small in the pressure
ranges investigated. The reverse holds for the T...T distance; in the models
it is larger than the experimental value. Both observations together indicate
that inter-tetrahedral O...O interactions are more important than T...T
repulsions. This is similar to the conclusions drawn by Levien, Prewitt and
Weidner (1980), but is in disagreement with those of O’Keeffe and Hyde
(1978, 1981). Furthermore, the model of rigid regular tetrahedra leads to a
reduction of ¢/a with pressure (1.054 for SiO, and 1.037 for GeO,, at highest
pressures), whereas in reality the reverse is observed (Table 4, Fig. 3 and
4). This can be understood in terms of oxygen-oxygen repulsions: The
shortest O...0 vector, D2, has a larger component parallel to ¢ than perpen-
dicular to it.

For SiO, both inter-tetrahedral O...O distances D1 and D2 remain
larger than any of the tetrahedral edges. For GeO,, however, above ca.
2 GPa D2 becomes shorter than the two longest tetrahedral edges (4,
Table 5b). At maximum pressure only the two shortest tetrahedral edges
(B) are shorter than D2, whilst even D1 becomes smaller than the edges
(A). Thus, oxygen changes its coordination number from six to nine in the
investigated pressure range (concerning only the anions). Sowa (1988)
investigated the changes in the anion packing of the quartz structures of
SiO, and GeO, under pressure by calculating and visualizing the Dirichlet
domains (Wirkungsbereiche) of the oxygen atoms by ignoring the cations.
The oxygen packing becomes more and more regular. The atoms ‘moving’
on paths as, when extrapolated, to finally reach positions at the lattice
points of a cubic body-centred lattice. On that way, on the other hand, the
(51,Ge)O, tetrahedra would distort so heavily as the cations could not
tolerate, thus making a phase transition probable (Sowa, 1988).

Inter-tetrahedral features: Correlations

In the literature numerous correlations are discussed between crystal-chemi-
cal quantities in structures with tetrahedral building units (Baur, 1970
Louisnathan and Gibbs, 1972; Hill, Louisnathan and Gibbs. 1977: Hill
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and Gibbs, 1979; Baur and Ohta. 1982: Geisinger, Gibbs and Navrotsky.
1985; Liebau, 1985; pp. 22 —24). Except those of Liebau (1985, pp. 22—24)
they apply to many different structures at ambient conditions, but not
to variations of the same structure under elevated pressures or changing
temperatures. Most of these correlations do not hold for the two quartz-
type compounds and for coesite under pressure. Three of them, showing at
least some qualitative agreements are:

(i) A number of regressions show a shortening of the T—O bonds
with increasing T—O — T angles. In coesite this relation holds qualitatively
between the different angles at constant pressure (Levien and Prewitt, 1981).
The variation with pressure in the individual angles, however, does not
follow this trend: The T—O—T angles in all three compounds, coesite,
quartz and quartz-type GeO,, decrease under pressure, but the T—O dis-
tances are essentially constant. This behaviour agrees with a molecular
orbital study under simulated compression (Ross and Meagher, 1984).

(ii) Insilica polymorphs under ambient conditions a strong correlation
exists between the T—O—T angle and the T...T distance, which can be
described by the following equation (Hill and Gibbs, 1979):

log{sin%(T—O—T)} =a+b-log{d(T...T)}. 3)

Here b equals 1 and a =1log{2<d(T—0))}, {d(T—0)) being the average
of the two T—O bonds in the T—O —T group. For the quarz phases under
pressure the experimental data yield:

log {sin%(Si—O—Si)} = —0.47 + 0.93 - log {d(Si...Si)} 4)

(N=17,r=0.98) and

o1
log {smi(Ge—O—Gc)} = —0.50 + 0.92-log {d(Ge...Ge)} (5)

(N=14, r=0.98, with N the number of observations and r the linear
regression coefficient).

These relations, together with the experimental data points, are plotted
in Fig. 9, where also the temperature dependence of the respective quantities
in SiO,-quartz is shown. The dashed lines in Fig. 9 represent Eq. (3) with
constant {d(T—0)) values?, i.e. a model with hard-sphere T atoms riding
without constraints on hardsphere oxygen atoms. If nonbonded cation —
cation repulsions are assumed to be mainly responsible for structural details

2 The values used here, <d(Si—0)) = 1.61 A, (dGe—0)) =1.74 A, are the mean
bond lengths at ambient conditions, cf. Table S.
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Fig. 9. Linear relation between inter-tetrahedron T—O—T angle and T...T distance as
described by Hill and Gibbs (1979) (see Egs. 3 to 5). Solid lines are best fits to the
experimental data. For SiO, high-pressure data only from JG and LL were used (others
ignored according to low precision), ambient-conditions data from JG, LL, GL, YLP,
JJ, KK, KO and RY (N = 17; see Eq. 4). Dashed lines are calculated with the mean
T—O distances at ambient conditions. The high- and low-temperature data deviate from
the trend seen in the high-pressure data. (See Figs. 4 and 7 for legend.)

under pressure, one would expect the experimental data to lie below this
dotted line for the hard-sphere model, because shorter d(T...T) values
would imply larger T—O distances (O’Keeffe and Hyde, 1978. 1981). The
four variable Si—O —Si groups in coesite follow no uniform trend (Levien
and Prewitt, 1981).

(iii) According to Liebau (1985, pp. 29/30) larger individual and mean
isotropic atomic displacement parameters of the bridging oxvgen atoms
correlate with larger individual and mean Si—O—Si angles. For SiO,-
quartz under pressure U,(O) and the Si—O —Si angle follow this trend
qualitatively. For coesite under pressure there is a qualitative agreement
only in the mean values. There is no significant trend in U.,(O) for GeO,
in the investigated pressure range.

Intra-tetrahedral features: General

The TO, tetrahedra remain nearly unchanged within the relatively large
error limits in the pressure studies of Jorgensen (1978) and D’Amour,



High pressure study of quartz and GeO, 20§

1.63 . :
Sio,
1.62} -
d1
[ 3 .
" & 3 b4
S 1.61F------ { -----{---{-}- ............................... 1
%)
9
4
1.60} d2
1.59 L L
A 0 5 10 15
P, GPa
1.755 . r - - T
GeO,
d1
1745} 4
-t
o 1.735 |
&
1]
1.725 1
1‘715 1 1 1 1 1
B 0 1 2 3 4 5 6
P, GPa
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Denner and Schulz (1979). However, the increase in the c/a ratio with
pressure, already observed by these authors (Fig. 3 and 4), indicate pro-
gressive tetrahedral distortion (Smith, 1963; Smith and Isaacs, 1964;
Megaw, 1973, pp. 453—459; Grimm and Dorner, 1975). The higher pre-
cision of the work of Levien, Prewitt and Weidner (1980) and of the present
study, however, allows one to resolve also intra-tetrahedral changes. The
work of Hazen et al. (1989) on quartz-SiO, is of intermediate precision,
individual T—O distances are not well determined, but the trend in the
overall distortion of the SiO, tetrahedron is correct.

For SiO, the larger of the two Si—O distances remains constant
(Table 5a, Fig. 10 A), whereas the shorter one decreases slightly. The actual
values for the larger distance (d1) are slightly different in this study com-
pared to Levien, Prewitt and Weidner (1980), except at ambient conditions.
The values measured here were all determined from data taken on the
crystal mounted in the diamond cell, even those at ambient pressure (see
section Experimental). This is not the situation for the ambient-pressure
data of Levien, Prewitt and Weidner (1980) which were collected with the
crystal not loaded in the high-pressure cell. Perhaps there is a slight (= 209)
systematic bias in their high-pressure values for d1. For comparison, in
coesite the changes in the individual and mean Si—O lengths up to 5.2 GPa
are larger than in quartz up to 10 GPa.

The changes in the two Ge—O bond lengths are less regular than those
for Si—O (Fig. 10B). At ambient pressure the two values are nearly equal,
in good agreement with Smith and Isaacs (1964). With increasing pressure
one can see that there is smooth variation but no general trend except at
the highest pressure point, 5.6 GPa, where there is a sudden divergence of
the values. This may be related to the phase transformation which is found
at a slightly higher pressure (see section Experimental).

As already discussed by Levien, Prewitt and Weidner (1980) for quartz,
the tetrahedral distortion increases with pressure. This holds also for GeO,.
Furthermore, the distortions are very similar in both compounds: The
differences between the largest (4) and shortest (B) edges increase; the same
holds for the largest («) and smallest () angles (Table 5). Moreover, the
O—T—0O angles in quartz vary in such a way that at 10 GPa the values
for GeO, at ambient conditions are reached. In coesite. the largest change
in an individual O—Si—O angle is smaller than in quartz, whereas the
tetrahedral edges change more than in quartz (because of the larger changes
in the Si—O bond lengths).

When the distortion of the tetrahedra is measured by quadratic elonga-
tion (Robinson, Gibbs and Ribbe, 1971), the percent increase becomes
progressively larger with higher pressures (Levien, Prewitt and Weidner,
1980). Compression of the quartz structure is thus accomplished mainly at
first by tetrahedral tilting (see section Inter-tetrahedral features: General),
attended increasingly by tetrahedral distortion, as stated by Levien, Prewitt,
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Table 6. Tetrahedral distortion indices.

Pressure/GPa DITO)* DI(OTO)* DI(OO)*

a) SiO,, quartz
Levien, Prewitt and Weidner (1980):

107* 0.003 0.006 0.005
2.07 0.002 0.008 0.006
3.76 0.003 0.011 0.009
4.84 0.003 0.014 0.009
5.58 0.003 0.015 0.010
6.16 0.001 0.017 0.011

This study:

1074 0.003 0.005 0.004
4.0 0.003 0.012 0.008
p 0.005 0.018 0.013

10.2 0.005 0.026 0.017

<0.003(1))*®

b) GeO,, quartz-type
Smith and Isaacs (1964):

107* 0.001 0.025 0.017
This study:

107* 0.000 0.025 0.017
1.07 0.001 0.028 0.019
2.18 0.002 0.032 0.022
3.74 0.001 0.035 0.024
4.53 0.001 0.037 0.025
512 0.002 0.039 0.026
5.57 0.006 0.042 0.026

€0.002(2)»®

: (_gll.r,- — (x)l)/m(x), with x;individual and {(x) mean tetrahedral bond length TO,

tetrahedral edge length OO, and tetrahedral angle OTO, respectively (Baur, 1974).
® Mean value, e.s.d. in parenthesis.

and Weidner (1980). In the following the distortions are evaluated with the
help of Baur’s (1974) distortion indices DI(TO), DI(OTO) and DI(OO)
(Table 6). They describe the distortions in bond lengths, bond angles and
tetrahedral edges, respectively, as mean deviations from their average
values. No significant changes appear in DI(TO), this parameter is even
similarly small in both quartz-type structures. However, DI(OTO) and
DI(OO) show pronounced variations (Table 6, Fig. 11). At ambient con-
ditions they are distinctly smaller and more nearly equal in SiO, than GeO,.
Again, for SiO, at 10 GPa they reach the values of GeO, at normal
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0.05 T T — T T

0.04f e GeO ]

Distortion Index
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Fig. 11. The intra-tetrahedron distortion, indicated by the distortion indices of Baur
(1974) (for definitions compare footnote * in Table 6). SiO,: O, @ this study; ¢, ®
Levien, Prewitt and Weidner (1980): GeO,: this study. At 10 GPa the magnitudes of the
distortions for the SiO, tetrahedron equals that of the GeO,4 one at ambient pressure.

pressures. The latter data follow the trend in quartz, with further rise of
DI(OTO) and a flattening of DI(OO) (Fig. 11). In coesite under pressure
there is no or only little increase of the respective quantities.

The distortions of the tetrahedra proceed with a decrease in their vol-
umes. A rough estimate of their mean volume compressibilities for all three
compounds by means of

—2  V,—Ve

Igro.r = Vo + V,, P~ Py (6)
yields

1.0- 1073 GPa™! for quartz (P = 10.2 GPa), @)

2.6-1073 GPa™! for quartz-type GeO, (P = 5.6 GPa), and 8)

2.6 - 1073 GPa™! for coesite (P = 5.2 GPa). )

These values demonstrate the expected rigidity of the SiO, and GeO,
tetrahedra compared with other cation polyhedra (Hazen and Finger, 1982,
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Fig. 12. Correlation of intra-tetrahedron O—T—O angles and O...O distances. The
correlations found for ambient-pressure silicates and germanates by Louisnathan and
Gibbs (1972) and Hill, Louisnathan and Gibbs (1977), apply as well to high-pressure
structural data. O, O This study; © Levien, Prewitt and Weidner (1980); N Smith and
Isaacs (1964).

Table 7—2, pp. 152—154). Even though the actual values are not very
precise, they indicate different compressibilities for the SiO, tetrahedra in
the two SiO, polymorphs, which may be attributed to their different linkage
topology. Whereas for coesite the Si— O bond lengths shrink, quartz experi-
ences greater T—O—T and O—T—O bending, so the energy applied to
bond bending cannot be applied to bond compression as well (Hazen and
Finger, 1982, pp. 155/156; Liebau, 1983).

Despite all discussed deformations, no increase in the coordination
number of the Si and Ge atoms even at the highest pressures applied
takes place. However, an increase is observed by Liebau (1984) for other
compounds.

Intra-tetrahedral features: Correlations

Only one of the correlations discussed in the literature (see beginning
of Inter-tetrahedral features: Correlations) between quantities within the
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tetrahedra was found to hold, moreover only for the quartz phases but not
for coesite:

log {sin;(O—T—O)} =a+ b-log{dO...0)} (10)

with b=1, a=10g{2{d(T—0))}, d(0O...O)r is a tetrahedral edge and
{d(T—0)) is the mean value of the two T —O distances forming an O —
T—O angle (Louisnathan and Gibbs, 1972; Hill, Louisnathan and Gibbs,
1977). For the pressure studies this becomes (Fig. 12)

log {sin%(O—SifO)} = —0.490 + 0.958 -log{d(O...0)r} (11)
(N =40, r=0.969) for quartz and
log {sin%(O—Ge—O)} = —0.537 + 0.992-log{d(O...0)r} (12)

(N =32, r=0.996) for GeO,.

Both regressions clearly indicate that in the quartz-type structures under
pressure the O — T — O angle variations are essentially only dependent upon
the d(O...0)r distances, and thus are independent of the T — O bond lengths.
Therefore the variations in the valence angles may be described by hard-
sphere oxygen atoms moving upon the surface of hard-sphere T atoms.
This is, however, not valid for coesite, demonstrating again the influence
of the topology of the tetrahedral framework. It is noteworthy that both
regressions are essentially the same as for the bulk of the silicates and
- germanates so far investigated at ambient conditions (Louisnathan and
Gibbs, 1972; Hill, Louisnathan and Gibbs, 1977).

Brief comparison of structural variations under pressure
and temperature

Elucidation of the thermal expansion of the low-quartz structure in crystal-
chemical terms is complicated for several reasons:

(i) Structural changes with temperature in the whole stability region
(under ambient pressure) of low quartz are small compared with those
exhibited in the investigated pressure range. From 13 K to 843 K (just
below the phase transition to high quartz at 846 K) the change in unit-cell
volume is only 5%, compared with 18% at pressures up to 12.5 GPa
(Fig. 4).

(ii) Atomic distances and bond lengths should be corrected for thermal
motion at higher temperatures. However, atomic displacement parameters



for quartz are poorly determined up to now, as a comparison of these values
from several authors even at room temperature reveals (Kihara, 1990).
Therefore, together with the expected small changes, a discussion of vari-
ations in bond lengths, tetrahedral angles and tetrahedral distortion param-
cters is not warranted.

(1i1) There is no data for GeO, with which to compare.

Low-temperature structural studies on quartz down to 13 K have been
performed with higher precision than the present pressure experiments
(Young and Post, 1962; Le Page, Calvert and Gabe, 1980; Lager, Jorgensen
and Rotella, 1982). No significant changes in bond lengths and tetrahedral
angles were found. The results of the high-temperature studies of Young
(1962) and Kihara (1990) will not be interpreted in detail for the reasons
given above under (ii). [But cf. Liebau (1983) for an attempt.] In the
combined high-pressure, high-temperature study of Ogata. Takéuchi and
Kudoh (1987) up to 2.3 GPa and 538 K no influence of temperature on
structural changes could be deduced.

However, the different behaviour under pressure and temperature of
the c¢/a ratio with cell volume (Fig. 4) already demonstrates differences
in the distortion mechanisms of the tetrahedra under both influences.
Additional indications for this can be drawn from the different slopes under
pressure or temperature of the unit-cell volumes with Si—O—Si angle
(Fig. 7) and of this angle with Si...Si distance (Fig. 9).* Thus, details in the
structural changes taking place with thermal expansion and baric com-
pression are not simply inverse.
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