4 Earth Science

High-Pressure Transformation of SiO, Glass

density of noncrystalline materials at high pressures and have applied them to SiO, glass. SiO, glass trans-

We have developed synchrotron X-ray diffraction and absorption techniques for measuring the structure and

forms from a fourfold- to a sixfold-coordinated structure between 20 and 35 GPa, and then behaves as a
sixfold-coordinated amorphous polymorph at least up to 100 GPa. It is suggested that the density of SiO, glass does
not exceed that of crystalline polymorphs even at 100 GPa. SiO,-rich melts in the deep mantle may be much more in-

compressible than currently thought.

The high-pressure behavior of SiO, glass has at-
tracted considerable attention because of its impor-
tance not only in condensed-matter physics but also in
materials science and geophysics. Numerous studies,
including Raman scattering, infrared absorption, Bril-
louin scattering, and X-ray diffraction, have suggested
the occurrence of the structural transformation of SiO,
glass in the short-range order, i.e. the change in the co-
ordination number from four to six [1]. However, details
of the transformation remain unclear because of experi-
mental difficulties. The pressure dependence of density
is one of the most fundamental and important pieces
of information in high-pressure physics, but density
measurements of SiO, glass were limited to pressures
up to about 10 GPa. X-ray diffraction measurements
are essential for discussing the structure of amorphous
materials, but were also limited up to about 40 GPa. We
have developed new experimental techniques for high-
pressure in situ structure and density measurements of
noncrystalline materials consisting of low-Z (low atomic

number) elements, and succeeded in measuring the
structure factor and density of SiO, glass up to 100 GPa
and up to above 50 GPa, respectively [2-5].

Structure measurements of SiO, glass were carried
out at BL-14C2 by an energy-dispersive X-ray diffraction
method with 20-65 keV white X-rays using slits and sol-
id-state detector systems [3-5]. The shapes of structure
factor S(Q) and pair distribution function g(r) are signifi-
cantly different below and above 27 GPa and show no
significant changes above 35 GPa (Fig. 1a). The first
peak of g(r) corresponds to the nearest neighbor Si-O
pair. The Si-O bond length and the coordination number
show drastic changes between 20 and 35 GPa (Fig.
1b). It is strongly suggested that SiO, glass transforms
from a fourfold- to a sixfold-coordinated structure at
pressures between 20 and 35 GPa, and then no major
structural changes occur at least up to 100 GPa. Below
20 GPa, the structural transformation occurs mainly in
the intermediate-range order, which is not associated
with the increase in the coordination number.
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Figure 1

(a) Pressure dependence of S(Q) and g(r) of SiO, glass. (b) Pressure dependence of the Si-O bond length <Si-O> and the coordination
number CN of SiO, glass. Estimated bond lengths of fourfold- and sixfold-coordinated crystalline phases are shown as dotted lines for

comparison.
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Figure 2

Pressure dependence of the density of SiO, glass. Uncertainties have been estimated as indicated by the error bar. The solid black line
represents the pressure dependence of the density of thermodynamically stable crystalline polymorphs of SiO,. The red line represents the
estimated equation of state for the sixfold-coordinated amorphous polymorph of SiO,.

Density measurements of SiO, glass were carried
out at BL-18C by an X-ray absorption method with 10-
keV monochromatic X-rays using a photodiode [2, 3].
The density of SiO, glass increased greatly and almost
linearly from 10 to 40 GPa, and then relatively slightly
above 40 GPa (Fig. 2). The equation of state for the
sixfold-coordinated amorphous polymorph was esti-
mated based on the density data above 45 GPa with
the constraint from sound-velocity data available in the
literature. It is suggested that the density of SiO, glass
does not exceed that of crystalline polymorphs even at
100 GPa. The results of density measurements are con-
sistent with those of structure measurements, except
for the slight difference in the pressure range where the
transformation to a sixfold-coordinated structure is com-
pleted. It is presumed that the irradiation of white X-rays
may have relaxed the structure and deviatoric stresses
of SiO, glass in structure measurements.

Glasses can be considered to be analog materials
that reflect the structure and density of melts. Based on
extrapolation of the equations of state determined by the
data measured under the conditions of the shallow man-
tle, the compressibility of SiO,-rich melts was considered
to be high in the deep mantle. However, considering the

fact that SiO, glass shows a much lower compressibility
after the transformation to a sixfold-coordinated structure
is completed, it is suggested that the compressibility of
SiO,-rich melts in the deep mantle may be much lower
than that estimated by extrapolation of the equations of
state of melts in the shallow mantle [6].

REFERENCES

[1] R.J. Hemley, C.T. Prewitt and K.J. Kingma, in Silica:
Physical Behavior, Geochemistry and Materials Applications
(Mineralogical Society of America, Washington, D.C., 1994)
41.

[2] T. Sato and N. Funamori, Rev. Sci. Instrum. 79 (2008)
073906.

[3] T.Sato and N. Funamori, Phys. Rev. Lett. 101 (2008) 255502.

[4] T. Sato, N. Funamori and T. Kikegawa, Rev. Sci. Instrum. 81
(2010) 043906.

[5] T.Sato and N. Funamori, Phys. Rev. B 82 (2010) 184102.

[6] N. Funamori and T. Sato, Earth Planet. Sci. Lett. 295 (2010)
435.

BEAMLINES
14C2 and 18C

T. Sato and N. Funamori (The Univ. of Tokyo)

Highlights N 45




