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Rutile-structured SnO,, PbO,, and RuO, have long been known to transform to cubic

high-pressure phases, for which a fluorite structure has been assumed. Rietveld refine-
ment results from x-ray diffraction studies indicated that these phases have a modified

fluorite structure (space group Pa3). Thus, for metal dioxides, all known cubic, postrutile
phases have the Pa3 structure, thereby providing experimental examples of the high-
pressure structure predicted from theoretical calculations for stishovite (rutile-structured
silica). High-pressure transitions in stishovite may have profound implications for the

geochemistry of the core-mantle boundary.

The sequence of pressure-induced phase
transitions in rutile-structured metal diox-
ides has been the subject of considerable
interest, particularly because these metal
dioxides serve as models for the behavior of
stishovite at higher pressures. Because of
the larger size of the metal cations, the same
phase transitions to denser phases as for
silica are expected, to be observed at lower
pressures in metal dioxides.

It has been proposed that rutile-struc-
tured SnO,, PbO,, and RuO, transform to
the cubic, fluorite structure at high pressure,
with an increase in cation coordination
number from 6 to 8 (1-3). Previous diffrac-
tion experiments indicated that SnO, and
PbO, undergo transitions first to an
a-PbO,~type phase (4, 5) and then subse-
quently to a cubic phase assumed to be
fluorite structured (2, 6, 7). The volume
changes (AV) are 2 to 3% for the transition
from rutile to a-PbO, and 5% for the tran-
sition from «-PbO, to the cubic phase. In
RuO,, a second-order transition to a CaCl,-
type phase was observed before the trans-
formation (AV = 6.1%) to the cubic phase
(3). The orthorhombic CaCl, structure
(Pnnm) is a simple distortion of the tetrago-
nal rutile structure (P4,/mnm), which in-
volves a slight rotation of the columns of
edge-sharing octahedra aligned parallel to z.

Theoretical calculations indicate, how-
ever, that for both SiO, and GeO, the
cubic, postrutile phase should have the Pa3
modified fluorite structure (8, 9). Both the-
ory and experiment show that stishovite
undergoes a first transition to a CaCl,-type
structure (8, 10). Calculations indicate that
at pressures of 60 or 150 GPa, respectively,
stishovite or CaCl,-type SiO, should trans-
form to a modified fluorite structure (space
group Pa3) (8, 11). In this modified struc-
ture the oxygen atoms are significantly dis-
placed from their -positions in the fluorite
structure (space group Fm3m): The oxygen

CNRS, Laboratoire de Physico-Chimie des Matériaux, 1,
Place Aristide Briand, 92190 Meudon, France.

*To whom correspondence should be addressed.

atoms lie on Wyckoff sites 8c (u,u,u) with a
positional coordinate of u = 0.344 instead
of u = 0.250 (Fig. 1). In both structures, the
Si atoms lie on sites 4a (0,0,0) and form a
face-centered-cubic sublattice. This dis-
placement of the oxygen atoms distorts the
coordination polyhedron from a cube to a
regular thombohedron, yielding a Si coor-
dination number of 6+2 instead of 8. Cal-
culations for GeO, have indicated that the
Pa3 phase should become stable relative to
the rutile-type phase above 60 GPa (9).
The only experimentally confirmed exam-
ple of this Pa3 structure to date has been
that of the high-pressure phase of the fluo-
ride PdF, (12, 13). No structure refinement
has been reported for cubic high-pressure
phases of dioxides. The results described
here indicate that these metal dioxides
adopt the Pa3 structure instead of the fluo-
rite structure.

Powdered SnO,, PbO,, and RuO, (Alfa
Products), along with ruby powder, and for
SnO,, trace TiC to absorb laser radiation,
were placed in holes of 150 to 200 pm in
diameter in stainless steel gaskets prein-
dented to a thickness of 120 wm between
the anvils of a diamond anvil cell. Silicone
grease was used as a pressure-transmitting
medium to avoid discontinuities produced
above 10 GPa by the freezing of the com-
monly used 4:1 mixture of methanol and
ethanol. Pressures were measured on the
basis of the shift of the ruby R, fluorescence

line (14). SnO, and RuO, were heated to

Fig. 1. Tetragonal rutile
(P4,/mnm), cubic modified
fluorite (Pa3), and fluorite
(Fm3m) structures. The cat-
ions and anions are repre-
sented by small filed circles
and large open circles, re-
spectively. Note that in the
modified fluorite structure
there is a short O-O contact
at the center of the unit cell,

Rutile

'

temperatures of about 1000°C with a 50-W
Nd-yttrium-aluminum-garnet laser. This in-
creased the rate of transformation and
greatly reduced deviatoric stress. In situ
high-pressure, angle-dispersive x-ray dif-
fraction patterns and the ambient RuO,
diffraction pattern were obtained on an im-
aging plate placed at distances of between
85 and 158 mm from the sample with zir-
conium-filtered molybdenum radiation col-
limated to 130 wm from an 800-W fine-
focus tube. Exposure times were 24 to 48
hours. Observed intensities were integrated
as a function of diffraction angle 26 to yield
standard one-dimensional diffraction pat-
terns. Rietveld refinements were performed
with the Fullprof program (15).

SnQ, transformed to a CaCl,-type phase
above 4 GPa. A further transformation to
the a-PbO,—type phase started above 12
GPa but was only 15% complete at 19 GPa.
The transition from these lower pressure
phases to the cubic phase began above 21
GPa. This transition sequence is in good
agreement with the results of previous stud-
ies (2,5, 6, 16), except that the CaCl,-type
phase was not distinguished from the rutile-
type phase in the previous studies because
of the limited resolution then available. To
obtain the greatest proportion of the cubic
phase above 24 GPa, we heated the sample.
The 210 reflection, systematically absent
for the Fm3m fluorite structure, was present
in the diffraction pattern of the cubic phase
(Fig. 2). This is the most intense diffraction
line arising from the oxygen sublattice in
the Pa3 structure. Rietveld refinement of
the high-pressure data with a Pa3 structural
model yielded u = 0.347(1) with the cubic
cell constant a = 4.8700(2) A at 48 GPa
(all figures in parentheses refer to standard
deviations and correspond to the last digit
or digits). The fit for the Pa3 model is far
superior to that for the Fm3m model (Fig.
2). At 48 GPa, the tin ion is surrounded by
six oxide anions at 1.991(3) A and two
more distant anion neighbors at 2.924(3)
A. The cubic phase retransformed with the
release of pressure to a mixture of the
a-PbO,—type phase and the initial rutile-
type phase.

RuO, underwent transitions to a CaCl,-

Fluorite

Modified
fluorite

whereas in the fluorite structure there is an empty cubic site. The modified fluorite structure is thus a better

candidate for a high-pressure structure.
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Fig. 2. Experimental (crosses) and calculated (sol-
id line) profiles from Rietveld refinement of SnO, at
48 GPa with Pa8 (A} and Fm3m (B) structural
models. Intensity is in arbitrary units; the difference
profiles are on the same scale. Vertical bars indi-
cate the calculated positions of diffraction lines of
the cubic phase (84% w/w), the remaining CaCl,-
type phase (Pnnm, 16% w/w), and iron from the
gasket (e-Fe). The diffraction lines of the cubic
phase (intensity >3% of the 111 reflection) are
indexed. Agreement factors are as follows: Rgragg
= 2.3%, R, = 7.5%, and R,,, = 6.1% for the
Pa3 model, and Rg o, = 17.3%, R, = 19.1%,
and R,,, = 20.7% for the Fm3m model (where p
= proﬂle and wp = weighted profile).

type phase below 6 GPa and then to the
cubic phase above 12 GPa (3). For the
greatest conversion to the cubic phase,
RuO, was compressed to 48 GPa and sub-
sequently heated. The 210 reflection was
observed as for SnO,, indicating that RuO;
also adopts the Pa3 structure. Refinement
results from the data obtained at 8.9 GPa on
decompression (Fig. 3) were u = 0.347(1)
and a = 4.8320(3) A. The Pa3 phase could
be retained down to ambient conditions.
Refinement with data obtained on the re-
covered sample yielded u = 0.347(1) and a
= 4.8573(5) A. The six short and two long
polyhedral Ru-O distances were 1.986(5)
and 2.918(5) A, respectively. This com-
pares with eight distances of 2.103 A for a
hypothetical fluorite-type structure ‘with
the same volume, whereas rutile-type RuO,
has four octahedral Rlél—o distances of 1.984
A and two of 1.941 A (17). The minimum
0O-0 distance was 2.578(7) A in the Pa3
structure compared with 2.429 A in a hy-
pothetical fluorite-type structure and 2.468
A in a rutile- -type structure. The O-O dis-
tance of 2.578(7) A in the Pa3 structure is
the distance between rhombohedra along a
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' Fig. 3. Experimental
(crosses) and calculated
(solid line) profiles from
Rietveld refinement of
RuO, at 8.9 GPa. Verti-
cal bars indicate the cal-
culated positions of dif-
fraction lines of the Pa3
phase (77% w/w) and the
remaining CaCl,-type
phase (Pnnm, 23% w/w).
Agreement factors are as
follows: Rggq = 2.2%,
R, = 80%, and R,,, =
7.1%.
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Fig. 4. Experimental
(crosses) and calculated
(solid line) profies from
Rietveld refinement of
PbO, at 9.0 GPa. Vertical
bars indicate the calcu-
lated positions of diffrac-
tion lines of the Pa3
phase (96% w/w), the re-
maining  cotunnite-type
phase (Pnam, 4% w/w),
and iron from the gasket
(e-Fe). Agreement factors
are as follows: Rg,,,

4.0%, R, = 11.0%, and
Ry = 8.3%. Ky indicates

ool
P e the most intense reflec-
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diagonal of the body of the unit cell. The
corresponding distance in a hypothetical
fluorite-type structure is 4.207 A, which is
the diagonal of an empty cubic site at the
center of the unit cell. The Pa3 structure is
a better candidate for a high-pressure struc-
ture because the minimum O-O distance is
greater and there is no empty site at the
center of the cell (Fig. 1).

PbO, transformed from the rutile-type
phase to a CaCl,-type intermediate at close
to 4 GPa and then to the cubic phase above
7 GPa. The 210 reflection of the Pa3 struc-
ture is calculated to have 1% relative inten-
sity and hence was at the detection limit of
the experiment. Despite the low x-ray scat-
tering factor of O*~ compared with Ph**
the difference between the oxygen positions
in the fluorite and Pa3 structures has a
significant effect on the relative intensities
of the diffraction lines. In particular, the
relative intensities of the 200 and 220 re-
flections for the Pa3 structure are 37 and
32%, respectively, compared with 30 and
39% for the fluorite structure. The refine-
ment of the cubic phase of PbO, was per-
formed at 9.0 GPa after decompression from
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tion due to molybdenum
KB radiation.

30 35

30 GPa (Fig. 4). A nearly pure sample of
the cubic phase that contained only 4% of
the higher pressure cotunnite-type phase
was obtained (18). The refined a and u
values were 5.2804(3) A and 0.332(2), re-
spectively, yielding six short Pb-O distanc-
es of 2. 156(8) A and two long distances of
3.033(8) A. On pressure release a-PbO,

was obtained. B

The structural data for the Pa3 phases of
SnO,, RuO,, and PbO, are compared with
those of PdF, and with the results of theo-
retical calculations for SiO, and GeO, in
Table 1. There is good agreement among
the u values for the different materials.
These u values for the modified fluorite
structure lie between those of fluorite (u =
0.25) and pyrite (space group Pa3, u = 0.37
to 0.40). The pyrite (FeS,) structure, adopt-
ed by many metal chalcogenides and pnic-
tides and some metal peroxides (19), is
characterized by octahedral metal coordina-
tion and dimeric anions.

The present results indicate that all the
rutile-type metal dioxides known to trans-
form to a cubic high-pressure phase adopt
the modified fluorite structure, rather than



Table 1. Structural data and zero-pressure bulk
moduli (B,) for modified fluorite structures. Exper-
imental data for SnO,, RuO,, PbO,, and PdF,
were obtained at 48, 8.9, 9.0, and 0.001 GPa,
respectively. Theoretical values are those calcu-
lated for zero pressure.

Com- o By*

pound 2@ u (GPa)  Ref
Experimental
SnO, 4.8700(2) 0.347(1) 261(14) T
RuO, 4.8320(3) 0.347(1) 399% T
PbO, 5.2804(3) 0.332(2) 223(9) T
PdF, 5.329(1) 0.3431(4) § (12)
Theoretical
Si0, 4.40 0.3446 393 )
SO, 4.47 0.344 335 (11)
SO, 4.41 0.3349 363 (20)
S0, 4.55 0.337 348.5 @1
SO, 4.43 0.344 347 (21, 22)
SO0, 4.41 0.347 387 (23)
SO, 4.462 0.3445 312 24)
GeO, 4.643 0.3435 357 ©)

"B, values were obtained with the Birch-Murnaghan or
Murnaghan equations of state (25) with first-derivative
values between 3.5 and 7 for the experimental data and
between 1.6 and 4.4 for the theoretical data. tFrom
the present study. FFrom (3). §Not measured.

the fluorite structure assumed previously.
The transition to the modified structure
corresponds to an increase in cation coor-
dination number from 6 to 6+2 instead of
from 6 to 8. There are no remaining exam-
ples of a pressure-induced rutile-to-fluorite
phase transformation. This represents an
important modification to the structural
systematics of metal dioxides. The fluorite
structure adopted by many compounds un-
der ambient conditions and at high temper-
atures is not a good candidate for a high-
pressure structure because of the empty cu-
bic site at the center of the unit cell. The
present observation of transitions in SnO,,
RuO,, and PbO, at high pressures to the
Pa3 structure reconciles the experimental
behavior of these metal dioxides with the
theoretical predictions for SiO, and GeO,,
yielding a common cubic high-pressure
structure for these compounds.
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Large-Scale Storms in Saturn’s
Atmosphere During 1994

A. Sanchez-Lavega, J. Lecacheux, J. M. Gomez, F. Colas,
P. Laques, K. Noll, D. Gilmore, |. Miyazaki, D. Parker

Large-scale storms are rarely observed in Saturn’s atmosphere, but their appearance
traces the wind velocity field, providing information on the vertical structure of the
clouds and on the dynamics of the atmosphere. Two large-scale atmospheric distur-
bances formed by clouds highly reflective in the visible part of the spectrum were
observed on Saturn during 1994. An equatorial disturbance with a longitudinal size of
~27,000 kilometers drifted in longitude with a velocity of 273.6 meters per second. A
second disturbance, a rapidly evolving convective storm with an initial size ~7000
kilometers, was observed at 56 degrees south, moving with a zonal velocity of 15.5

meters per second.

Cloud systems with enough size and reflec-
tivity contrast to be detected by ground-
based telescopes are rare in Saturn’s atmo-
sphere (I-3). Only five large-scale atmo-
spheric disturbances at different latitudes be-
tween 5° and 60°N, known as Great White
Spots (GWSs) (I, 2, 4-9) and spaced in
time by ~30 years, have been observed in
the visible part of the electromagnetic spec-
trum during the last century. The equatorial
disturbances (GWS 1876, 1933, and 1990)
were characterized by an initial single out-

burst of bright white clouds (size =~20,000
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km) that showed divergent motions (sugges-
tive of a vigorous upward convection pro-
cess). After the first 2 weeks of their lives,
these GWSs expanded zonally (east-west),
with the bright clouds moving away along
the parallels, in accordance with the local
wind velocity. Once these clouds had encir-
cled the planet (taking about 1 month for
the equatorial events), their morphology, oc-
cupying a latitude band of about 15°, was
formed by a wavy pattern of smaller scale
white spots spaced -quasi-regularly (size
~5000 km and lifetime <10 days for these
spots). The decay of this activity took place
over a few months, during which the pat-
terns lost contrast and the clouds dissipated
(2, 5-7). The last GWS was observed at the
equator in 1990 (6-9). After this last distur-
bance, synoptic-scale short-lived cloud for-
mation occurred in the equatorial region of
Saturn during 1991 (10), 1992, and 1993.
Here, we report on two disturbances ob-
served at different latitudes during the sec-
ond half of 1994 (11, 12). Most of the
images were taken with a CCD (charge-
coupled device) camera installed on the ded-
icated 1-m planetary telescope at Pic-du-
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