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X-ray diffraction of SnO2 �cassiterite� at high pressures and temperatures demonstrates the existence of
four phase transitions to 117 GPa. The observed sequence of phases for SnO2 is rutile-type �P42/mnm�
→CaCl2-type�Pnnm�→pyrite-type�Pa3̄�→ZrO2 orthorhombic phase I �Pbca�→cotunnite-type �Pnam�. Our
observations of the first three phases are generally in agreement with earlier studies. The orthorhombic phase
I and cotunnite-type structure �orthorhombic phase II� were observed in SnO2 for the first time. The Pbca
phase is found at 50–74 GPa during room-temperature compression. The cotunnite-type structure was synthe-
sized when SnO2 was compressed to 74 GPa and heated at 1200 K. The cotunnite-type form was observed
during compression between 54–117 GPa with additional laser heating carried out at 91 and 111 GPa. Fitting
the pressure-volume data for the high-pressure phases to the second-order Birch-Murnaghan equation of state
yields a bulk modulus of 259�26� GPa for the Pbca phase and 417�7� GPa for the cotunnite-type phase.
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INTRODUCTION

There has been considerable interest in the high-pressure
behavior of metal dioxides, MO2, where M includes IVA and
IVB cations such as Si, Ge, Sn, Pb, Ti, Zr, Hf. These mate-
rials exhibit extensive polymorphism at high pressures, and a
variety of transformation pathways leading to highly coordi-
nated structures have been uncovered.1 Some high-pressure
polymorphs in these systems have very high bulk moduli and
hardness and may qualify as strong or even superhard
solids.2,3 The behavior of SiO2 is of particular interest as this
material is of widespread importance in geophysics and con-
densed matter physics. The other group-IVB dioxides �Ge,
Sn, Pb� have been investigated as analogs for SiO2, and they
exhibit similar sequences of transitions but at lower pres-
sures compared with silica. In all these materials, a sequence
of phase transitions from rutile �P42/mnm� to CaCl2-type

�Pnnm� to �-PbO2-type �Pbcn� to pyrite-type �Pa3̄� have
been found or predicted.4–9

The high-pressure behavior of cassiterite �SnO2� has been
the subject of many previous investigations extending up to
49 GPa.5–7,10–15 In the earliest studies, transformation to the
�-PbO2-type structure and a cubic structure at higher pres-
sures identified as fluorite-type were reported.11,13,15 During
room-temperature compression of SnO2 to 49 GPa, Haines
and Leger5 first observed the rutile to CaCl2-type transforma-
tion near 12 GPa. They also reported that the cubic phase
was actually a modified-fluorite or pyrite-type structure in-
stead of fluorite-type, not only in the case of SnO2 but other
metal dioxides as well.4,5 Ono and colleagues6,7 have carried
out high P-T studies on SnO2 using the diamond cell and
large-volume press to �30 GPa and 1500 K to investigate
the transformations to the �-PbO2-type and pyrite-type
phases.

There are several lines of evidence to suggest that addi-
tional transitions at higher pressures are expected in this sys-
tem. Investigation of PbO2 shows a similar sequence of
phase transitions as SnO2, but the transformations occur at
lower pressures, as expected due to the larger ionic radius of
Pb.4 In addition to the rutile-type, CaCl2-type, �-PbO2-type,
and pyrite-type structures, a further transformation to an
orthorhombic phase �Pbca; orthorhombic I� was found in
PbO2 at 11 GPa.4 At 29 GPa, a cotunnite-type �PbCl2� struc-
ture �Pnam, orthorhombic II� with nine-fold coordination
was observed.4 For group-IVA �Ti, Zr, Hf� metal dioxides, a
different sequence of phases is observed at lower pressures,
but both the orthorhombic I and cotunnite-type forms are
found at higher pressures.3,16–20 Theoretical calculations also
indicate that the cotunnite form of SiO2 may be stable at
pressures of �750 GPa.8 In addition, shock compression
data for cassiterite have also been reported.21–23 There is evi-
dence for one or more phase transitions, but the nature of the
high-pressure phases is not known.

The high-pressure phases of metal dioxides have also at-
tracted much attention because of their potential as superhard
materials.24 In particular, the dense, cotunnite-type form with
nine-fold oxygen coordination is of great interest. It has been
reported that cotunnite-structured TiO2 is the hardest known
oxide.2 Bulk moduli in excess of 300 GPa have been deter-
mined from both theory and experiment on cotunnite-
structured oxides such as TiO2, HfO2, and ZrO2.2,3,19,25,26

EXPERIMENT

A natural sample was examined by x-ray diffraction and
confirmed to be pure cassiterite �SnO2�. The lattice param-
eters for the rutile-structured starting material were a
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=4.746�1� Å and c=3.189�1� Å. The powder sample was
mixed with 10 wt. % platinum and loaded into a symmetric-
type diamond anvil cell. A sample chamber was formed by
drilling a 35−�m diameter hole in a rhenium gasket that had
been preindented to a thickness of �20 �m. Platinum was
used as a laser absorber and pressure standard. Pressure was
determined from the equation of state of platinum.27 Argon
was used as a pressure-transmitting medium and for thermal
insulation. Ruby chips were also loaded at the edge of the
chamber, away from the sample to allow for pressure cali-
bration during cryogenic argon loading.

In situ high-pressure synchrotron x-ray diffraction was
carried out at the GeoSoilEnviroCARS �GSECARS� sector
�13-ID-D� of the Advanced Photon Source.28 A monochro-
matic beam with wavelength of 0.3344 Å was focused to
�5�5 �m2 by a pair of 200-mm long Kirkpatrick-Baez
mirrors. A MAR345 image plate detector was used to record
two-dimensional images. CeO2 powder was used to calibrate
the distance and orientation of the detector. The two-
dimensional x-ray diffraction images of SnO2 were collected
in the range of 30–60 seconds. The obtained diffraction im-
ages showed mostly smooth and uniform diffraction rings
without major texture development. The program FIT2D29

was used to reduce the two-dimensional images into one-
dimensional patterns. Both peak fitting and the General
Structure Analysis System �GSAS� program30 were used for
phase identification and data analysis. Le Bail profile fitting
was initially carried out to obtain high-pressure cell con-
stants. This whole-pattern fitting method involves adjusting
the unit cell parameters and peak shape parameters to give
the best fit to the observed data. Rietveld refinements were
also carried out on selected patterns. A pseudovoigt profile
function and spherical harmonic preferred orientation model
were used. Initial atomic positions were taken from literature
values. The background was manually subtracted before the
refinement. The following parameters were refined: lattice
parameters, peak shape parameters, phase fractions, atomic
positions, averaged displacement parameters, and spherical-
harmonic terms in preferred orientation correction.

High temperatures were achieved using double-sided
heating28,31 with the TEM00 mode of a Nd:YLF laser
�1064-nm wavelength�. Three heating cycles were con-
ducted. The first heating was performed at 74 GPa with du-
ration of 8 min. Two other heating cycles were conducted at
91 GPa and 111 GPa and with total heating time of 10 and 30
min, respectively. Based on visual observation of thermal
radiation emitted from the sample, the heating was stable and
uniform with a 20–30-�m diameter at each pressure. The
temperatures were measured by spectroradiometry and cov-
ered the range of 1200–2400 K. During the initial short heat-
ing, the temperatures were kept low and the laser beam was
rastered across the entire sample. For the second heating
cycle, the sample position was held fixed, and the higher
laser power was required due to the higher pressure. For the
third heating cycle, the sample was rastered again at still
higher power.

RESULTS AND DISCUSSION

The pressure in the sample was gradually increased to 74
GPa at room temperature. During this compression, three

phase transitions were observed by x-ray diffraction. In a
previous study,5 SnO2 in the rutile-type �P42/mnm� structure
is observed to transform to orthorhombic CaCl2-type struc-
ture �Pnnm� at 12.6 GPa under hydrostatic conditions. From
Le Bail refinements, we identify the rutile phase at 9.9 GPa
but could not exclude the possibility of the appearance of a
minor amount of CaCl2-type phase due to the broadening of
the 211 peak. However, we did confirm the existence of the
CaCl2-type modification at 13.6 GPa �Fig. 1�. The lattice
parameters for the CaCl2-type structure are a=4.6781�7�Å,
b=4.5361�8�Å, c=3.1443�5�Å at 13.6 GPa. A previous
study5 reported that under nonhydrostatic conditions, the
CaCl2-type phase of SnO2 was observed at pressure greater
than 5 GPa and the �-PbO2-type phase was found above 12.6
GPa. The same study showed that under hydrostatic condi-
tions, the CaCl2-type phase does not appear until pressures
greater than 12 GPa. The unit cell parameters obtained in this
work are compared to previous studies in Fig. 2. We observe
a somewhat larger splitting between the a and b cell param-
eters of the CaCl2-type �Pnnm� structure compared with the
results of Ref. 5 under hydrostatic conditions �Methanol-
ethanol-water medium�. However, this splitting is smaller
than that observed by nonhydrostatic decompression of the
CaCl2-type �Pnnm� phase using silicone grease as a
pressure-transmitting medium.5 This implies that the devia-
toric stress state due to the solid Ar medium in this study is
likely intermediate to those achieved in the hydrostatic and
nonhydrostatic �silicone grease� experiments reported in Ref.
5. Peaks from the CaCl2-type �Pnnm� structure were ob-
served to persist up to 50 GPa during room-temperature
compression. However, reliable lattice parameters of
CaCl2-type �Pnnm� structure can only be obtained at pres-
sure to 28.8 GPa due to peak overlap with other high-
pressure phases of SnO2 and also due to the reduced peak
intensities of Pnnm phase.

FIG. 1. Representative diffraction patterns for phases of SnO2

observed in this study. Each trace is labeled with pressure �in GPa�
and space group of corresponding structure. The abbreviations are
Pt for platinum and Ar for argon. The arrows emphasize the split-
ting of peaks from P42/mnm to Pnnm.
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With further compression to 28.8 GPa, we observe
changes to the diffraction pattern including a new peak near
6.8° �Fig. 1�. Le Bail refinements indicate that this pattern
consists of the low-pressure Pnnm phase coexisting with the
pyrite-type cubic structure �Pa3̄�. No �-PbO2-type phase
was observed in this study. This is not surprising as we over-
stepped most of its stability field, and the transformation is
very sluggish during pressure increase without heating. In
one study,5 relatively small amounts of the �-PbO2-type
phase were observed under room-temperature compression
of SnO2 in the range of 12–21 GPa, while the sample recov-
ered to ambient conditions from 49 GPa consisted of about
half of this phase. In other studies, the �-PbO2-type phase
was observed at �15–20 GPa after heating.6,7,11,12 Similar
observations4 were reported during compression of plattner-
ite �rutile-structured PbO2�, which indicates the formation of
the �-PbO2-type phase requires thermal activation or high
shear stresses.

The lattice parameter for the pyrite-type SnO2 at 28.8 GPa
obtained from Le Bail refinement is a=4.9052�3�Å. This is
consistent with the result of Ono et al.7 �a=4.9151 Å at 27.2
GPa� obtained after laser heating. After the next compression
step to 38 GPa, our refinement result for the pyrite-type
phase yields a=4.8728�4�Å which is in agreement with
Haines and Leger5 �a=4.8883�2�Å at 42 GPa�. Figure 2
compares the lattice constants obtained here with those of
previous studies.5,7 It should be noted that while no heating
was applied at these pressures in this study, the results of the
other studies were obtained after laser heating in some or all
cases.

At 50 GPa, we observed that the 200, 220, and 311 peaks
of the pyrite-type phase split indicating the existence of an-
other phase. By analogy with the phase transition sequence

observed in PbO2,4 we found that this pattern could be de-
scribed by the orthorhombic I phase �Pbca� of ZrO2

4,32 �Fig.
3�. We note that studies of ZrO2, HfO2, and PbO2 have re-
ported that several closely related structures could explain
the diffraction pattern of this phase.4,33 We were not able to
distinguish among the different structures, and we have fol-
lowed the assignment �Pbca� used previously. However, in
fact, our Rietveld refinement for this phase using aPbca
structural model yielded a very good fit �Rp=0.9%, Fig. 3
and Table I�. The atomic positions obtained by this Rietveld
refinement are very close to that ofPbca phase in TiO2 at 28
GPa by Rietveld refinement17 and in PbO2 at 26 GPa by
partial Rietveld refinement.4 In thisPbca structural model,
seven oxygen anions are placed around a Sn4+ cation at dis-
tances in the range 1.85 to 2.14Å. The mean Sn-O distance at

64 GPa is 2.015Å. The transition of Pa3̄ to Pbca structure
can be clearly identified by the peak splittings observed at
two theta near 8°, 11°, and 13° �Fig. 1�. With increasing
pressure, the peak splittings continued to grow. The Pbca
phase was found to be stable to 74 GPa at room temperature
�Fig. 1�. The evolution of lattice parameters for this phase is
plotted in Fig. 2.

In the Pbca phase, the orthorhombic cell exhibits a near

doubling of the cell axis along a relative to the Pa3̄ phase
�Fig. 2�. Fitting the b and c axes to linear functions and
extrapolating to lower pressures indicate that the b and c
axes would overlap at pressure near 22 GPa. In addition, the
linear compressibilities of the Pbca phase are in the se-
quence of �a��c��b. As found in the case of PbO2,4 the
compression of the Pbca phase is highly anisotropic. In fact,
we find that the b axis decreases by only �0.5% from 50 to
74 GPa, compared with a decrease of �3.5% and 2.6% for
the a and c axes, respectively, over this pressure range. The

volume change from Pa3̄ to Pbca is about 3% �Fig. 4�. The

FIG. 2. �Color online� Variation of lattice parameters of SnO2

phases as a function of pressure. The solid symbols are from this

study; open symbols are from previous reports �Ref. 5,7�. The Pa3̄
data of Ref. 7 are shown with a down pointing triangle to distin-
guish them from the results of Ref. 5. Data obtained from

P42/mnm, Pnnm, Pa3̄, and Pbca phases were without heating,
whereas those of Pnam phase were obtained after heating.

FIG. 3. Rietveld refinement result for Pbca phase. The raw data
�crosses� were obtained at 64 GPa, 300 K. The upper and lower
solid curves are the calculated and difference curve �Iobs− Icalc�, re-
spectively. The short vertical bars above the difference curve show
reflection positions for each phase �upper: Ar; middle: Pt; lower:
Pbca phase�. The obtained lattice parameters are a=9.304�4� Å,
b=4.8927�8� Å, c=4.731�2� Å, and atomic positions are Sn4+

�0.8906�4�, 0.0254�6�, 0.242�4��, O2−�1�: �0.810�5�, 0.400�4�,
0.143�8��, O2−�2�: �0.984�4�, 0.738�20�, 0.469�15��, and Rp=0.9%.
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bulk modulus of the Pbca structure determined from fitting
to a second-order Birch-Murnaghan equation of state yields
259�26� GPa and a zero-pressure volume of 256.4�34�Å3

�Table II�. This bulk modulus is lower than some previous
determinations of the bulk modulus for the pyrite-type phase
in SnO2 �Table II�. An anomalous decrease in the bulk modu-
lus across this high-pressure phase transition was also re-
ported for PbO2.4 Bulk moduli for the Pbca phase in the
range of 210–318 GPa have been reported for HfO2 and
TiO2.3,17,34

At 74 GPa, the sample was heated at 1200–1500 K for 8
min while being rastered. Upon quenching, the diffraction
pattern was found to be different and the sample pressure
dropped considerably to 54 GPa. Again, by comparison with
the behavior of the PbO2 system,4 we are able to fit this
pattern to a cotunnite-type structure �Pnam� �Fig. 5�. The
cotunnite-type phase was found to be stable upon further
compression to 117 GPa and 2400 K �Table III� including
two more heating cycles �at 91–99 GPa and 111–117 GPa�.
The experiment ended abruptly when a diamond shattered
during heating at the highest pressure. It should be noted that
the most intense peak of the orthorhombic phase I �211� was
still observable �but weak� in the quenched diffraction pat-
tern after the heating cycle at 54–74 GPa. This residual peak
disappeared when the pressure was increased above 80 GPa
�Fig. 1�. Our Rietveld refinement for the Pnam phase yielded
a good fit �Rp=1.2% � with atomic positions in good agree-
ment with other cotunnite-type structures.26 In the Pnam
structure, nine oxygen anions are placed around a Sn4+ cation

and we find distances ranging from 1.70 to 2.26 Å �at 117
GPa�. The mean Sn-O distance at 117 GPa is 2.06 Å. The
increase of mean Sn-O distance compared to that of Pbca
phase is consistent with an increase of coordination number
of tin ions from seven to nine by the transition of Pbca to
Pnam phase.

The variation of the lattice parameters of cotunnite-type
structure of SnO2 upon compression is plotted in Fig. 2.
The axial compressibilities for this phase at 55 GPa were
found to be 5.4�10−4 GPa−1, 4.5�10−4 GPa−1, and 6.2
�10−4 GPa−1 for the a, b, and c axes, respectively. Thus, the
phase exhibits only modest anisotropy in compression be-
havior. As the pressure increases, the anisotropy of the com-
pressibility is reduced somewhat further and the correspond-
ing compressibilities at 115 GPa become 4.0�10−4 GPa−1,
3.5�10−4 GPa−1, and 4.4�10−4 GPa−1. The volume change

from Pbca to Pnam is about 11%, larger than that of the Pa3̄
phase to Pbca phase. The reported volume change for the
Pbca-Pnam transition in PbO2 was 7.5%.4 The bulk modu-
lus of cotunnite-type structure determined from fitting the
data to a second-order Birch-Murnaghan equation of state is
417�7� GPa and the obtained zero-pressure volume is
108.7�2� Å3 �or 16.37�3� cm3/mol� �Fig. 4, Table II�.

The large bulk modulus of the cotunnite-type phase is
comparable with those reported for the same structure type in
ZrO2�K0=444�15� GPa�3 and TiO2�K0=431�10� GPa�2 but
somewhat higher than in HfO2�K0=340�10� GPa�.3 The very
high bulk modulus suggests cotunnite-type SnO2 could be a
strong or even superhard material. However, some caution is
needed in interpreting these findings. The minimum pressure
at which the cotunnite-type phase was observed was 54 GPa,
and thus, there is significant extrapolation involved in deter-

TABLE I. Results of Rietveld refinement of orthorhombic phase
I �Pbca� of SnO2 at 64 GPa and 300 K. Unit cell parameters
obtained by Rietveld refinement are a=9.3039�35� Å,
b=4.8927�8� Å, c=4.7315�16� Å.

hkl d�Å� Ical

200 4.6520 4

210 3.3713 3

211 2.7456 100

020 2.4463 29

002 2.3658 12

400 2.3260 6

021 2.1731 3

221 1.9689 2

212 1.9365 2

411 1.9200 8

022 1.7006 20

420 1.6771 14

402 1.6586 9

222 1.5972 2

421 1.5879 2

230 1.5391 5

231 1.4636 19

213 1.4286 12

611 1.4109 7

422 1.3728 7

FIG. 4. �Color online� The molar volume as a function of pres-
sure for SnO2 phases at pressure to 117 GPa. The symbols used here
are same as Fig. 2, except for open circles which represent shock
compression data from Marsh �Ref. 22�. Solid lines are second-
order Birch-Murnaghan equation fits to Pbca and Pnam phase data.

The Pa3̄ data of Ref. 7 are shown with a down pointing triangle to
distinguish them from the results of Ref. 5.
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mining the bulk modulus at ambient pressure. Also, the
sample was only heated at three compression steps. Devia-
toric stresses, which tend to lead to overestimation of the
bulk modulus, may not be negligible. In fact, evidence for
existence of deviatoric stress in Pt was observed during the
Rietveld refinements. Theoretical studies24 for cotunnite-type
ZrO2, TiO2, and HfO2 using density functional theory yield
bulk moduli of �300 GPa, which are considerably lower

than diamond cell results.2,3 Also, compression
experiments34 on HfO2 and ZrO2 using the multianvil press
and energy-dispersive diffraction have also yielded lower

TABLE II. Comparison of zero-pressure volume �V0� and bulk modulus �K0� of SnO2 polymorphs.
DAC—x-ray diffraction in diamond anvil cell; multianvil—x-ray diffraction in multianvil apparatus;
ultrasonic—ultrasonic measurement of acoustic wave velocity; K0�—pressure derivative of the bulk modulus.

Phase V0�Å3� K0�GPa� K0� Remark

P42/mnm 71.326 205�7� 7.4�2.0� DACa

203 Ultrasonicb

212 5.5 Ultrasonicc

181 Theoryd

Pnnm 204�6� 8�1� DACa

Pbcn 141.03 208�2� 4 DACa

199�4� 4 DACe

Pa3̄ 128.1�3� 307�10� 4 DACf

129.4�4� 328�16� 4 DACa

130.6�3� 246�9� 4 Multianvilf

Pbca 256.4�34� 259�26� 4 This study

Pnam 108.7�2� 417�7� 4 This study

aSee Ref. 5.
bSee Ref. 36.
cSee Ref. 37.
dSee Ref. 38
eSee Ref. 39
fSee Ref. 7

TABLE III. Results of Rietveld refinement of cotunnite-type
structure �Pnam� of SnO2 at 117 GPa and 300 K. Unit cell param-
eters obtained by Rietveld refinement are a=5.0156�6� Å,
b=5.9044�3� Å, c=3.0282�3� Å.

hkl d�Å� Ical

020 2.9522 2

011 2.6945 23

120 2.5442 100

200 2.5078 24

111 2.3736 54

121 1.9479 1

201 1.9315 2

211 1.8321 33

031 1.6502 21

131 1.5676 10

002 1.5141 10

040 1.4761 20

320 1.4548 12

311 1.4206 11

231 1.3785 15

122 1.3011 8

202 1.2962 7

240 1.2721 9

400 1.2539 2

FIG. 5. Rietveld refinement result for Pnam phase. The raw data
�crosses� were obtained at 117 GPa, 300 K �after heating�. The
upper and lower solid lines represent the calculated and the differ-
ence curves �Iobs− Icalc�, respectively. The short vertical bars above
the difference curve show reflection positions for each phase �up-
per: Ar; middle: Pt; lower: Pnam phase�. The obtained atomic po-
sitions are Sn4+ �0.2547�18�, 0.11422�31�, 0.25�, O2−�1�: �0.348�4�,
0.390�5�, 0.25�, O2−�2�: �0.043�6�, 0.333�4�, 0.75�, and Rp=1.2 %.
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bulk moduli for these materials, although these were ob-
tained using a lower resolution diffraction technique. Very
recent diamond anvil cell results on the cotunnite form of
ZrO2 yielded K0=278 GPa.20 The bulk modulus of the
cotunnite-type phase of PbO2 was reported to be 221 GPa.4

Further exploration of bulk modulus systematics for the
cotunnite-structured form of the group-IVA and, group-IVB
elements is needed to resolve these discrepancies.

The overall similarity in compression behavior of SnO2
and PbO2 is illustrated in Fig. 6, which shows the compres-
sion data obtained here for SnO2 compared to trends from
previous data4 for PbO2. Measured volumes for both phases
are plotted relative to the V0 value of the corresponding
rutile-type phase at ambient P and T. The relative volumes
for the SnO2 phases generally overlap or follow the exten-
sion of the lower pressure trend defined by the PbO2, al-
though the Pbca form appears to be somewhat less com-
pressible for SnO2.

While our overall results are generally consistent with
those observed for PbO2, there are some differences. In the
case of PbO2, the transformation from the orthorhombic I to
cotunnite-type structure at 29 GPa was observed at room
temperatures �without any heating� under relatively nonhy-
drostatic conditions �silicone grease as pressure medium�.4
The transition was also very sluggish and a mixture of low-
pressure and high-pressure phases coexisted to 47 GPa. In
contrast, we did not observe any transformation from the

orthorhombic I phase up to 74 GPa at room temperature, but
found almost complete and rapid transformation to the new
structure after a short period of laser heating. In the case of
ZrO2, room-temperature transformation was observed at 16
GPa,35 whereas the transformation occurred at �10 GPa for
a sample heated to 1000 °C,12 indicating that the transforma-
tion pressure is significantly lower in the case of heating,
which is consistent with our findings.

Figure 4 compares the static pressure-volume curve to
shock compression data for cassiterite.22 The shock data
show evidence for two discontinuities along the Hugoniot
curve, one above 47 GPa and another reaching completion
around 115 GPa. Because thermal effects on the shock com-
pression curve have not been accounted for, only qualitative
conclusions can be drawn here. However, comparison of the
two data sets suggests possible interpretation of the shock
data. Under shock loading, the low-pressure form appears to
remain stable to �50 GPa, whereupon it transforms with a
volume change consistent with that observed for the forma-
tion of the orthorhombic phase I which is the stable form at
300 K at these pressures. Finally, at higher shock pressures
beginning around 80 GPa and extending to 115 GPa, cas-
siterite gradually adopts a denser form that is also consistent
with the volume change observed here between the Pbca and
cotunnite-type forms. Thus, we propose that the two high-
pressure phases observed during shock compression of SnO2
may be the orthorhombic phase I and cotunnite-type forms.
At lower pressures, shock temperatures may be too low to
drive the transformations leading up to the pyrite-type phase.

In summary, a sequence of four phase transitions is ob-
served during compression and heating of SnO2 to 117 GPa.
The sequence of phases is consistent with previous observa-
tions for PbO2.4 The ZrO2-type �Pbca� and cotunnite-type
�Pnam� phases at pressure greater than 50 GPa are reported
for the first time in SnO2. The bulk modulus for the Pbca
and Pnam phase of SnO2 determined fitting pressure-volume
data to the second-order Birch-Murnaghan equation of state
are 259�26� and 417�7� GPa, respectively.
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FIG. 6. �Color online� Comparison of compression behavior of
PbO2 �solid lines� with SnO2 �symbols�. For each phase, the volume
is plotted relative to the zero-pressure volume of the rutile form for
that material. Data for PbO2 are from Ref. 4, data for SnO2 are from
this study.
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