
Crystal structure and compressibility of lead dioxide up to 140 GPa

Brent Grocholski1,*, sanG-heon shim2, elizaBeth cottrell1 and Vitali B. PrakaPenka3

1Department of Mineral Sciences, National Museum of Natural History, Smithsonian Institution, 10th and Constitution Avenue,  
Washington, D.C. 20560, U.S.A.

2School of Earth and Space Exploration, Arizona State University, 781 S. Terrace Road, Tempe, Arizona 85281 U.S.A.
3Center for Advanced Radiation Sources, University of Chicago, 5640 South Ellis Avenue, Chicago, Illinois 60637, U.S.A. 

aBstract

Lead dioxide is an important silica analog that has high-pressure behavior similar to what has been 
predicted for silica, only at lower pressures. We have measured the structural evolution and compres-
sional behavior of different lead dioxide polymorphs up to 140 GPa in the laser-heated diamond-anvil 
cell using argon as a pressure medium. High-temperature heating prevents the formation of multi-phase 
mixtures found in a previous study conducted at room temperature using a silicone grease pressure 
medium. We find diffraction peaks consistent with a baddeleyite-type phase in our cold-compressed 
samples between 30 and 40 GPa, which was not observed in the previous measurements. Lead dioxide 
undergoes a phase transition to a cotunnite-type phase at 24 GPa. This phase remains stable to at least 
140 GPa with a bulk modulus of 219(3) GPa for K′0 = 4. Decompression measurements show a pure 
cotunnite-type phase until 10.5 GPa, where the sample converts to a mixture of baddeleyite-type, 
pyrite-type, and OI-type (Pbca) phases. Pure α-structured lead dioxide (scrutinyite) is found after 
pressure release at room pressure even though our starting material was in the β-structure (plattnerite). 
Pressure quenching to the α-structure appears to be a common feature of all group IVa oxides that are 
compressed to structures with greater density than the rutile-type structure.
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introduction

Lead dioxide, a silica analog compound, has a typical 
sequence of phase transitions for an AX2-type compound 
(Prakapenka et al. 2003). Two forms are found as minerals on the 
Earth’s surface, the orthorhombic α-PbO2 structure (scrutinyite) 
and the tetragonal rutile structured β-PbO2 phase (plattnerite). 
Previous results relying on cold-compression using a silicone 
grease pressure-transmitting medium showed that both struc-
tures converted to the pyrite-type structure (Pa3) at 7 GPa, with 
plattnerite going through the CaCl2-type (distorted-stishovite) 
phase at 4 GPa before adopting the cubic structure. The SrI2-type 
or OI orthorhombic structure (Pbca) was found between 11 to 47 
GPa, with the cotunnite-type structure (Pnam) coexisting with it 
from 29 to at least 47 GPa at 300 K (Haines et al. 1996) (Fig. 1).

The cotunnite structure consists of highly coordinated cat-
ions (ninefold coordination) and a distorted hexagonal close 
packed (hcp) sub-lattice of anions common to metal dioxides, 
fluorides, and chlorides. The structure is remarkable not only 
due to its ubiquitous nature in AX2 type compounds (Dewhurst 
and Lowther 2001), but also because of the large volume change 
across the high-pressure transition from the pyrite-type or OI-
type structures that are closely related in energy. Materials with 
the cotunnite structure are relatively incompressible with certain 
compounds (such as SnO2 and TiO2) having measured bulk 
moduli approaching diamond (Ahuja and Dubrovinsky 2002; 
Shieh et al. 2006) and are intriguing possibilities for super-hard 
materials. The stability of highly coordinated structures for 

silica analogs have also been recognized as being important for 
understanding the experimentally inaccessible interiors of large 
terrestrial extrasolar planets (Umemoto et al. 2006; Grocholski 
et al. 2010).

We have conducted experiments on the structural evolution 
of PbO2 up to 140 GPa with the laser-heated diamond-anvil cell 
(LHDAC) using synchrotron X-ray diffraction (XRD). High-
quality diffraction patterns resulting from laser annealing in 
an argon-surrounded sample allows for better determination of 
phase stability and compressibility of the high-pressure phases 
of lead dioxide.

exPerimental methods
We used β-PbO2 (plattnerite, Alfa-Aesar, 99.995%) for the starting material. 

The crystal structure was confirmed using a Rigaku D/Max Rapid micro-X-ray 
diffractometer at the National Museum of Natural History. A total of four samples 
of pure β-PbO2 were compressed into platelets and loaded into symmetric-type 
diamond-anvil cells with 300, 200, and 150 μm culets in sample chambers of 
150, 120, and 90 μm, respectively. Pre-indented rhenium gaskets were used for 
all experiments. All samples were propped up on spacer grains of lead dioxide to 
allow cryogenically liquified argon to create a layer between the sample and the 
diamond culet. Argon acts as both a pressure medium and a thermal insulator. We 
used an X-ray transparent cBN seat to allow detection of diffraction peaks up to 
2θ up to about 21°.

Pressure was determined up to 75 GPa with the use of ruby fluorescence (Mao 
et al. 1986) from chips placed along the edge of the sample chamber, up to 120 
GPa with the use of the diamond Raman scale (Akahama and Kawamura 2006), 
and from 120–140 GPa with the equation of state for argon (Ross et al. 1986). The 
pressure determined from the diamond scale and the argon equation of state agree 
within experimental uncertainty at 120 GPa. We assume no systematic offset in 
pressure between different calibrants, which could slightly change our bulk modulus 
and extrapolated V0. Measured pressures agreed within experimental error before 
and after the heating cycle. We do not include thermal pressures (Heinz 1990) in 
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