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abstract

First-principles calculations were used to study the structural and energetic properties of cristo-
balite-He I and II at high pressures, both of which were recently found in high-pressure powder X-ray 
diffraction experiments of a-cristobalite with helium pressure-medium at room temperature. These 
calculations have revealed that both cristobalite-He I and II contain one helium atom per SiO2 with 
the formula SiO2He. It has also been revealed that cristobalite-He I is energetically favored above 6.4 
GPa, cristobalite-He II is the stable phase at pressures between 1.7 and 6.4 GPa, and the mixture of 
cristobalite II and crystalline He is more stable than either cristobalite-He I or II below 1.7 GPa, in 
general agreement with the observation. Cristobalite-He I and II have been predicted to be monoclinic 
with space group P21/c, and rhombohedral with space group R3c, respectively. The unit-cell param-
eters of both cristobalite-He I and II were re-determined from the previously measured high-pressure 
X-ray diffraction data on the basis of these predicted cells. There is an excellent agreement between 
the observed (re-determined) and calculated pressure dependence of the cell parameters for the both 
phases. The calculated X-ray diffraction patterns for both cristobalite-He I and II are also consistent 
with the observed data. Cristobalite-He I and II have been predicted to have molar volumes 21% 
larger at 10 GPa and 23% larger at 4 GPa than cristobalite II due to the penetration of helium atoms 
into large voids of the structure.
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introduction

The structural and physical properties of silica (SiO2) poly-
morphs and silica glass have been extensively studied, both 
experimentally and theoretically, because of their importance 
in the fields of geoscience, material science, and solid-state 
physics. Silica occurs in various crystal structures, including 
quartz, cristobalite, tridymite, coesite, and stishovite. Quartz and 
cristobalite show low-temperature (a) and high-temperature (b) 
modifications, and tridymite exists in many different crystalline 
forms. a-quartz is the stable phase at ambient conditions. Cris-
tobalite and tridymite are high-temperature phases; coesite and 
stishovite are high-pressure phases; and a-cristobalite (hereafter 
simply cristobalite), tridymite, coesite, and stishovite all occur as 
metastable modifications at ambient conditions (Heaney 1994; 
Hemley et al. 1994).

Sato et al. (2011) and Shen et al. (2011) independently re-
ported that a substantial amount of helium can dissolve into the 
large interstitial voids in silica glass at high pressures, greatly 
decreasing its compressibility. Synchrotron powder X-ray dif-
fraction measurements using a diamond-anvil cell with helium 
pressure-medium under high pressures at room temperature 
allowed Sato et al. (2013) to find that cristobalite, which also 
includes large interstitial voids in its structure similar to silica 
glass, can also absorb a large amount of helium. They found that 
compression causes cristobalite (or cristobalite II) to transform to 

a new phase (cristobalite-He I) at about 8 GPa. Subsequent de-
compression caused the cristobalite-He I to transform to another 
new phase (cristobalite-He II) at about 7 GPa. They tentatively 
assigned cristobalite-He I to have orthorhombic symmetry and 
a molar volume about 30% greater than that of cristobalite; 
cristobalite-He II was assigned rhombohedral symmetry with 
a molar volume about 25% greater than that of cristobalite. 
However, the two phases’ total helium uptakes and their crystal 
structures have yet to be reported. Here we use first-principles 
calculations to study the structural and energetic properties of 
both cristobalite-He I and II in detail.

calculations

Calculations were performed with the Vienna Ab-initio 
Simulation Package (VASP) (Kresse and Furthmüller 1996) 
based on density functional theory. The projector augmented 
wave (PAW) method (Blöchl 1994; Kresse and Joubert 1999) 
was used in the generalized gradient approximation (GGA) for 
the exchange–correlation functional (Perdew et al. 1996) based 
on valence electron configurations of 3s23p2, 2s22p4, and 1s2 for 
Si, O, and He, respectively. We employed the GGA approach 
because it reproduces structural energy differences between 
silica polymorphs more accurately than does the local density ap-
proximation (LDA) (Demuth et al. 1999). The plane-wave cut-off 
energy was 700 eV, and k-point sampling was generally achieved 
using Monkhorst-Pack grids of 14 × 14 × 7, 6 × 6 × 4, 4 × 6 × 4, 
4 × 6 × 4, and 8 × 8 × 8 for helium, cristobalite, cristobalite II, 
monoclinic cristobalite-He I or II, and rhombohedral cristobalite-
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