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Compression of single-crystal magnesium oxide to 118 GPa and a ruby pressure gauge for 
helium pressure media
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abStract

The pressure-volume equation of state (EoS) of single-crystal MgO has been studied in diamond-
anvil cells loaded with helium to 118 GPa and in a non-hydrostatic KCl pressure medium to 87 GPa 
using monochromatic synchrotron X-ray diffraction. A third-order Birch-Murnaghan fit to the non-
hydrostatic P-V data (KCl medium) yields typical results for the initial volume, V0 = 74.698(7) Å3, 
bulk modulus, KT0 = 164(1) GPa, and pressure derivative, K′ = 4.05(4), using the non-hydrostatic ruby 
pressure gauge of Mao et al. (1978). However, compression of MgO in helium yields V0 = 74.697(6) 
Å3, KT0 = 159.6(6) GPa, and K′ = 3.74(3) using the quasi-hydrostatic ruby gauge of Mao et al. (1986). 
In helium, the fitted equation of state of MgO underdetermines the pressure by 8% at 100 GPa when 
compared with the primary MgO pressure scale of Zha et al. (2000), with KT0 = 160.2 GPa and K′ = 
4.03. The results suggest that either the compression mechanism of MgO changes above 40 GPa (in 
helium), or the ruby pressure gauge requires adjustment for the softer helium pressure medium. We 
propose a ruby pressure gauge for helium based on shift of the ruby-R1 fluorescence line (∆λ/λ0) and 
the primary MgO pressure scale, with P (GPa) = A/B{[1 + (∆λ/λ0)]B – 1}, where A is fixed to 1904 
GPa and B = 10.32(7). 
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introDuction

Magnesium oxide (MgO, periclase) is among the most widely 
studied standard materials for testing experimental and theoreti-
cal methods of determining elastic properties (Spetzler 1970; 
Jackson and Niesler 1982; Chang and Cohen 1984; Isaak et al. 
1989; Chen et al. 1998; Duffy and Ahrens 1995; Karki et al. 1999; 
Sinogeikin and Bass 2000; Zha et al. 2000; Speziale et al. 2001; 
Jacobsen et al. 2002). MgO maintains the B1 (halite) structure to 
multi-megabar pressures (Duffy et al. 1995) and is geophysically 
important as end-member ferropericlase, (Mg,Fe)O, thought to 
be the major non-silicate oxide of the lower mantle. Because of 
its simple structure and geophysical relevance, knowledge of 
accurate elastic properties of MgO pertains to problems rang-
ing from experimental pressure scales to interpreting Earth’s 
seismic structure. 

Recent discoveries in mineral physics of the lower mantle, 
especially electronic spin transitions of iron (Badro et al. 2003; 
Lin et al. 2007) and the post-perovskite phase of MgSiO3 (Mu-
rakami et al. 2004; Oganov and Ono 2004), present the need for 
reliable pressure scales in the 25–140 GPa range. In the deep 
mantle, conditions of stress are essentially hydrostatic. Such 
conditions of uniform stress are difficult to achieve in diamond 
cells because no known element or compound remains fluid 
above 10–15 GPa at 300 K (Angel et al. 2007). Although argon 

and neon are commonly used as “quasi-hydrostatic” pressure-
transmitting media in diamond cells, helium is preferred because 
it applies near-hydrostatic stress to at least 50 GPa (Takemura 
2001; Dewaele and Loubeyre 2007), preserving the quality 
of delicate single-crystal plates ≤10 µm in thickness for high-
pressure crystallographic studies at lower-mantle pressures.

Previous static-compression studies of MgO using helium as 
the pressure medium reached 55 GPa (Zha et al. 2000) and 52 
GPa (Speziale et al. 2001), both employing energy dispersive 
synchrotron X-ray diffraction from polycrystalline samples. 
Here we extend P-V measurements of MgO to 118 GPa on 
single crystals in helium using angle-dispersive, monochromatic 
synchrotron X-ray diffraction. The extended pressure range im-
proves analysis of the pressure derivative of the bulk modulus 
(K′) from Birch-Murnaghan equations of state. Using pressures 
from the quasi-hydrostatic ruby scale of Mao et al. (1986), the 
fitted EoS for MgO compressed in helium exhibits unusually 
low values of K′ = 3.7. Deviation of K′ from typical ultrasonic 
and Brillouin scattering values of 4.0–4.1 (Jackson and Niesler 
1982; Sinogeikin and Bass 2000) and the primary MgO pres-
sure scale with K′ = 4.03 (Zha et al. 2000) accounts for about 
8–10 GPa pressure difference (∆P) in the 100–120 GPa pressure 
range. Because an upwards adjustment in pressure was required 
in going from the non-hydrostatic ruby-pressure gauge (Mao et 
al. 1978) to the so-called quasi-hydrostatic pressure gauge (Mao 
et al. 1986) calibrated in an argon medium, a similar adjustment 
for the softer helium medium can account for the anomalously * E-mail: steven@earth.northwestern.edu


