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Equation of state of the high-pressure Fe3O4 phase and a new structural transition at 70 GPa
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Abstract
We have investigated the high-pressure behavior of Fe3O4 by in situ X‑ray diffraction measurements
from 11 to 103 GPa. Up to 70 GPa, the previous observed high-pressure Fe3O4 phase (h-Fe3O4) is stable,
with a CaTi2O4-type structure. The compression curve shows an abnormal volume contraction at about
50 GPa, likely associated with the magnetic moment collapse observed at that pressure. Fitting the
compression data up to 45 GPa to the Birch-Murnaghan equation of state yields a bulk modulus, KT0
= 172 GPa, and V0 = 277 Å3, with fixed Kʹ = 4. At a pressure between 64 and 73 GPa, a new structural
transition was observed in Fe3O4, which can be attributed to a martensitic transformation as described
by Yamanaka et al. (2008) for post-spinel structural transition. The diffraction data can be best fitted
with a Pnma space group. No breakdown of Fe3O4 was observed up to at least 103 GPa. The new
high-pressure polymorph is about 6% denser than the h-Fe3O4 phase at 75 GPa.
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Introduction
Iron exists in several oxidation states with ferrous (Fe ) and
ferric (Fe3+) iron being the most common in the rock-forming
minerals. Magnetite Fe3O4 has very interesting characteristics because of the equal presence of Fe2+ and Fe3+ in its structure (Fleet
1981). The behavior of Fe3O4 at high pressure and temperature is
fundamentally important for understanding the oxidation state in
the Earth’s interior. A structural transition in magnetite was observed at around 25 GPa (Mao et al. 1974) and its high-pressure
phase was first assumed to have a monoclinic structure. Fei et al.
(1999) obtained X‑ray diffraction data on the high-pressure phase
using an imaging plate detector and monochromatic synchrotron
X-radiation and proposed an orthorhombic cell with a Pbcm
space group. Further structure analysis of the high-pressure phase
(h-Fe3O4) by Haavik et al. (2000) indicated that the Cmcm space
group (CaTi2O4-type structure) would better fit the observed
X‑ray diffraction data. Schollenbruch et al. (2011) studied the
precise transition between magnetite and h-Fe3O4 and observed
the transition at 10 GPa and 1000 K.
The stability of h-Fe3O4 at high pressure has been debated.
Because the predicted densities of the FeO+Fe2O3 assemblage
would become higher than that of h-Fe3O4 at high pressure, it
has been suggested that h-Fe3O4 could decompose into FeO and
Fe2O3 at sufficiently high pressure (Haavik et al. 2000). Lazor
et al. (2004) predicted a breakdown of the h-Fe3O4 at pressures
higher than 50 GPa based on thermodynamical calculations.
By combining experimental data and ab initio calculation, Dubrovinsky et al. (2003) predicted that the h-Fe3O4 phase would
be stable up to 100 GPa.
The pressure effect on iron-bearing oxides is further complicated because of possible spin transitions at high pressure (Badro
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et al. 1999). Depending of its concentration in the oxide and
valence state, the spin transitions from high-spin to intermediate- or low-spin state can occur at different pressures (Badro et
al. 2005). With ab initio calculation, Ju et al. (2012) predicted a
phase transition in magnetite from cubic to orthorhombic Pbcm
space group at 30 GPa as previously observed and a second
transition at 65 GPa to an orthorhombic Cmcm space group. They
showed that the two transitions were caused by spin transitions
in iron from high spin to intermediate spin at 30 GPa and then to
low spin at 65 GPa. The second transition at 65 GPa is associated
with an abrupt decrease in the magnetic moment of iron in one
site of orthorhombic structure changing from intermediate- to
low-spin state. Another ab initio study concluded that Fe3O4 had
no spin transition in iron up to 45 GPa (Bengston et al. 2013). An
experimental study from Xu et al. (2004) showed an incipient
metallic behavior in Fe3O4 coupled with a magnetic moment collapse above 50 GPa, Fe3O4 becoming nonmagnetic after 70 GPa.
In this study, we obtained X‑ray diffraction (XRD) patterns
on Fe3O4 at pressures from 11 to 103 GPa. We observed the formation of h-Fe3O4 and determined its equation of state up to 70
GPa. After 70 GPa, we observed a structural transition to another
orthorhombic structure with Pnma space group.

Experimental methods
We used Fe3O4 magnetite from Alfa Aesar (99.95% purity) as the starting material. Approximately 7 wt% of high-purity gold powder was mixed with magnetite
powder and gold served as the pressure calibrant. One diamond-anvil cells (DAC)
was loaded with the mixture in argon pressure-transmitting medium (run 1) and
a second DAC, in neon pressure medium (run 2). After performing the first two
experiments in which a structure transition was observed, we loaded a third DAC
with the mixture in neon medium to collected additional diffraction data around
the transition pressure. Anvils with 300 mm culets and beveled anvils with 200 mm
culets were used. Re gasket were pre-indented to a thickness of 25–30 mm and then
drilled sample holes with diameters of 130 to 200 mm depending on the culet size.
In situ XRD measurements were carried out at the GSECARS (13IDD) sector of the Advanced Photon Source (Argonne National Laboratory) with a fixed

