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High-pressure magnetic transition in hcp-Fe
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abStract

High-pressure experiments and ab initio calculations on the hexagonal close-packed (hcp) structure 
of pure iron were performed to investigate a pressure-induced magnetic transition and the equation 
of state in the pressure range of 0–107 and 0–400 GPa, respectively. The experimental data at room 
temperature showed a significant change in the cell parameter ratio at 55 GPa without any major 
structural changes occurring. Ab initio calculations at 0 K indicate that the change in the cell parameter 
ratio observed in the high-pressure experiments corresponds to a magnetic transition from an antifer-
romagnetic state to a nonmagnetic state. If the hcp-Fe is stable under inner core conditions, then the 
density of nonmagnetic hcp-Fe is ~6% denser than that of the inner core, as determined using the 
PREM model. This supports the view that the composition of the inner core should be composed of 
iron and a significant amount of lighter elements.
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intrOductiOn

The properties of the major constituents of the Earth’s inner 
core, i.e., iron and its alloys, have long been of great interest to 
geophysicists. Therefore, pure Fe under high pressure has been 
the subject of numerous experimental studies (e.g., Takahashi and 
Bassett 1964; Brown and McQueen 1986; Jephcoat et al. 1986; 
Mao et al. 1990; Boehler 1993; Dubrovinsky et al. 2000; Fiquet 
et al. 2001; Dewaele et al. 2006). The stable structure of iron 
under ambient conditions is body-centered cubic (bcc) Fe (α-Fe). 
The phase transition from the bcc to the face-centered cubic (fcc) 
structure (γ-Fe) has been confirmed to occur at a temperature 
of 1185 K. Under high pressure, the bcc-Fe transforms into the 
hexagonal close-packed (hcp) structure (ε-Fe) (Takahashi and 
Bassett 1964), and this structure seems to be stable over a wide 
range of pressures and temperatures, approaching those existing 
in the inner core. Over the last two decades, the development of 
first-principle simulations has shed light on the physical proper-
ties of iron under extreme conditions, and many studies based 
on ab initio calculations have been reported (e.g., Stixrude and 
Cohen 1995; Vočadlo et al. 2003, 2008; Belonoshko et al. 2003; 
Thakor et al. 2003; Lizárraga et al. 2008).

The magnetic state of iron has a major influence on the physi-
cal properties of iron and its alloys, including the relative stability 
of iron polymorphs. Although the magnetic structure of hcp-Fe 
has been investigated for over three decades, contradictory results 
from experimental and theoretical studies have been reported. 
Previous Mössbauer experiments have been interpreted to show 
the absence of magnetism in hcp-Fe (Williamson et al. 1972; Cort 
et al. 1982; Taylor et al. 1982; Nasu et al. 2002). Recently, weak 

magnetism at 20 GPa was reported using the X-ray emission 
spectroscopy (Rueff et al. 2008), which was supported by the 
Raman spectroscopy data of hcp-Fe (Merkel et al. 2000). How-
ever, the magnetic structure is still an open question. In contrast, 
a recent theoretical study based on density functional theory 
has shown that the antiferromagnetic state is stable at pressures 
below 50 GPa (Steinle-Neumann et al. 1999). As it is generally 
accepted that a change in the magnetic state of iron and its alloys 
causes a change in their physical properties, an understanding 
of the magnetic state of hcp-Fe is important to understand the 
dynamics of the inner core. However, it has not been clearly 
explained why it is difficult to identify the antiferromagnetic 
state by experimental methods. First, the significant hysteresis 
of the bcc-hcp transition may disturb the magnetic ordering in 
hcp-Fe, because most previous experiments were performed at 
low temperatures, where the accumulated differential stress in 
the sample could not be released. Second, the experimental er-
rors of the Mössbauer technique used in previous studies were 
not negligible, because the antiferromagnetic moment predicted 
by previous ab initio calculations is small. Third, the quantum 
spin fluctuation in hcp-Fe (Mazin et al. 2002) is too fast for the 
time scale for the Mössbauer measurement, inhibiting detection 
of a hyperfine field.

We made use of a high-pressure diamond-anvil cell apparatus 
and ab initio calculations using density functional theory (DFT) 
to investigate the physical properties of hcp-Fe at high pressure. 
A laser annealing method was used to avoid any hysteresis of 
the bcc-hcp transition being affected by the differential stress. 
We observed the changes in cell parameters to identify the 
magnetic state of the hcp-Fe, because it is known that the cell 
parameters are sensitive to changes in the magnetic state (Ono 
et al. 2007, 2008b). We also compared the calculated density of * E-mail: sono@jamstec.go.jp


