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absTracT

Isothermal compression curves of face-centered cubic iron (γ-Fe) were determined at high tem-
peratures (1273 and 1073 K) up to 27 GPa by in situ X-ray diffraction experiments using synchrotron 
radiation and the Kawai-type multi-anvil apparatus. Fits of the third-order Birch-Murnaghan equation 
of state to pressure-volume data yielded V0 = 48.997 ± 0.040 Å3, KT0 = 108.3 ± 2.4 GPa, and KT′ = 5.8 
± 0.2 for 1273 K, and V0 = 48.600 ± 0.098 Å3, KT0 = 88.9 ± 5.1 GPa, and KT′  = 8.9 ± 0.7 for 1073 K, 
where V0, KT0, and KT′  are unit-cell volume, bulk modulus and its pressure derivative, respectively, at 
ambient pressure. The relatively large values of KT′  are attributable to successive electronic spin state 
transitions from mixed-spin at lower pressures to low-spin at higher pressures. When discussing the 
constituents of Earth’s (or other planets’) solid inner core in terms of density and equations of state, 
one must carefully consider the influence of the electronic spin state.
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iNTroducTioN

Although it is widely accepted that the Earth’s inner core 
consists of iron with a minor amount of nickel and light elements, 
its crystal structure remains controversial. The hexagonal-close-
packed phase of iron (ε-Fe) has been considered to be the most 
probable candidate for the major phase in the inner core primarily 
based on experimental studies at high-pressure and high-temper-
ature conditions (e.g., Li and Fei 2005; Tateno et al. 2010). On 
the other hand, some experimental and theoretical studies showed 
that the face-centered cubic (fcc) phase of iron (γ-Fe) is also a 
possible candidate as the major constituent of the Earth’s inner 
core (Mikhaylushkin et al. 2007; Kuwayama et al. 2008; Vočadlo 
et al. 2008). γ-Fe is also expected to be stable under pressure and 
temperature conditions of the cores of Mercury (e.g., Rivoldini et 
al. 2009) and Mars (e.g., Gudkova and Zharkov 2004). Therefore, 
the knowledge of the physical properties of γ-Fe at high pressure 
and high temperature is important to understand the nature of the 
metallic cores of the Earth and other planets.

At ambient pressure, γ-Fe is characterized by unusually high 
thermal expansion which is called “anti-Invar” behavior (e.g., 
Acet et al. 1994; Wassermann and Acet 2005). Invar, which is 
characterized by very small thermal expansion, and anti-Invar be-
havior have been found in many 3d element-based metals with fcc 
structure. Several models have been proposed to explain Invar and 
anti-Invar behavior (Wassermann 1990). The 2-γ state model is one 
of the most well-known hypotheses where the very high thermal 
expansion in anti-Invar is due to the gradual change in occupancy 
of electronic spin states (e.g., Moruzzi 1990). This spin transi-
tion proposed by the 2-γ state model may also have a significant 

influence on the thermoelastic behavior of γ-Fe at high-pressure 
and high-temperature conditions corresponding to the Earth’s and 
planetary interiors. Although pressure-volume-temperature (P-V-
T) measurements of γ-Fe were reported in several previous studies 
(Boehler et al. 1989, 1990; Funamori et al. 1996; Campbell et al. 
2009; Komabayashi and Fei 2010), none of these studies made 
isothermal compression experiments. A systematic study on the 
compression behavior of γ-Fe is needed to examine the influence 
of the electronic spin state at high pressure. In this paper, we report 
new isothermal compression data of γ-Fe at 1273 and 1073 K up 
to 27 GPa and discuss the influence of the spin transition on its 
thermoelastic behavior.

ExpErimENTal mEThods
High-temperature compression experiments were conducted using a Kawai-type 

multi-anvil apparatus, SPEED-Mk.II, installed at the synchrotron beamline BL04B1 
at the SPring-8 synchrotron facility, Japan (Katsura et al. 2004). The 14M/8 (where 
14M stands for octahedral pressure medium of 14.0 mm edge length and 8 stands 
for 8.0 mm truncation of the tungsten-carbide anvils) and 8M/3 cell assemblies were 
used for the experiments in run M605 and runs M620 and M622, respectively. The 
sample was heated with a cylindrical graphite (14M/8) or TiB2 + hBN composite 
(8M/3) furnace embedded in a pressure medium made of MgO doped with 5 wt% 
Cr2O3, and the temperature was measured using a W5%Re-W26%Re thermocouple 
(Fig. 1). The grooves made for the thermocouple path were filled with Al2O3 cement.

The reagent of Fe powder sample (99.998% purity, Newmet Koch) was mixed 
with MgO powder (99.9% purity, Wako Pure Chemical Industries) to inhibit grain 
growth during high-temperature compression experiments [Fe:MgO = 21:79 (M605), 
30:70 (M620, M622) in volume ratio]. During the beginning stages of this study, 
hBN powder was mixed with the Fe sample; however, this yielded significant con-
tamination of the sample with nitrogen during experiments. Thus, MgO was mixed 
in later experiments because the composition of the Fe sample itself does not change 
during experiments although (Mg,Fe)O is formed by the reaction of Fe, MgO, and 
oxygen with air. Since contamination with hydrogen has significant influence on the 
unit-cell volume of γ-Fe at high pressure (e.g., Fukai 2005; Sakamaki et al. 2009), 
it is critically important to remove water from the sample and cell assembly prior to * E-mail: yunishi@sci.ehime-u.ac.jp
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experiments. The mixture of Fe sample and MgO was pelletized to rods and subse-
quently heated at 1270 K for 1–5 min under relatively reducing conditions (logfO2 ∼ 
IW+0.6 where IW is the iron-wüstite buffer) in order to completely remove volatiles 
from the sample. Similarly, the MgO pressure marker was mixed with 10 wt% Pt to 
prevent significant grain growth at high temperature, pelletized, and then heated at 
1270 K. Both the sample and the pressure marker were contained in an MgO capsule 
and separated by an MgO disk (Fig. 1). The assembled cells were dried at 380 K for 
more than one night before experiments.

The X-ray diffraction measurements were carried out by the energy-dispersive 
method at a fixed 2θ angle of ∼8.0° using white synchrotron X-rays and a Ge solid-
state detector connected to a multi-channel analyzer. The other details of the X-ray 
diffraction system are the same as those described in Akashi et al. (2009). Typical 
exposure time for collecting each diffraction pattern of the sample and the pressure 
marker was 200–300 s. Figure 2 shows a diffraction pattern of γ-Fe. The unit-cell 
volume of γ-Fe was calculated typically from 3 diffraction peaks (111, 200, and 311). 
Pressure was determined using the unit-cell volume of MgO in the pressure marker, 
which was calculated using 5 diffraction peaks (111, 200, 220, 311, and 222) and 
the equation of state of MgO by Matsui et al. (2000). The diffraction data of MgO 
mixed with the Fe sample were not used in pressure determination because it reacted 
to form (Mg,Fe)O as described above. The sample was first compressed to 1–8 GPa 
at room temperature and then heated to 1273 or 1073 K. With fixed temperature, 
pressure was increased to each target pressure with an increasing rate of ∼0.02–0.3 
GPa/min, and then diffraction data were collected (Fig. 3).

rEsulTs aNd discussioN

Figure 3 shows pressure-temperature conditions for the present 
experiments and observed phases at corresponding conditions. In 
all three experiments, the α-phase (body-centered cubic phase) 

of Fe transformed to the γ-phase during the first heating to target 
temperatures. In the experiments at 1273 K, no further phase 
transformation was observed during subsequent compression up to 
27 GPa (M605, M620). On the other hand, during compression at 
1073 K, the ε-phase (hexagonal-close-packed structure) appeared 
at 22.4 GPa. The observed phase relationship is consistent with 
previous studies (Bundy 1965; Funamori et al. 1996). P-V data 
of γ-Fe were taken during nearly the entire pressure range of the 
γ-Fe stability field at 1073 and 1273 K.

The P-V data at 1273 and 1073 K are shown in Table 1 and 
Figure 4a. The unit-cell volume of γ-Fe at constant temperature 
decreased monotonically with increasing pressure. The fits of the 
third-order Birch-Murnaghan equation of state (e.g., Birch 1952) 
to isothermal compression data yielded V0 = 48.997 ± 0.040 Å3, 
KT0 = 108.3 ± 2.4 GPa, and KT′ = 5.8 ± 0.2 for 1273 K, and V0 = 
48.600 ± 0.098 Å3, KT0 = 88.9 ± 5.1 GPa, and KT′  = 8.9 ± 0.7 for 
1073 K, where V0, KT0, and KT′  are unit-cell volume, bulk modu-
lus, and its pressure derivative, respectively, at ambient pressure.

The recovered samples were analyzed by electron microprobe. 
The formation of (Mg,Fe)O was confirmed in the Fe+MgO mix-
ture, and its chemical composition was (Mg0.15Fe0.85)O for the most 
iron-rich case (S605). On the other hand, we did not observe any 
evidence of a change in chemical composition of the Fe sample 
or that of the MgO pressure marker. This observation is consistent 
with the very low solubility of oxygen in γ-Fe reported by previ-
ous studies (Ringwood and Hibberson 1990; Seagle et al. 2008). 
Therefore, we conclude that our P-V data of γ-Fe are not affected 
by a chemical change of the sample or pressure marker.

Figure 4b shows comparisons of the P-V relationship of γ-Fe at 
1273 K determined in this study with those of the previous studies. 
The data derived in this study are consistent with data by Basisnki 
et al. (1955) at 0.1 MPa and by Funamori et al.’s (1996) multi-
anvil experiments at 24–26 GPa. Boehler et al. (1989, 1990) and 
Komabayashi and Fei (2010) carried out P-V-T measurements of 
γ-Fe at 5–42 and 21–69 GPa, respectively, using the diamond-anvil 
cells. Campbell et al. (2009) collected P-V-T data of γ-Fe using 
both multi-anvil apparatus and diamond-anvil cells at 4–26 GPa. 

FigurE 1. Schematic cross section of cell assemblies used (a) in 
M605 (14M/8 assembly), and (b) in M620 and M622 (8M/3 assembly). 
Along X-ray paths, materials were replaced by B + Epoxy to maximize 
X-ray flux.

FigurE 2. X-ray diffraction pattern of sample at a pressure of 27.44 
GPa and temperature of 1273 K. Diffraction peaks from γ-Fe and MgO 
[(Mg,Fe)O] are observed. Exact value of diffraction angle for the pattern 
is 2θ = 7.98406°.

FigurE 3. Pressure and temperature paths in three series of 
experiments (M605, M620, and M622) and phase relations in Fe. Solid 
and open symbols and symbols with cross denote γ-phase, ε-phase, 
and α-phase, respectively. In M622, γ- and ε-phases coexisted at 22.4 
GPa and 1073 K due to sluggish transformation kinetics, and the stable 
phase at this condition is judged to be the ε-phase. Thin solid lines are 
previously reported phase boundaries of Fe by Bundy (1965) (below 20 
GPa) and Funamori et al. (1996) (above 23 GPa).
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At a relatively low pressure region (P < ∼10 GPa), equations of 
state of Campbell et al. (2009) and Komabayashi and Fei (2010) 
exhibit larger and smaller volumes, respectively, compared to our 
results, and converge on a similar value at higher pressure (P > 
∼25 GPa). This could be partly due to lack of data at relatively low 
pressures in these previous studies. On the other hand, the equation 
of state by Boehler et al. (1989, 1990) yielded a comparatively 
smaller volume at higher pressures (P > ∼10 GPa), which might 
be due to less accurate temperature and pressure control at that 
time. Sakamaki et al. (2009) derived the equation of state of γ-Fe 
using data by Basinski et al. (1955) and Funamori et al. (1996) 
combined with thermoelastic parameters at 0.1 MPa by Zaretsky 
and Stassis (1987) and Osetsky and Serra (1998). Our results 
show good agreement with Sakamaki et al.’s (2009) equation 
of state. In summary, our results are generally consistent with 
previous data at 0.1 MPa and recent data obtained by multi-anvil 

FigurE 4. Compression curves of γ-Fe. (a) Data derived in this study 
at 1273 K (circles) and 1073 K (squares) with fits of third-order Birch-
Murnaghan equation of state. (b) Comparison with previous studies (Basinski 
et al. 1955; Boehler et al. 1989, 1990; Funamori et al. 1996; Sakamaki et 
al. 2009; Campbell et al. 2009; Komabayashi and Fei 2010) at 1273 K. The 
plotted data of Funamori et al. (1996) were derived by interpolation of data 
taken at temperatures close to 1273 K. For these comparisons, the compression 
curves of previous studies were calculated using the same methods as in the 
original references except for that of Boehler et al. (1989, 1990), which was 
calculated based on a fit of the high-temperature Burch-Murnaghan equation 
of state (e.g., Nishihara et al. 2005) to the original P-V-T data.

Table 1.  P-V-T data of γ-Fe
P (GPa) T (K) V (Å3)
 M605
–0.09(1) 1273 49.030(8)*
1.35(1) 1273 48.421(19)
2.02(3) 1273 48.152(21)
2.80(4) 1273 47.799(12)†
3.60(3) 1273 47.573(2)
4.41(4) 1273 47.282(5)
5.37(2) 1273 46.905(8)
5.93(1) 1273 46.714(7)
6.55(4) 1273 46.489(35)
7.58(2) 1273 46.177(6)
8.66(3) 1273 45.833(20)
9.61(3) 1273 45.517(15)
10.64(2) 1273 45.189(16)
11.57(3) 1273 44.908(11)
 M620
6.81(3) 1273 46.469(11)
8.36(4) 1273 45.991(15)
10.08(2) 1273 45.478(19)
11.66(2) 1273 45.013(21)
12.71(3) 1273 44.759(19)
13.63(3) 1273 44.545(12)
14.45(2) 1273 44.328(17)
15.58(3) 1273 44.095(10)
16.63(6) 1273 43.875(14)
17.59(2) 1273 43.654(13)
18.69(3) 1273 43.400(16)
19.70(4) 1273 43.193(17)
20.64(10) 1273 43.005(19)
21.57(10) 1273 42.817(17)
22.44(12) 1273 42.661(12)
23.17(6) 1273 42.495(11)
24.19(6) 1273 42.323(8)
25.01(3) 1273 42.147(9)
25.72(2) 1273 42.024(3)
26.55(3) 1273 41.875(16)
27.44(10) 1273 41.719(12)
 M622
4.73(3) 1073 46.481(10)
6.41(7) 1073 45.936(14)
8.02(2) 1073 45.460(18)
9.90(3) 1073 44.931(21)
11.48(2) 1073 44.500(19)
13.36(1) 1073 44.037(24)
15.37(2) 1073 43.581(19)
17.47(4) 1073 43.151(15)
19.82(7) 1073 42.699(16)
22.34(7) 1073 42.277(20)
24.37(4) 1073 41.948‡

Notes: Pressures were calculated using equation of state of MgO by Matsui et al. 
(2000). Numbers in parentheses denotes the errors in the last digits. 
* Diffraction peak (111) is not used.
† Diffraction peak (200) is not used.
‡ Only diffraction peak (200) is used.

and DAC experiments.
The pressure derivative of the bulk modulus at ambient pres-

sure (KT′) determined in this study was relatively high especially 
at 1073 K (KT′ = 8.9), whereas the KT′ value of most solid metals 
is in a range of 3–6 (e.g., Raju et al. 1997; Dewaele et al. 2004) 
and KT′ of nonmagnetic γ-Fe at 0 K was reported to be 4.4 and 4.3 
based on theoretical calculations (Stixrude et al. 1994; Tsuchiya 
and Fujibuchi 2009). The large KT′ values in this study could be 
due to an electronic spin transition in γ-Fe during compression. 
The γ-Fe at 0.1 MPa is known as “anti-Invar,” which is charac-
terized by a large thermal expansion coefficient (e.g., Acet et al. 
1994; Wassermann and Acet 2005). In some literatures, the high 
thermal expansion of γ-Fe was explained by a successive elec-
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tronic transition from a small-volume low-spin (LS) state at lower 
temperature to a mixed-spin (MS) state in which a large-volume 
high-spin (HS) state coexists with an LS state (2-γ state model) 
(e.g., Moruzzi 1990). Since the fraction of the HS state increases 
continuously with temperature, the apparent thermal expansion of 
γ-Fe includes the effect of the spin transition as well as the usual 
lattice expansion. It is reasonable to consider that back-transition 
occurs with increasing pressure under the MS state where the 
fraction of the HS state decreases continuously. When this occurs, 
the sample in the mixed spin state will become less compressible 
as the fraction of the HS state decreases, until the transition is 
complete, and the fraction of the HS state is nearly zero. Assuming 
that the successive spin transition completes within the pressure 
range of the present experiments, the apparent value of KT′ should 
be larger than normal because, in reality, the compression curve 
should consist of an MS part (more compressible) and an LS part 
(less compressible). The KT′ value at 1273 K was smaller than that 
at 1073 K, which is reasonably explained by the pressure range 
of the spin transition spreading more at higher temperature due 
to the thermal excitation of the MS state. Even though the above 
discussion is not conclusive, it should be noted that a fit function 
based on the 2-γ state model successfully expresses the anomalous 
compression behavior of Invar alloys (face-centered cubic phase 
of Fe64Ni36 and Fe72Pt28) in Nataf et al. (2006).

Because of the influence of successive spin transition in γ-Fe 
at P-T conditions of this study, direct extrapolation of the pres-
ent equation of state to higher pressures would yield erroneous 
results. When the components of the Earth’s and planets’ cores 
are discussed in terms of their density and the equations of state, 
the influence of the electronic spin state should be considered 
carefully. In order for more accurate understanding of metallic 
cores, further experimental studies on P-V-T equation of state of 
γ-Fe and spin state in Fe at higher pressure and higher temperature 
conditions are required.
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