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Ab initio molecular dynamics simulations carried out for tetragonal and orthorhombic distortions of iron 
closely follow the results of static-lattice electronic-structure calculations in revealing that the body-
centered cubic (bcc) phase of Fe is mechanically unstable at pressures of 0.3–1.5 TPa and temperatures 
up to 7000 K. Crystal-structural instabilities originate in the static lattice for the bcc configuration, and 
are consistent with recent results from both static and dynamic high-pressure experiments. Both theory 
and experiment thus show that the close-packed (hexagonal, hcp and face-centered cubic, fcc) crystal 
structures of iron are those relevant to the cores of Earth-like planets.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

There has been longstanding controversy about the stable crys-
talline phases of iron at pressures of 300–1500 GPa (0.3–1.5 TPa 
≈ 3–15 Mbar), with claims that the body-centered cubic (bcc) 
structure may be stable at temperatures close to the melting 
point (Brown and McQueen, 1986; Boehler, 1993; Dubrowinsky 
et al., 2007; Ross et al., 1990; Vocadlo et al., 2003, 2008; Be-
lonoshko et al., 2003, 2006, 2007, 2008, 2009; Luo et al., 2010;
Kong et al., 2012; Bouchet et al., 2013). The theoretical ratio-
nale is that entropy associated with atomic vibrations might sta-
bilize the bcc relative to close-packed structures at combined 
high pressures and temperatures. Recent experiments do not re-
veal evidence for the bcc phase at these conditions, but instead 
point to the hexagonal close-packed (hcp) structure being stable, 
these results having implications for disciplines ranging from ap-
plied physics and engineering to the geophysics of planetary cores 
(Tateno et al., 2010, 2012; Ping et al., 2013; Anzellini et al., 2013;
Wang et al., 2013). In particular, the discovery of large num-
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bers of extrasolar planets provides motivation for understand-
ing the properties of Fe – a key planetary core-forming ele-
ment – at high pressures and temperatures (Seager et al., 2007;
Petigura et al., 2013).

Here we review theoretical evidence pointing to bcc iron being 
unstable at 0.3–1.5 TPa based on first-principles calculations, both 
for the static lattice and via molecular dynamics. The strongest 
arguments for high temperature stabilizing bcc Fe resulted from 
use of classical many-body potentials (Belonoshko et al., 2003, 
2007, 2008, 2009), and misinterpretation of the requirements of 
mechanical stability in prior simulations (Vocadlo et al., 2003;
Belonoshko et al., 2006; Bouchet et al., 2013). We show that these 
studies suffer from the use of approximate potentials, the accu-
racy of which is untested, and from focusing on the hydrostatic 
nature of the stresses for inferring mechanical stability. However, 
hydrostatic equilibrium inferred from inspection of stresses does 
not need to correspond to a free energy minimum; it can instead 
be due to a local maximum, with the unit cell metastable with re-
spect to a finite tetragonal strain. On this last point, Vocadlo et 
al.’s (2008) ab initio free-energy calculations for the bcc phase do 
consider tetragonal distortions, and find bcc Fe becoming mechan-
ically stable above 6000 K at Earth-core density (vs. 4500 K found 
in a previous paper, Vocadlo et al., 2003). However, this study lacks 
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the necessary accuracy and convergence. Similarly, Bouchet et al.’s 
(2013) work is inadequate in using hydrostatic equilibrium to de-
termine mechanical stability of the bcc structure. We find instead, 
from more accurate and fully converged ab-initio calculations, that 
the bcc phase of Fe is unstable to temperatures of 7000 K at inner-
core densities.

Ironically, recent theoretical work shows that the bcc structure 
is in fact stabilized again at much higher pressures, above 20 TPa; 
however, this is because of the engagement of core electrons in the 
interatomic bonding of iron (Pickard and Needs, 2009; Stixrude, 
2012). Thus, both theory and experiment confirm that Fe forms in 
a close-packed structure at the conditions of Earth-like planetary 
interiors.

2. Electronic structure calculations

Electronic-structure based total-energy calculations were car-
ried out using the projector augmented-wave (PAW) method as 
implemented in VASP (Kresse and Joubert, 1999; Kresse and Furth-
muller, 1996), based on density-functional theory (DFT) with the 
generalized-gradient approximation (GGA) of Perdew, Burke and 
Ernzerhof (GGA-PBE) (Perdew et al., 1996). The PAW method is 
closely related to use of ultra-soft pseudopotentials, and gives re-
sults that agree with those of all-electron calculations. The 3p and 
4s semi-core electrons were taken in their valence configuration 
in generating the pseudopotential, and an energy cutoff of 350 eV 
was used for the plane-wave expansion. The simulations are con-
fined to the Born–Oppenheimer surface, and the effect of finite 
temperature on the electronic structure is included through Mer-
min’s formalism (Mermin, 1965). We implemented an 18 ×18 ×18
Monkhorst–Pack k-point mesh (Monkhorst and Pack, 1976), and 
Brillouin-zone (BZ) integration was carried out with the linear 
tetrahedral method (Blöchl et al., 1994).

For tracking iron phases along the Bain transformation path we 
used a body centered tetragonal cell (bct: space group I4/mmm) 
at a volume of 7.2 Å3/atom, and for the bcc–hcp transition path 
under orthorhombic distortions we used a 4 atom orthorhombic 
cell (space group Cmcm, with lattice vectors a, b and c), which ac-
commodated fcc (face-centered cubic), hcp and bcc structures, and 
allowed for changes in the cell shape and relaxation of internal 
degrees of freedom (see Online Suppl. Material, Section S1 and Ta-
ble S1).

3. Results of electronic structure calculations

The total energy was calculated for tetragonal and orthorhom-
bic strains with varying c/a (Bain path), as well as b/a, c/a along 
with y parameters (see Online Suppl. Material, Figs. S1 and S2). 
Under tetragonal distortions, the bcc phase occupies a local en-
ergy maximum at b/a = c/a = 1, and minima corresponding to 
the fcc phase are at c/a = √

2, b/a = 1; b/a = √
2, c/a = 1; and 

c/a = b/a = 1/
√

2. The bct structure is located at a saddle point at 
c/a = 0.9 and b/a = 1.0, from which the total energy decreases as 
the b/a ratio is changed. An energy surface with similar topology is 
well known in other transition metals (Mehl et al., 2004), and our 
results agree with ab initio re-determinations of the b/a–c/a en-
ergy surface (Mikhaylushkin et al., 2009) (Online Suppl. Material, 
Section S1). The total-energy calculations under orthorhombic dis-
tortions further reveal the stability of the fcc (b/a = c/a = 1) and 
hcp (b/a = 1.732, c/a = 1.633) structures (Online Suppl. Material, 
Fig. S2). The bcc structure (b/a = c/a = √

2 ) is clearly unstable, 
but lies close to the energy minimum defining the stability re-
gion of hcp (Online Suppl. Material, Fig. S2). Thus, the electronic 
structure-based total-energy calculations for static ions document 
the stability of close-packed (hcp and fcc) structures, in contrast to 
the bcc phase that is seen to be unstable under both tetragonal 
and orthorhombic distortions.

4. Molecular dynamic simulations

To check the results of the total-energy calculations for static 
ions, we performed ab initio molecular dynamics (AIMD) simula-
tions for tetragonal (Vocadlo et al., 2008; Belonoshko et al., 2006)
and orthorhombic strains (Online Suppl. Material, Section S2). 
AIMD is more time consuming than molecular dynamics based on 
semi-empirical classical potentials, but has the important advan-
tage of making no a priori assumptions concerning the nature of 
the charge density, electronic structure or bonding. Our simula-
tions are performed in the NVT ensemble (N , number of atoms; 
V , volume; T , temperature), with a Nosé thermostat (Nose, 1984)
and a supercell containing 128 (4 × 4 × 4 bcc and bct unit cells) 
and 180 (5 × 3 × 3 orthorhombic unit cells) atoms for tetrago-
nal and orthorhombic distortions respectively. Both tetragonal and 
orthorhombic strains allowed for changes in the cell shape and re-
laxation of internal degrees of freedom. We sample the Brillouin 
zone on a 2 ×2 ×2 k-point mesh, and assume thermal equilibrium 
between ions and electrons via the Mermin functional (Mermin, 
1965) (i.e., we set the electronic temperature Tel = T ). The calcu-
lations were carried out for a volume of 7.2 Å3/atom for temper-
atures varying from 5500 to 7000 K. Using a time step of 1 fs, 
we find that 15 000 time steps (≈15 ps) yield converged values 
of the stress tensor, with the final 10 ps used for accumulating 
averages. The uncertainty in the components of the stress tensor 
due to thermal fluctuations is evaluated with the blocking method 
(Adams and Oganov, 2006; Flyvbjerg and Petersen, 1989). Although 
the possibility of magnetism is considered in recent work of Ruban 
et al. (2013), all our calculations are based on the PAW approach 
described above and are non-spin polarized, as previous calcula-
tions have shown that the phases of iron are non-magnetic for the 
pressure–temperature conditions we have considered (Vocadlo et 
al., 2003; Stixrude et al., 1994). AIMD calculations under tetrago-
nal distortions were carried out for c/a values of 0.9 to 1.2 and 
for orthorhombic distortions for points A, B , C and D defined 
as follows:point A (b/a = 1.45, c/a = 1.42) is close to bcc, while 
B (b/a = 1.50, c/a = 1.45) and C (b/a = 1.573, c/a = 1.523) are 
distorted toward hcp; point D (b/a = 1.135, c/a = 1.125) corre-
sponds to distortion toward fcc (Online Suppl. Material, Table S3 
and Fig. S4).

5. Results of stability analysis using molecular dynamic 
simulations

5.1. Tetragonal distortion

Mean square displacements (MSD) for tetragonal strains (Fig. 1, 
left panel) show motion of atoms in the Z direction increas-
ing with increase in c/a ratio (X , Y and Z correspond to a, b
and c directions (Online Suppl. Material, Section S2). The stresses 
(Sij with i, j = x, y, or z) as a function of time (Fig. 2) be-
come anisotropic for c/a values deviating on either side of the 
1 value for bcc, towards either bct or fcc. This is due to tetrag-
onal distortion; and with no distortion (c/a = 1) the stresses are 
isotropic, implying they are hydrostatic in the simulation cell. De-
velopment of anisotropic stresses results in instability in the longi-
tudinal stress, SL = Szz − (Sxx + S yy)/2, which is related to the 
shear elastic constant B S . SL = 0 and B S > 0 provide the nec-
essary and sufficient conditions for mechanical stability (Online 
Suppl. Material Eqs. S4, S5 in Section II). By analogy with SL , we 
also compute shear-stress instabilities (S S = Szx − (Sxy + S yz)/2) 
that we believe to be responsible for the bcc–hcp transition away 
from the Bain path. In strained configurations, the stress tensor 
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Fig. 1. Mean square displacements (MSD) of atoms along X , Y and Z directions, and the resultant MSD for tetragonal (left panel) and orthorhombic (right panel) distortions.
is anisotropic, as demonstrated by the values of the longitudinal 
stress anisotropy (Figs. 3 and 4), which decreases monotonically 
with increasing δ = (c/a)2/3 − 1 from c/a = 0.95 to c/a = 1.05
(Online Suppl. Material, Fig. S3). There is thus no restoring force 
acting against tetragonal strain: Szz becomes more negative as 
the c-axis is stretched, corresponding to a driving force acting to 
further stretch the c-axis. At δ = 0 (c/a = 1) the stress tensor 
is isotropic, in agreement with previous ab initio molecular dy-
namics simulations (Vocadlo et al., 2003; Belonoshko et al., 2006;
Bouchet et al., 2013).

Detailed analysis reveals that bcc iron violates the Born stabil-
ity criterion for the shear modulus (Online Suppl. Material, Sec-
tion S2-II and Eq. S5), which has not always been examined in 
previous ab initio molecular dynamics studies. We find that B S =
−50 GPa for c/a = 1.05, clearly documenting instability (Online 
Suppl. Material, Table S2 and Eq. S3 in Section S2-II). This disagrees 
with previous ab initio results giving (B11 − B12) > 0, but the cal-
culations were for much smaller systems (54 atoms) and we infer 
that they were under-converged (Vocadlo, 2007) (Suppl. Material, 
Section S2).

In addition, bcc iron has erroneously been claimed stable due 
to the calculations finding the stress tensor to be isotropic for 
c/a = 1, SL(δ = 0) = 0: this condition guarantees only that bcc iron 
occupies a local extremum on the energy surface (Vocadlo et al., 
2003; Belonoshko et al., 2006; Bouchet et al., 2013). Later work on 
the stability of bcc iron under tetragonal strain found significantly 
different results when using a 128 atom cell and a single k point, 
including mechanical stability of bcc Fe at 6000 K with 64 atom 
cell (Vocadlo et al., 2008). This is in accord with the present, more 
extensive simulation, where we also find that shear anisotropy de-
velops upon application of tetragonal strain, a feature that is not 
apparent in low-temperature calculations based on the primitive 
unit cell. In Fig. 4, the stress anisotropy obtained from electronic 
structure calculations (lower panel) can be compared with results 
from AIMD simulations (upper panel). The shear-stress anisotropy 
is smaller than the longitudinal anisotropy (mostly positive) for c/a
values up to 1.2 (Fig. 3), demonstrating a further mechanical insta-
bility of bcc iron that has not been previously recognized.

Other studies claiming mechanical stability of bcc iron are not 
based on ab initio molecular dynamics, but instead on an embed-
ded atom model (EAM) potential that is fit to a limited number 
of ab initio results (Vocadlo et al., 2003). Results based on EAM 
(Belonoshko et al., 2003) cannot be considered reliable, among 
other reasons, because they predict bcc to have the lowest Gibbs 
free energy at the conditions considered here, in disagreement 
with ab initio calculations showing that hcp is in fact most stable 
(Vocadlo et al., 2003). Therefore, past studies claiming stability of 
bcc Fe suffered from (i) misinterpretation of the requirements for 
mechanical stability (stability inferred only from isotropy of the 
stress tensor for bcc) and/or (ii) the use of classical many-body 
potentials, the accuracy of which are untested for documenting 
mechanical stability of bcc iron.
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Fig. 2. Variation of stress tensor components with time for tetragonal (left panel) and orthorhombic (right panel) distortions.
5.2. Orthorhombic distortion

For orthorhombic strains, MSD in the Y direction increase con-
siderably for distortion from point A to B and decrease for point C , 
which is close to hcp (Fig. 1, right panel). For distortion toward fcc
(D), the MSD in the X direction are larger than in Y and Z direc-
tions. However, there is no notable difference in the MSD of atoms 
in any directions for bcc. Although point A (right panel) is close to 
bcc, we notice large atomic motion in the Y direction, as compared 
to the Z direction for c/a = 1.05 (left panel, Fig. 1), indicating 
stronger instability for orthorhombic distortions. The longitudinal 
stress anisotropy increases for orthorhombic distortions away from 
bcc (b/a = c/a = √
2 ) toward A and B: in Fig. 2 (right column), the 

diagonal elements of the stress tensor (lower panels) show greater 
spread in values near bcc (point A and especially point B) than for 
closed-packed structures points (C and D , corresponding nearly to 
hcp and fcc). The upper panels in Fig. 2 show the off-diagonal el-
ements. We also note that the off-diagonal elements of the stress 
tensor under tetragonal distortion show larger anisotropy (almost 
by a factor of 10) ascompared with the values for orthorhombic 
distortion.

For orthorhombic distortions, we compute the quantities Sc =
Szz − Sxx and Sb = S yy − Sxx from the diagonal elements of the 
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Fig. 3. Comparison of longitudinal-stress anisotropy with shear-stress anisotropy 
as a function of c/a ratio. Shear-stress instabilities are smaller than longitudinal-
stress instabilities, mostly positive within the associated uncertainties. We point 
out that shear instabilities are the outcome of MD simulations, and are absent in 
electronic-structure total-energy calculations along the Bainpath (Online Suppl. Ma-
terial, Fig. S3).

stress tensor, and resulting strains ec = εc − εa and eb = εb − εa
(due to stretching toward hcp and fcc) relative to the corresponding 
bcc supercell (for b/a = c/a = √

2: Online Suppl. Material, Section 
S2-III and Table S3). We determine stability by the sign of the 
stress–strain products Sc · ec , Sb · eb , with positive values indicat-
ing stability and the stresses tend to restore the structure; if the 
products are negative, then the applied strain is further enhanced 
and the structure is unstable. For distortions of bcc toward hcp, A
(b/a = 1.45, c/a = 1.42), B (b/a = 1.5, c/a = 1.45), we find positive 
values for both ec and eb and negative values for both Sc and Sb: 
the structures are therefore mechanically unstable (Online Suppl. 
Material, Section S2-III and Eq. S7). We found that sampling the 
Brillouin zone on at least a 2 × 2 × 2 k-point mesh was essential 
in arriving at these conclusions.

5.3. Structure analysis for tetragonal and orthorhombic distortions

In order to determine the structure resulting from this instabil-
ity, we use the molecular dynamics program LPMD (http :/ /www.
lpmd .cl) (Davis et al., 2010) to perform a common neighbor anal-
ysis (Honeycutt and Andersen, 1987) that allows us to distinguish 
among different structures produced from the molecular dynamics 
(MD) simulations (Online Suppl. Material, Section S2-IV, Fig. S5). 
We used the thermodynamically equilibrated structure represented 
by the final MD step, the resulting patterns for tetragonal and or-
thorhombic distortions being shown in the supplementary material 
(Online Suppl. Material, Section S2-IV, Fig. S6). As the final step 
MD simulations failed to provide any structure we generated time-
averaged structures for each case from the average positions of in-
dividual atoms over the entire MD simulation, taking into account 
the effect of periodic boundary conditions (Online Suppl. Mate-
rial, Section S2-IV). We noticed that for tetragonal distortions of 
c/a = 0.95 and 1.05 the time-averaged structures have a majority 
of neighboring pairs consistent with bcc and hcp structures, respec-
tively (Online Suppl. Material, Fig. S7 and Table S7). Orthorhombic 
distortions yield time-averaged structure corresponding to bcc for 
Fig. 4. (Top) Variation of longitudinal elastic anisotropy with tetragonal strain from 
ab initio molecular dynamics simulations (red symbols) as compared with the re-
sult for the static lattice with Tel = 5500 K (green line). The open diamonds repre-
sent the results of Vocadlo et al. (2008) for a 128 atom cell sampled at a single 
k-point. (Bottom) Computed free energy (top, plotted relative to fcc energy) and 
stress anisotropy S L (bottom) of iron along the isochoric Bain path at a volume of 
7.2 Å3/atom for the static lattice, and for electrons at Tel = 0 (blue) and Tel = 5500 K
(green squares). The values of the c/a ratio corresponding to the bcc (1.0) and fcc
(
√

2 ) structures are indicated by vertical black lines. The yellowshading shows the 
range of c/a values that violate the Born stability criterion for Tel = 5500 K. (For in-
terpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)

point A and an unknown structure for point B (Online Suppl. Ma-
terial, Fig. S8 and Table S7). The atoms had large forces on them 
in all these cases, and it was necessary to either quench or re-
lax the internal degrees of freedom of the structures. Hence, we 
investigated the distortion of bcc iron under tetragonal and or-
thorhombic distortions by quenching the final time-step of our 
AIMD simulation. During the quenching process, the total energy 
was minimized by adjusting the atomic positions while keeping 
the supercell fixed in volume. The quenched structures reveal dis-
placements in mean-atomic positions away from bcc sites (Fig. 5) 
and along the most unstable zone-boundary mode eigenvector, 
which occurs at the N-point and relates the bcc structure to the 
hcp structure (Wang and Ingalls, 1998; Grimvall et al., 2012).

Quenching at c/a = 0.95 and 1.05 for tetragonal distortion and 
for orthorhombic distortions A and B led to the final hcp structure 
(Online Suppl. Material, Figs. S7 and S8). For tetragonal distor-
tions up to c/a = 1.2, all the time-averaged structures were bcc
(except c/a = 1.05, which was hcp), and analysis of the relaxed 
or quenched final MD step yielded the hcp structure. We feel the 
existence of shear stress instabilities might be the reason for ob-
taining the hcp structure, which is not on the bcc–fcc transition 
along the Bain path. The time-averaged structures for points C and 
D under orthorhombic distortion are hcp (50% each of 4–2–1 and 
4–2–2 types of pairs from the common neighbor analysis) and fcc
(100% 4–2–2 types of pairs), respectively (Online Suppl. Material, 

http://www.lpmd.cl
http://www.lpmd.cl
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Fig. 5. Representation of the structure of Fe in the Y –Z plane resulting from quench-
ing the final time step of the MD run (a) for tetragonal distortion c/a = 1.05, and 
(b) for orthorhombic distorted point A. Arrows show the pattern of atomic motions 
from ideal bcc sites for tetragonal distortion for c/a = 1.05 and for orthorhombic
distorted point B (grey) to relaxed atomic positions (yellow). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)

Section S2-IV). The atoms had large residual forces, and quenching 
or relaxing the final MD step recovered the respective hcp and fcc
structures.

5.4. Possibility of bcc phase at high temperatures and densities

We investigated the stability of bcc iron at temperatures higher 
than 5500 K and inner-core densities. Ab initio molecular dynamic 
(AIMD) calculations for tetragonal distortion (c/a = 1.05) and or-
thorhombic distortion (point A) show the stress variation to be 
highly anisotropic at 7000 K (Online Suppl. Material, Fig. S9, Sec-
tion V). The stress stability analysis (Suppl. Material, Section S2 II) 
carried out for tetragonal distortion (c/a = 1.05 at 7000 K) yields 
a negative shear modulus of −82 GPa. Applying the stress stability 
analysis for the orthorhombic distortion (point A) at 7000 K gives 
negative Sc ·ec and Sb ·eb products (Suppl. Material, Section S2-III). 
In short, the bcc phase is unstable up to temperatures of 7000 K at 
Earth inner-core density (structural details provided in Suppl. Ma-
terial, Section V).

We carried out AIMD simulations for tetragonal distortions 
along the isochoric Bain paths for the density and temperature 
conditions reported in the paper by Bouchet et al. (2013), com-
paring results for a 2 × 2 × 2 k-point mesh with those for only 
the Γ -point. Our PAW potentials include 3s, 3p, 3d and 4s states 
as valence electrons, with cutoff radii and cutoff energies the same 
as the values used in Bouchet et al. (2013). We find the stresses 
becoming anisotropic for tetragonal distortions on either side of 
c/a = 1 for densities of 16, 18 and 20 g/cm3 at temperatures above 
those that Bouchet et al. (2013) inferred the bcc structure to be 
stable (see Fig. 6 for the evolution of stresses as a function of 
tetragonal distortion at densities of 18 g/cm3 and 20 g/cm3 at 
temperatures of 6000 K and 7000 K, respectively). The stresses 
were averaged over the simulation time, the time-averaged diag-
onal components of stress being provided in Table 1. The longitu-
dinal stress anisotropy SL is close to zero, within the uncertainties 
in stress (Table 1). However SL > 0 for c/a < 1, and SL < 0 for 
c/a > 1, which is exactly opposite the requirement for stability. The 
shear modulus is therefore negative, violating the second stability 
condition (Bs > 0, Suppl. Material, Section II, Eq. S5). Therefore, our 
results do not support Bouchet et al.’s (2013) conclusion that the 
bcc phase is stable, as the Born stability criterion is robustly vio-
lated for pressures up to 1.5 TPa at 7000 K.

6. Discussion

We find that the mechanical instability of bcc iron originates in 
the static-lattice contribution to the Helmholtz free energy (Fig. 4). 
For example, a series of static calculations on the Bain path (Online 
Suppl. Material, Eq. S1) combined with our AIMD results allow us 
to determine separately the three contributions to the Helmholtz 
free energy (Stixrude, 2012), F (V , δ, T , Tel) = Fst(V , δ, T = Tel =
0) + �Fel(V , δ, T = 0, Tel) + �F ph(V , δ, T , Tel); from the static lat-
tice and Tel = 0; from thermal excitation of electronic states �Fel
at finite Tel; and from fully anharmonic lattice vibrations �F ph . 
The variation of longitudinal stress SL with free energy F for the 
static lattice shows the same mechanical instability seen in the 
AIMD calculations. At T = 0, SL decreases with increasing δ, which 
requires B S < 0 and also accounts for the local maximum in the 
total energy for bcc (δ = 0) via ∂2 F/∂δ2 = 3V B S < 0. The con-
tributions of �Fel and �F ph reduce but do not to eliminate the 
mechanical instability.
Table 1
Diagonal elements of the stress tensor (negative in sign) averaged over the simulation period, and longitudinal stress instability calculated in the present study for density–
temperature values corresponding to Bouchet et al. (2013).

Density, 
temperature

c/a SXX

(GPa)
SYY

(GPa)
SZZ

(GPa)
S L

(GPa)

18 g/cm3, 6000 K 0.95 952.0(±2.5) 957.0(±1.0) 915.0(±4.1) 40.0(±4.3)

1.0 939.0(±3.0) 944.0(±4.0) 938.0(±3.0)

1.05 931.0(±1.2) 930.0(±1.5) 957.0(±1.8) −26.0(±2)

20 g/cm3, 7000 K 0.95 1358.0(±3.2) 1358.0(±3.4) 1313.0(±2.9) 45.0(±3.7)

1.0 1345.0(±0.2) 1343.0(±1.6) 1346.0(±0.9)

1.03 1330.0(±2.8) 1329.0(±3) 1365.0(±3.0) −35.0(±3.6)
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Fig. 6. Variation of stress-tensor components with time for tetragonal distortions for density–temperature conditions corresponding to mechanical stability of bcc iron 
observed by Bouchet et al. (2013).
7. Conclusions

It has been proposed that the bcc phase may reappear just be-
low the melting temperature of iron at high pressure (Dubrowinsky 
et al., 2007; Belonoshko et al., 2003; Ross et al., 1990), perhaps 
stabilized by anharmonic effects as is the case for bcc phases 
of Ti, Zr and Hf (Souvatzis et al., 2008). Melting is well de-
termined on the Hugoniot of iron (Brown and McQueen, 1986;
Nguyen and Holmes, 2004), and recent X-ray diffraction under 
ramp-compression shows that iron remains in a close-packed 
structure under dynamic loading to 560 GPa (Ping et al., 2013). 
Also, laser-heated diamond-cell experiments with online X-ray 
diffraction suggest that iron remains in the hcp structure above 
4500 K at 200 GPa (Anzellini et al., 2013). Some experimental 
support for a bcc phase came from work on Fe–10 wt% Ni above 
225 GPa and 3400 K (Dubrowinsky et al., 2007), but these re-
sults are not supported by later experiments (Tateno et al., 2012;
Hirose et al., 2013). Also, studies of Sakai et al. (2011) for Fe 
(273 GPa, 4490 K), and for Fe–Ni (250 GPa, 2730 K) and Fe–Ni–Si 
(304 GPa, 2780 K) alloys reveal the hcp structure. Recent theoret-
ical work (Γ point only) shows that the presence of up to 6.25 
atomic percent Si or S increases the stability of bcc Fe at tem-
peratures up to 7000 K, but not enough to actually stabilize this 
structure (Cui et al., 2013).

In summary, both theory and experiment now document the 
stability of close-packed (hcp) iron at pressures of 0.3–1.5 TPa and 
for temperatures up to 7000 K. The implication is that the elas-
tic constants of hcp Fe should be considered in combination with 
plausible deformation mechanisms for producing lattice preferred 
orientation in polycrystals in order to explain the observed seismic 
structure of Earth’s inner core (Stixrude and Cohen, 1995; Steinle-
Neumann et al., 1999, 2001; Morelli et al., 1986).
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