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The phase that iron adopts at the conditions of the Earth’s inner core is still unknown. The two primary
candidates are the hexagonal close packed (hcp) structure and the body centred cubic (bcc) structure
polymorphs. Until recently, the former was favoured, but it now seems possible that bcc iron could be
present. A remaining uncertainty regarding the latter phase is whether or not bcc iron is stable with
respect to tetragonal strain under core conditions. In this paper, therefore, we present the results of high
cc iron
arth’s core
hase stability
b initio calculations
etragonal strain

precision ab initio free energy calculations at core pressures and temperatures performed on bcc iron as a
function of tetragonal strain. Within the uncertainties of the calculations, direct comparison of free energy
values suggests that bcc may be unstable with respect to tetragonal strain at 5500 K; this is confirmed
when the associated stresses are taken into account. However, at 6000 K, the results indicate that the bcc
phase becomes more stable, although it is unclear as to whether complete stability has been achieved.
Nevertheless, it remains distinctly possible that the addition of light elements could stabilise this structure

cc-Fe
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convincingly. Therefore, b

. Introduction

The exact composition of the Earth’s inner core is not very well
nown. On the basis of cosmochemical and geochemical argu-
ents, it has been suggested that the core is an iron alloy with

ossibly as much as ∼5 wt.% Ni and very small amounts (only frac-
ions of a wt.% to trace) of other siderophile elements such as
r, Mn, P and Co (McDonough and Sun, 1995). On the basis of
aterials-density/sound-wave velocity systematics, Birch (1964)

urther concluded that the iron must be alloyed with a small frac-
ion (2–4 wt.%) of lighter elements. The light alloying elements most
ommonly suggested include S, O, Si, H and C, although minor
mounts of other elements, such K, could also be present (e.g.,
oirier, 1994; Gessmann and Wood, 2002; Alfè et al., 2002b).
Please cite this article in press as: Vočadlo, L., et al., The stability of bcc-Fe
Phys. Earth Planet. Interiors (2008), doi:10.1016/j.pepi.2008.07.032

The properties of the inner core are determined by the composi-
ion and structure of the materials that are present, and, therefore,
deally we would like to know the thermoelastic properties of iron
lloyed with light elements over the full range of pressure and tem-
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ondon, Gower Street, London WC1E 6BT, UK.
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cannot be ruled out as a candidate inner core phase.
© 2008 Elsevier B.V. All rights reserved.

erature conditions experienced by the Earth’s core. However even
he behaviour of pure iron is poorly understood. Experimentalists
ave put an enormous effort over the last 15–20 years into obtaining
phase diagram of pure iron, but above relatively modest pressures
nd temperatures there is still much uncertainty (Brown, 2001).
nder ambient conditions, Fe adopts a body centred cubic (bcc)
tructure that transforms with temperature to a face centred cubic
fcc) form (at ∼1200 K), and with pressure transforms to a hexago-
al close packed (hcp) phase (at ∼10–15 GPa). At higher pressures
nd temperatures, however, the phase diagram of pure iron is espe-
ially controversial (see Fig. 1). Diamond-anvil cell (DAC) studies
ave been interpreted as showing that hcp Fe transforms at high
emperatures to a phase which has variously been described as hav-
ng a double hexagonal close packed structure (dhcp) (Saxena et
l., 1996) or an orthorhombically distorted hcp structure (Andrault
t al., 1997). Furthermore, high-pressure shock experiments have
lso been interpreted as showing a high-pressure solid-solid phase
ransformation (Brown and McQueen, 1986; Brown, 2001). It has
at high pressures and temperatures with respect to tetragonal strain.

een suggested that this transition could be due to the develop-
ent of a bcc phase (Ross et al., 1990; Matsui and Anderson, 1997).
ther experimentalists, however, have failed to detect such a post-
cp phase (e.g., Shen et al., 1998; Nguyen and Holmes, 2004), and
ave suggested that the previous observations were due either to

dx.doi.org/10.1016/j.pepi.2008.07.032
http://www.sciencedirect.com/science/journal/00319201
mailto:l.vocadlo@ucl.ac.uk
dx.doi.org/10.1016/j.pepi.2008.07.032
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Fig. 1. Phase diagram of pure iron. Solid lines represent phase boundaries and melt
lines from DAC experiments; symbols with error bars are points on the melting curve
from shock experiments; broken lines are melting curves from first-principles calcu-
lations. DAC data: Ref. a: Saxena and Dubrovinsky (2000); b: Andrault et al. (2000);
c: Shen et al. (1998); d: Williams et al. (1987); e: Boehler (1993). Shock data: trian-
gle: Yoo et al. (1993); circles: Brown and McQueen (1986); reverse triangle: Ahrens
e
L
i
A

m
a
d
c

o
a
t

a
u
h
a
(
m
p
t

t
S
d
h
a
t
w
t
i
t
t
a
s

F
a
s
a
i

t al. (2002); diamond: Nguyen and Holmes (2004). First principles calculations; f:
aio et al. (2000); g: Alfè et al. (2002a,b); h: Vočadlo et al. (2000) (where the arrow
ndicates stability is maintained to high temperature); i: Vočadlo et al. (2003a,b).
dapted from Nguyen and Holmes (2004).
Please cite this article in press as: Vočadlo, L., et al., The stability of bcc-Fe
Phys. Earth Planet. Interiors (2008), doi:10.1016/j.pepi.2008.07.032

inor impurities or to metastable strain-induced behaviour. Fig. 1
lso shows that there is also considerable disagreement between
ifferent theoretical studies. However, until recently, the general
onsensus in theoretical calculations has been that the stable phase

b
1
i
s
r

ig. 2. Phonon dispersion relations in bcc iron at 0 K as a function of pressure. The ons
ssociated with the bcc → fcc transition at the zone centre, and the bcc → hcp transition
econd instability occurs below 260 GPa in the [1 1 1] direction associated with the bcc →
t a fixed volume of 7.2 Å3 per atom (∼260 GPa) show that the bcc phase spontaneously d
s 0.77 eV/atom higher than the hcp-phase at these conditions, confirming that the hcp-F
 PRESS
anetary Interiors xxx (2008) xxx–xxx

f iron in the Earth’s core is likely to be the hcp phase (Stixrude et
l., 1997; Vočadlo et al., 2000) and that it was only the melting curve
hat was in dispute.

The bcc phase of iron was considered an unlikely candidate as
core-forming phase for three main reasons: (i) it is elastically

nstable at high pressures and 0 K, (ii) it is vibrationally unstable at
igh pressures and 0 K, and (iii) it is thermodynamically unstable
t high pressures and temperatures with respect to the hcp phase
Vočadlo et al., 2003a,b). The evidence for these statements is sum-

arised below, together with a discussion of the various possible
hase transitions that might be found in iron at high pressures and
emperatures.

The elastic instability of the bcc phase at 0 K is well known from
heoretical calculations (Söderlind et al., 1996; Stixrude et al., 1994;
tixrude and Cohen, 1995; Vočadlo et al., 1997). At ambient con-
itions, the bcc phase (c/a = 1) is the stable form of iron, but at
igh pressures elastic distortions of the cubic cell by compression
long [0 0 1] result in a local minimum at c/a = 0.87–0.88 (some-
imes referred to as body centred tetragonal or bct) at ∼150 GPa that
ith further distortion is unstable relative to the fcc phase. Alterna-

ively, compression along the [1 1 0] direction to ∼180 GPa results
n a spontaneous direct distortion to the fcc structure (equivalent
o a tetragonal strain with c/a =

√
2). It should be noted that the

ransformation to the thermodynamically more stable hcp phase
t 10–15 GPa is a reconstructive transition and so does not occur
pontaneously during such simulations.

The vibrational instabilities of high-pressure bcc iron have also
at high pressures and temperatures with respect to tetragonal strain.

een studied before (Söderlind et al., 1996; Stixrude and Cohen,
995; Vočadlo et al., 2000, 2003a,b), but because of their key role
n this work, we show in Fig. 2 our results for the phonon disper-
ion relations as a function of pressure. The frequencies have been
ecast from the results of Vočadlo et al. (2003a,b) to show their

et of the instability of bcc-Fe occurs below ∼180 GPa in the [1/2 1/2 0] direction
at the N-point (imaginary frequencies are represented here as negative values). A
� transition. Calculations on the bcc structure in the hexagonal setting at 0 K and

istorts to the � phase; however, it must be noted that the enthalpy of the � phase
e is the thermodynamically stable phase at high pressure and 0 K, as expected.

dx.doi.org/10.1016/j.pepi.2008.07.032
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ig. 3. Phonon dispersion relations for the omega phase. It can be seen that this ph
ot thermodynamically stable with respect to the hcp phase, this latter phase being

ehaviour around the N-point in the at the Brillioun zone bound-
ry. It can be seen that the onset of the instability of bcc-Fe at high
ressure occurs below ∼180 GPa where one of the branches in the
[1/2 1/2 0] direction becomes unstable first at the zone centre,
, (associated with the bcc → fcc transition) and then at the N-

oint (associated with the bcc → hcp martensitic transition). There
s also a third instability occurring below ∼260 GPa, along the [1 1 1]
irection (� to H); the pattern of the displacement involved in this

nstability involves the relative movement of planes of atoms in the
1 1 1] direction of the cubic cell. It is this pattern of displacement
hat is directly involved in the bcc to omega (�) phase transition
see below). The transition behaviour to the hcp and � phases is
ery similar to that observed in Group IV metals in the bcc phase
Petry et al., 1991); however, it is interesting to note that Hf, Zr and
i do not display an initial zone centre instability to the fcc phase,
ut rather, as has been observed, transform first to the � phase
Sikka et al., 1982).

We have previously shown that the hcp and fcc phases are vibra-
ionally stable at high pressures (Vočadlo et al., 2000) and in Fig. 3
e show the phonon dispersion relations for the � phase of iron as
function of pressure. It can be seen that the � phase is also vibra-

ionally stable as a function of pressure above 0 GPa, and remains
o to pressures far in excess of those in the Earth’s interior. Note,
owever, that this phase becomes vibrationally unstable at negative
ressures with the frequencies of several of the phonon branches
ecoming imaginary (not shown).

As already mentioned, this bcc to � transition is known to read-
ly occur in other transition metals (Petry, 1995; Trampenau et al.,
991; Grad et al., 2000) and may easily be understood by recog-
Please cite this article in press as: Vočadlo, L., et al., The stability of bcc-Fe
Phys. Earth Planet. Interiors (2008), doi:10.1016/j.pepi.2008.07.032

ising that both the bcc and � phases can be represented using a
imensionally hexagonal unit cell, where the c axis of the hexago-
al setting is equivalent to the [1 1 1] direction of the cubic bcc cell.
oth structures have three atoms in the unit cell and have similar
/a ratios (

√
3/8). The fractional atomic coordinates of these two

V
h
s
e
2

vibrationally stable to pressures well beyond that of the inner core; however, it is
table phase at high pressures and 0 K.

hases are then given by

�
atom 1 0 0 0
atom 2 1/3 2/3 1/2
atom 3 2/3 1/3 1/2

bcc
0 0 0

1/3 2/3 1/3
2/3 1/3 2/3

These two structures are shown in Fig. 4, together with that of
he fcc phase, which can also be represented using a hexagonal cell.
t is clear that the transformation between the bcc and � phases
ccurs via small displacements of atoms 2 and 3 above in the c
irection (equivalent to the [1 1 1] direction of the cubic bcc cell),
nd it is, therefore, not surprising that a spontaneous distortion
rom the bcc to the � phase might occur. It is worth noting that
hanging the c/a ratio of the bcc setting above to

√
6 produces the

cc phase.
Despite the mechanical stability of the various phases described

bove, our calculations show that, at 0 K, the relative enthalpies of
he bcc, �, fcc phases with respect to the hcp phase at V = 7.2 Å/atom
∼260 GPa) are 1.845, 0.765 and 0.256 eV/atom respectively, con-
rming that the hcp phase is the thermodynamically most stable
hase at high pressure (and 0 K), as expected. However, when the
ffect of temperature is included using ab initio molecular dynam-
cs calculations, Vočadlo et al. (2003a,b) presented results that
ndicated that the bcc phase becomes dynamically stable and ener-
etically more stable than the � phase above∼3500 K (Figs. 5 and 6).

The paper by Vočadlo et al. (2003a,b) also addressed the
hermodynamic stability of the bcc phase of iron at core condi-
ions. It was shown that the calculated free energy of bcc-Fe at
at high pressures and temperatures with respect to tetragonal strain.

= 7.2 Å/atom and 5500 K is only marginally higher than that for
cp (by ∼35 meV). The assumption that iron must have the hcp
tructure at core conditions, especially in the presence of lighter
lements, had already been challenged (Beghein and Trampert,
003; Lin et al., 2002a; Ishii and Dziewonski, 2002), and so Vočadlo

dx.doi.org/10.1016/j.pepi.2008.07.032
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ig. 4. The structure of the (a) bcc, (b) fcc and (c) � phases of iron in the hexagonal
etting. The bcc and � phases have the same c/a ratio and differ only in the heights
f the atoms. The pale dotted lines indicate the conventional bcc and fcc unit cells
ith orthogonal axes as marked.

t al. (2003a,b) presented calculations that suggested that a small
mount of light element impurity could indeed stabilise the bcc
hase at the expense of the hcp phase in the Earth’s inner core (see
lso Côté et al., 2008a,b). We note that nickel, by contrast, crys-
allises in the fcc structure and stabilises fcc Fe–Ni alloys relative
o pure Fe (e.g., Lin et al., 2002a,b; Mao et al., 2006). Therefore the
cc phase cannot necessarily be ruled out as a candidate inner core
hase, despite being thermodynamically less stable than the hcp
hase at core conditions (Vočadlo et al., 2008).

The evidence presented by Vočadlo et al. (2003a,b) for the
echanical stability of bcc-Fe at core conditions included discus-

ion of the hydrostatic nature of the stresses on the simulation box
Fig. 5) and of the calculated structure factors (Fig. 6). It could, how-
ver, be argued that these stresses did not necessarily correspond
o a free energy minimum, but might instead be at a local maxi-
Please cite this article in press as: Vočadlo, L., et al., The stability of bcc-Fe
Phys. Earth Planet. Interiors (2008), doi:10.1016/j.pepi.2008.07.032

um with the unit cell metastable with respect to a finite tetragonal
train. Therefore, in an attempt to resolve this issue of the stability
f bcc-Fe, we present in this paper ab initio free energy calculations
f the bcc phase as a function of tetragonal strain.

w
p
h
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. Computational method

The calculations presented are based on Density Functional The-
ry (DFT) (Hohenberg and Kohn, 1964) within the Generalised
radient Approximation (Wang and Perdew, 1991) implemented

n the code VASP (Kresse and Furthmüller, 1996), with the Pro-
ected Augmented Wave method (Blöchl, 1994; Kresse and Joubert,
999) used to describe the electronic interactions with the atomic
uclei, and with an efficient extrapolation of the electronic charge
ensity which halves the simulation time (Alfè, 1999). In first prin-
iples molecular dynamics, the ions are treated as classical particles
nd, for each set of atomic positions, the electronic energy is solved
ithin the framework of DFT which includes the thermal excita-

ions of the electrons. The calculations were performed without
pin polarisation as we have already shown that there is no mag-
etic moment at the pressures and temperatures of the inner core
Vočadlo et al., 2003a,b).

The stability of bcc-Fe was determined with respect to strain by
alculating the free energy of a system with a volume of 7.2 Å3/atom
nd a temperature of 5500 K (equivalent to ∼290 GPa). The calcula-
ions were performed at different values of c/a ranging from 0.85 to
.5, thereby including the previously reported spontaneous transi-
ions to fcc (at c/a =

√
2) and the local minimum at c/a ∼ 0.87–0.88.

ull details of the methodology can be found in Vočadlo and Alfe
2002) and Alfè et al. (2002a,b).

The free energy of the bcc solid, Fbcc, may be given by the sum of
wo contributions, that of the perfect non-vibrating crystal, Fperfect,
nd that due to the atomic motions above 0 K, Fvibrational, thus:

bcc = Fperfect + Fvibrational (1)

here the vibrational free energy has a harmonic and anharmonic
omponent respectively:

vibrational = Fharmonic + Fanharmonic (2)

When calculating the free energy of the bcc crystal in this way,
e have a problem: the bcc phase is vibrationally unstable at high
ressures and 0 K so the harmonic contribution to the free energy

s not tractable. Furthermore, in calculating the anharmonic contri-
ution, for materials which are vibrationally stable, an appropriate
eference system would be the harmonic crystal. One way around
his is to calculate the free energy of the bcc system using thermo-
ynamic integration from some other reference system. In principle
e could use as the reference system a simple inverse power poten-

ial that we have previously shown to work well for iron at Earth’s
ore conditions, including liquid Fe, hcp- and bcc-Fe (Alfè et al.,
001, 2002a,b; Vočadlo et al., 2003a,b) and which is given by

IP = 4ε
(

�

r

)˛

(3)

here ε = 1 eV, � = 1.77 Å and ˛ = 5.86. However, for c/a < 1, this ref-
rence system also becomes vibrationally unstable with imaginary
requencies appearing in the phonon spectrum. It is important to
tress here that the choice of the reference system does not affect
he final answer for F, although it does affect the efficiency of the
alculations. Therefore, to address the issue of this simple inverse-
ower reference system being unstable for c/a < 1, it is perfectly
alid to add a potential UE which stabilises the crystal. We chose to
se an Einstein model, with the potential UE given by

E =
n∑1

ku2 (4)
at high pressures and temperatures with respect to tetragonal strain.

i=1

here ui = |ri − r0
i
| represents the displacement of atom i from its

erfect crystal position r0
i

and k is a constant. The total “pseudo-
armonic” potential now acting on the atoms is therefore given by

dx.doi.org/10.1016/j.pepi.2008.07.032
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ig. 5. The calculated stress tensors (upper row) and atomic position correlation fu
ime and temperature. The structure deviates from the bcc phase below 3000 K (fro

pseudo harm = Uharm + UE, where Uharm is the original harmonic com-
onent of the inverse power potential. The effect of this stratagem

s shown in the resulting phonons (Fig. 7). This approach produces
“pseudo-harmonic” vibrational spectrum with real frequencies

hroughout the range of c/a studied, allowing the calculation of the
armonic contribution to the free energy.

At this stage, we note, however, that the reference system which
est matches the ab initio system (and therefore minimises the time
aken to do the calculations) may be achieved through a linear com-
ination of the pseudoharmonic system (to maintain vibrational
tability, 10%), Upseudo-harm, and the inverse power potential (90%),
IP:

ref = 0.1Upseudo−harm + 0.9UIP (5)

The free energy of this mixed reference system is then found
n two stages by: (i) calculating the free energy of the pseudo-
armonic system and (ii) thermodynamically integrating between
his and the mixed reference system.

For a given temperature, T, the free energy per atom of the
seudo-harmonic system is given by:

pseudo-harm = 3kBT ln(ˇh̄ω̄) (6)

here kB is Boltzmann’s constant, � is Planck’s constant/2�,
= 1/kBT and ω̄ is the geometric average of the phonon frequencies,
hich is defined by

∑

Please cite this article in press as: Vočadlo, L., et al., The stability of bcc-Fe
Phys. Earth Planet. Interiors (2008), doi:10.1016/j.pepi.2008.07.032

n � = 1
NqNi

q,i

In(ωqi) (7)

here ωq,i are the phonon frequencies of branch i and wave vector q,
i is the total number of phonon branches and Nq is the number of q-

o
0

t
p

s (lower row) for a 64 atom cubic supercell of bcc iron as a function of simulation
adlo et al., 2003a,b).

oints in the sum. The phonon frequencies are calculated using the
HON code (Alfè, 1998) which implements the small displacement
ethod (for details see Kresse et al., 1995; Alfè et al., 2001; Vočadlo

nd Alfe, 2002).
The free energy of the reference system, Fref (90% IP and 10%

seudo-harmonic), may then be calculated using thermodynamic
ntegration from the pseudo-harmonic system:

ref = Fpseudo-harm +
∫ 1

0

d�
〈

Uref − Upseudo-harm

〉
�

(8)

here Uref and Upseudo-harm are the potential energies of
he pseudo-harmonic and reference system respectively, and
.〉� is the thermal average in the ensemble generated by
� = �Uref + (1 − �)Upseudo-harm.

Alternatively, we can adopt the dynamical method described by
atanabe and Reinhardt (1990). In this approach the parameter �

epends on time and is slowly (adiabatically) switched from 0 to 1
uring a single simulation. The switching rate has to be slow enough
o that the system remains in thermodynamic equilibrium and adi-
batically transforms from the pseudo-harmonic to the reference
ystem. The change in free energy is then given by

F =
∫ ttotal

0

dt
d�

dt
(Uref − Upseudo-harm) (9)

here ttotal is the total simulation time, �(t) is an arbitrary function
at high pressures and temperatures with respect to tetragonal strain.

f t with the property of being continuous and differentiable for
< t < 1, �(0) = 0, and �(ttotal) = 1.

When using this second method, it is important to ensure that
he switching is adiabatic, i.e., that ttotal is sufficiently large. One
ossible way to test this is to change � from 0 to 1 in the first half

dx.doi.org/10.1016/j.pepi.2008.07.032
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6 L. Vočadlo et al. / Physics of the Earth and Pl

Fig. 6. Structure factors for the perfect bcc and ( phases compared with those from
t
t
t

o
t
v
i
t
o
I
l
w

F
�
b
v
e

w
w
a
a
c
t

m
f
a
I
a

F

w
a
o
b
i
r
(

F

t
o
s
c
2
o
a
w

3

he MD simulations on a 135 atom supercell as a function of temperature. Note
hat the peaks unique to the ( phase at ∼6, ∼7 and ∼8.7 Å−1 grow with decreasing
emperature (from Vočadlo et al., 2003a,b).

f the simulation and then from 1 back to 0 in the second half of
he simulation, evaluating �F in each case; the average of the two
alues is then taken as the best estimate for �F, and the difference
s a measure of the non-adiabaticity, and also, of course, of the sta-
istical error. If this difference is less than the desired uncertainty,
Please cite this article in press as: Vočadlo, L., et al., The stability of bcc-Fe
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ne can be confident that the simulation time is sufficiently long.
n our calculations we chose a total simulation time of sufficient
ength such that the difference in �F between the two calculations
as less than 1 meV/atom.

ig. 7. Vibrational spectrum of bcc-Fe at V = 7.2 Å3/atom showing instability along
→ N (dotted line) and the spectrum obtained with a harmonic potential modified

y the addition of an Einstein model (see text) (solid line). This “pseudo-harmonic”
ibrational spectrum allows the calculation of the harmonic contribution to the free
nergy.
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The free energy of the reference system was calculated in this
ay on a 1000 atom (10 × 10 × 10 supercell of the primitive cell) box
ith a volume of 7.2 Å3/atom over a range of c/a ratios between 0.85

nd 1.5; these calculations involve only the classical potentials UIP
nd Upseudo-harm, so they could be run for 100 ps, which ensured
onvergence of the free energy difference Fref − Fpseudo-harm to less
han 1 meV/atom.

Once the free energy of the reference system was obtained, ther-
odynamic integration was then used again to calculate the full

ree energy of the ab initio system at each c/a. However, as these
re ab initio calculations it is not practical to use Eq. (9) above.
nstead we use the small-lambda approximation of Eq. (8) (Alfè et
l., 2002a,b):

− Fref ∼=
〈

U − Uref

〉
ref

− 1
2kBT

〈[
U − Uref −

〈
U − Uref

〉
ref

]2
〉

ref
(10)

here, in this case, U is potential energy of the ab initio system,
nd F is free energy of the ab initio system. This approximation is
nly justified if the fluctuations in U − Uref are small (which can
e achieved by the use of a suitably accurate reference potential);

ndeed, if the fluctuations are small, with the second term in the
ight-hand side of Eq. (10) contributing only a few meV/atom, Eq.
10) can be truncated and becomes:

− Fref ∼=
〈

U − Uref

〉
ref

(11)

This is a particularly useful form of Eq. (8) as one needs only
o sample the phase space of the reference system and to perform
nly a relatively small number of static ab initio calculations on
tatistically independent configurations extracted from the long
lassical simulations (typically 40 configurations extracted from a
0 ps classical run). For this study, the calculations were performed
n 128 atom (4 × 4 × 4 supercell of the cubic 2-atom box) cell with
2 × 2 × 2 k-point grid, equivalent to 4 k-points in the irreducible
edge of the Brilloiun zone.

. Results

Having dealt at length with the current evidence for the stability
f the various phases of iron over a range of pressures and tem-
eratures, and having described the detailed technicalities of the
omputational method necessary in the present work, our results
ay be presented very concisely. Our calculated free energy as a

unction of tetragonal strain for a volume of 7.2 Å3/atom (∼290 GPa)
nd a temperature of 5500 K is shown in Fig. 8. The free energies cal-
ulated from the reference system using Eq. (10) are shown together
ith three points calculated using the full expression for thermo-
ynamic integration (Eq. (8)) integrating between � = 0 and � = 1.
he uncertainties in the free energies range from a few meV to
10 meV per atom, although most are between 5 and 10 meV per
tom. Despite the cluster of points around c/a = 1, the associated
ncertainties make it difficult to resolve categorically whether bcc

s locally stable in this region directly from this figure, although, at
rst glance, instability seems more likely.

The matter could, in principle, be resolved by examination of
he stresses on the simulation box as a function of c/a. For bcc
o be stable, the quantity (	x + 	y)/2 − 	z should be negative for
/a < 1 and positive for c/a > 1. Fig. 9 shows this stress difference
s a function of c/a at a zero-strain volume of 7.05 Å3/atom for
at high pressures and temperatures with respect to tetragonal strain.

hree systems: a supercell of 64 atoms at 5500 K, a supercell of 128
toms at 5500 K and a supercell of 64 atoms at 6000 K. Within the
ncertainties, the result is converged in supercell size at 5500 K
nd suggests instability in the bcc structure. Indeed, this result is
onsistent with Fig. 8: the energy required to pull the cell from

dx.doi.org/10.1016/j.pepi.2008.07.032
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Fig. 8. Ab initio free energy of bcc as a f(c/a) at V = 7.2 Å3/atom and 5500 K. Ther-
modynamic integration (small � approximation—Eq. (10)) from a mixed reference
system (circles); full thermodynamic integration (Eq. (8)) over five values for �
between 0 and 1 (squares). Note the possible maximum around c/a = 1 and the
minima being approached at c/a < 1 and c/a ∼ √

2 (fcc).

Fig. 9. Stress difference (	x + 	y)/2 − 	z as a function of c/a at a zero-strain volume
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f 7.2 Å /atom. Open square and open triangles are calculations performed at 5500 K
sing supercells of 64 and 128 atoms, respectively. Filled diamonds are calculations
n a 64 atom supercell at 6000 K with a simulation time for each point of ∼50–70 ps.
he figure suggests that bcc stability increases with temperature.

/a = 0.96 to bcc (c/a = 1) is, from Fig. 9, the product of the stress
ifference and the distance of the distortion—i.e., for a 2-atom
ell, ∼2 × 109 × 0.04 × 14.4 × 10−30/(1.602 × 10−19) = ∼7 meV. This
s approximately the value suggested by inspection of Fig. 8. How-
ver at 6000 K, this instability is significantly reduced to the extent
hat (	x + 	y)/2 − 	z is invariant close to c/a = 1 and therefore, even
ith very long simulation times to reduce the uncertainties as
uch as possible (50–70 ps), neither stability nor instability can be

emonstrated, although the structure is clearly very close to being
table.

. Conclusions

Previous calculations on different phases of iron (Vočadlo et
l., 2003a,b) suggested that the bcc phase becomes entropically
tabilised by temperature at core pressures. However, these cal-
ulations did not take into account the possibility of bcc-Fe being
nstable with respect to tetragonal strain (i.e., not at a local mini-
um in the free energy surface). Despite the enormous efforts that
ent into reducing our uncertainties as much as possible, our free

nergy calculations as a function of tetragonal strain in the present
Please cite this article in press as: Vočadlo, L., et al., The stability of bcc-Fe
Phys. Earth Planet. Interiors (2008), doi:10.1016/j.pepi.2008.07.032

tudy do not allow us to resolve this issue irrefutably. However
hen an analysis of the stresses on the simulation box is made, the

esults show that the bcc phase is, in fact, unstable with respect to
etragonal strain at 5500 K, but becomes significantly more stable
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t 6000 K. While it is difficult to say whether stability has actually
een achieved due to the invariance of the stress difference close
o c/a = 1, clearly temperature serves to appreciably increase the
tability of the bcc phase at core conditions.

We already know that for pure iron, the hcp phase is still found
o have marginally the lowest free energy (Vočadlo et al., 2003a,b)
nd is, therefore, the thermodynamically more stable phase under
ore conditions. However, the difference in free energy between
cp- and bcc-Fe is very small (∼35 meV). It is becoming increasingly
ecognised that the effect of incorporation of light elements could
tabilise the bcc phase over the hcp phase in the inner core; indeed,
his effect has already been shown experimentally at lower pres-
ures (Lin et al., 2002a,b). It has also been shown that iron alloyed
ith nickel at very high pressures and temperatures (>225 GPa,

3400 K) adopts the bcc structure (Dubrovinsky et al., 2007). It
s, therefore, distinctly possible that light elements and/or nickel
ould stabilise the bcc phase with respect to tetragonal strain. This
s particularly important given the evidence for a seismically dis-
inct region in the upper part of the inner core which might be
xplained by such a body-centred alloy. The presence of bcc iron
ould have important consequences for interpretation of the elas-

ic properties of the inner core which are currently based on the
ssumption that the hcp phase is the only stable structure of iron
nder core conditions.
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