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Abstract

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 bce iron could be present. A remaining uncertainty regarding the
latter phase is whether or not bce iron is stable with respect to tetragonal strain under core
conditions. In this paper, therefore, we present the results of high precision ab initio free
energy calculations at core pressures and temperatures performed on bec 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 bece 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 convincingly. Therefore,
bce-Fe cannot be ruled out as a candidate inner core phase.

Introduction

The exact composition of the Earth’s inner core is not very well known. On the basis of
cosmochemical and geochemical arguments, it has been suggested that the core is an iron
alloy with possibly as much as ~5 wt.% Ni and very small amounts (only fractions of a
wt% to trace) of other siderophile elements such as Cr, Mn, P and Co (McDonough and
Sun, 1995). On the basis of materials-density/sound-wave velocity systematics, Birch
(1964) further concluded that the iron must be alloyed with a small fraction (2 - 4 wt.%) of
lighter elements. The light alloying elements most commonly suggested include S, O, Si, H
and C, although minor amounts of other elements, such K, could also be present (e.g.
Poirier, 1994; Gessmann and Wood, 2002, Alfe et al., 2002).

The properties of the inner core are determined by the composition and structure of the
materials that are present, and, therefore ideally we would like to know the thermoelastic
properties of iron alloyed with light elements over the full range of pressure and
temperature conditions experienced by the Earth’s core. However even the behaviour of
pure iron is poorly understood. Experimentalists have put an enormous effort over the last
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15-20 years into obtaining a phase diagram of pure iron, but above relatively modest
pressures and temperatures there is still much uncertainty (Brown 2001). Under ambient
conditions, Fe adopts a body centred cubic (bcc) structure that transforms with temperature to
a face centred cubic (fcc) form (at ~ 1200 K), and with pressure transforms to a hexagonal
close packed (hcp) phase (at ~10-15 GPa). At higher pressures and temperatures, however,
the phase diagram of pure iron is especially controversial (see Fig 1). Diamond-anvil cell
(DAC) studies have been interpreted as showing that hcp Fe transforms at high temperatures
to a phase which has variously been described as having a double hexagonal close packed
structure (dhcp) (Saxena et al., 1996) or an orthorhombically distorted hcp structure
(Andrault et al., 1997). Furthermore, high pressure shock experiments have also been
interpreted as showing a high pressure solid-solid phase transformation (Brown and
McQueen, 1986; Brown, 2001). It has been suggested that this transition could be due to the
development of a bcc phase (Ross et al., 1990; Matsui and Anderson, 1997). Other
experimentalists, however, have failed to detect such a post-hcp phase (e.g. Shen et al., 1998;
Nguyen and Holmes, 2004), and have suggested that the previous observations were due
either to minor impurities or to metastable strain-induced behaviour. Figure 1 also shows that
there is also considerable disagreement between different theoretical studies. However, until
recently, the general consensus in theoretical calculations has been that the stable phase of
iron in the Earth’s core is likely to be the hcp phase (Stixrude et al., 1997; Vocadlo et al.,
2000) and that it was only the melting curve that was in dispute.

The bcc phase of iron was considered an unlikely candidate as a core-forming phase for
three main reasons: (i) it is elastically unstable at high pressures and 0 K, (ii) it is
vibrationally unstable at high pressures and 0 K, and (ii1) it is thermodynamically unstable
at high pressures and temperatures with respect to the hexagonal-close-packed (hcp) phase
(Vocadlo et al., 2003). The evidence for these statements is summarised below, together
with a discussion of the various possible phase transitions that might be found in iron at
high pressures and temperatures.

The elastic instability of the bcc phase at 0 K is well known from theoretical calculations
(Soderlind et al., 1996; Stixrude et al., 1994; Strixrude and Cohen, 1995; Vocadlo et al.,
1997). At ambient conditions, the bcc phase (c/a = 1) is the stable form of iron, but at high
pressures elastic distortions of the cubic cell by compression along [001] result in a local
minimum at c/a = 0.87-0.88 (sometimes referred to as body-centred-tetragonal or bct) at
~150 GPa that with further distortion is unstable relative to the fcc phase. Alternatively,
compression along the [110] direction to ~180 GPa results in a spontaneous direct
distortion to the fcc structure (equivalent to a tetragonal strain with c¢/a = V2). It should be
noted that the transformation to the thermodynamically more stable hcp phase at 10-15 GPa
is a reconstructive transition and so does not occur spontaneously during such simulations.

The vibrational instabilities of high-pressure bce iron have also been studied before
(Soderlind et al., 1996; Strixrude and Cohen, 1995; Vocadlo et al., 2000; Vocadlo et al.,
2003), but because of their key role in this work, we show in Fig 2 our results for the
phonon dispersion relations as a function of pressure. The frequencies have been recast
from the results of Vocadlo et al (2003) to show their behaviour around the N-point in the
at the Brillioun zone boundary. It can be seen that the onset of the instability of bcc-Fe at
high pressure occurs below ~180 GPa where one of the branches in the N [ /2 0] direction
becomes unstable first at the zone centre, I', (associated with the bcc— fcc transition) and
then at the N-point (associated with the bcc— hcp martensitic transition). There is also a
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third instability occurring below ~260 GPa, along the [111] direction (I" to H); the pattern
of the displacement involved in this instability involves the relative movement of planes of
atoms in the [111] direction of the cubic cell. It is this pattern of displacement that is
directly involved in the bce to omega () phase transition (see below). The transition
behaviour to the Acp and w phases is very similar to that observed in Group IV metals in
the bee phase (Petry et al., 1991); however, it is interesting to note that Hf, Zr abd Ti do not
display an initial zone centre instability to the fcc phase, but 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 vibrationally stable at high
pressures (Vocadlo et al., 2000) and in Fig. 3 we show the phonon dispersion relations for
the ® phase of iron as a function of pressure. It can be seen that the ® phase is also
vibrationally stable as a function of pressure above 0 GPa, and remains so to pressures far
in excess of those in the Earth’s interior. Note, however, that this phase becomes
vibrationally unstable at negative pressures with the frequencies of several of the phonon
branches becoming imaginary (not shown).

As already mentioned, this bce to @ transition is known to readily occur in other transition
metals (Petry, 1995; Trampenau et al., 1991; Grad et al., 2000) and may easily be
understood by recognising that both the bcc and ® phases can be represented using a
dimensionally hexagonal unit cell, where the c axis of the hexagonal setting is equivalent to
the [111] direction of the cubic bce cell. Both structures have three atoms in the unit cell

and have similar c/a ratios (4/3/8 ). The fractional atomic coordinates of these two phases

are then given by:

w bcc
atoml 0 0 0 0 0 0
atom?2 1/3 2/3 1/2 1/3 2/3 1/3
atom3 2/3 1/3 1/2 2/3 1/3 2/3

These two structures are shown in Fig 4, together with that of the face-centred-cubic (fcc)
phase, which can also be represented using a hexagonal cell. It is clear that the
transformation between the bece and ® phases occurs via small displacements of atoms 2
and 3 above in the ¢ direction (equivalent to the [111] direction of the cubic bec cell), and it
is, therefore, not surprising that a spontaneous distortion from the bcc to the ® phase might

occur. It is worth noting that changing the c/a ratio of the bcc setting above to/6 produces
the fcc phase.

Despite the mechanical stability of the various phases described above, our calculations
show that, at 0 K, the relative enthalpies of the bce, o, fcc phases with respect to the hep
phase at V=7.2 A/atom (~260 GPa) are 1.845, 0.765 and 0.256 eV/atom respectively,
confirming that the hep phase is the thermodynamically most stable phase at high pressure
(and 0 K), as expected. However, when the effect of temperature is included using ab initio
molecular dynamics calculations, Vocadlo et al. (2003) presented results that indicated that
the bce phase becomes dynamically stable and energetically more stable than the ® phase
above ~3500 K (Figs 5 and 6).
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The paper by Vocadlo et al. (2003) also addressed the thermodynamic stability of the bcc
phase of iron at core conditions. It was shown that the calculated free energy of bcc-Fe at
V=7.2 A/atom and 5500 K is only marginally higher than that for hcp (by ~35 meV). The
assumption that iron must have the hcp structure at core conditions, especially in the
presence of lighter elements, had already been challenged (Beghein and Trampert, 2003;
Lin et al., 2002; Ishii and Dziewonski, 2002), and so Vocadlo et al. (2003) presented
calculations that suggested that a small amount of light element impurity could indeed
stabilise the bcc phase at the expense of the hcp phase in the Earth’s inner core (see also
Coté et al., 2007). We note that nickel, by contrast, crystallises in the fcc structure and
stabilises fcc Fe—Ni alloys relative to pure Fe (e.g., Lin et al., 2002; Mao et al., 2000).
Therefore the fcc phase cannot necessarily be ruled out as a candidate inner core phase,
despite being thermodynamically less stable than the hcp phase at core conditions.

The evidence presented by Vocadlo et al. (2003) for the mechanical stability of bcc-Fe at
core conditions included discussion of the hydrostatic nature of the stresses on the
simulation box (Fig. 5). It could, however, be argued that these stresses did not necessarily
correspond to a free energy minimum, but might instead be at a local maximum with the
unit cell metastable with respect to a finite tetragonal strain. Therefore, in an attempt to
resolve this issue of the stability of bce-Fe, we present in this paper ab initio free energy
calculations of the bcc phase as a function of tetragonal strain.

Computational method

The calculations presented are based on Density Functional Theory (DFT) (Hohenberg and
Kohn, 1964) within the Generalised Gradient Approximation (Wang and Perdew, 1991)
implemented in the code VASP (Kresse and Furthmiiller, 1996), with the Projected
Augmented Wave method (Blochl, 1994, Kresse and Joubert, 1999) used to describe the
electronic interactions with the atomic nuclei, and with an efficient extrapolation of the
electronic charge density which halves the simulation time (Alfe, 1999). In first principles
molecular dynamics, the ions are treated as classical particles and, for each set of atomic
positions, the electronic energy is solved within the framework of DFT which includes the
thermal excitations of the electrons. The calculations were performed without spin
polarisation as we have already shown that there is no magnetic moment at the pressures
and temperatures of the inner core (Vocadlo et al., 2003).

The stability of bce-Fe was determined with respect to strain by calculating the free energy
of a system with a volume of 7.2 A’/atom and a temperature of 5500 K (equivalent to ~290
GPa). The calculations were performed at different values of c/a ranging from 0.85 to 1.5,
thereby including the previously reported spontaneous transitions to fcc (at ¢/a=\2) and the
local minimum at c/a ~ 0.87-0.88. Full details of the methodology can be found in Vocadlo
and Alfe (2002) and Alfe et al. (2002).

The free energy of the bee solid, Fye., may be given by the sum of two contributions, that of
the perfect non-vibrating crystal, Fpereer, and that due to the atomic motions above 0 K,
F vibrationals thus:

+ F

F bce = F vibrational (1)

perfect

Where the vibrational free energy has a harmonic and anharmonic component respectively:
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F

vibrational — * harmonic

+ Funharmonic (2)

When calculating the free energy of the bcc crystal in this way, we have a problem: the bee
phase is vibrationally unstable at high pressures and zero K so the harmonic contribution to
the free energy is not tractable. Furthermore, in calculating the anharmonic contribution, for
materials which are vibrationally stable, an appropriate reference system would be the
harmonic crystal. One way around this is to calculate the free energy of the bce system
using thermodynamic integration from some other reference system. In principle we could
use as the reference system a simple inverse power potential that we have previously shown
to work well for iron at Earth’s core conditions, including liquid Fe, hcp- and bee-Fe (Alfe
etal., 2001, 2002; Vocadlo et al., 2003) and which is given by:

Up= 4g(£ja 3)

r

Where ¢ = 1eV, I' = 1.77A and o = 5.86. However, for c/a < 1, this reference system also
becomes vibrationally unstable with imaginary frequencies appearing in the phonon
spectrum. It is important to stress here that the choice of the reference system does not
affect the final answer for F, although it does affect the efficiency of the calculations.
Therefore, to address the issue of this simple inverse-power reference system being
unstable for c/a<l, it is perfectly valid to add a potential Ug which stabilises the crystal. We
chose to use an Einstein model, with the potential Ug given by:

n 1
Up =2 Sk (4)
i=l

where u;= | r; — r;° | represents the displacement of atom i from its perfect crystal position r;’
and k is a constant. The total “pseudo-harmonic” potential now acting on the atoms is
therefore given by Upseudo harm = Uharm + Ug, where Upam is the original harmonic
component of the inverse power potential. The effect of this stratagem is shown in the
resulting phonon (Fig. 7). This approach produces a “pseudo-harmonic” vibrational
spectrum with real frequencies throughout the range of c/a studied, allowing the calculation
of the harmonic contribution to the free energy.

At this stage, we note, however, that the reference system which best matches the ab initio
system (and therefore minimises the time taken to do the calculations) may be achieved
through a linear combination of the pseudoharmonic system (to maintain vibrational
stability, 10%), Upscudo-harm, and the inverse power potential (90%), Uyp:

U,, =0.1U +0.9U , (5)

pseudo—harm

The free energy of this mixed reference system is then found in two stages by: (i)
calculating the free energy of the pseudo-harmonic system and (ii) thermodynamically
integrating between this and the mixed reference system.
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For a given temperature, T, the free energy per atom of the pseudo-harmonic system is
given by:

Fpseudo—harm = 3kBT1n(ﬁnw) (6)

Where kg is Boltzmann’s constant, h is Planck’s constant/2m, B=1/kgT and @ is the
geometric average of the phonon frequencies, which is defined by:

1
Ino=—-)>) In(w, 7
NN, qz (@,) (7)
Where og; are the phonon frequencies of branch i and wave vector g, N; is the total number
of phonon branches and N is the number of g-points in the sum. The phonon frequencies
are calculated using the PHON code (Alfe, 1998) which implements the small displacement
method (for details see Kresse et at., 1996; Alf¢ et al., 2001; Vocadlo and Alfe, 2002).

The free energy of the reference system, Fr.r (90% IP and 10% pseudo-harmonic), may then
be calculated using thermodynamic integration from the pseudo-harmonic system:

1
F ref =F pseudo—harm T J-d/l<Uref _Upseudo—harm > 4 (8)
0

where Uyt and Upgeudo-narm are the potential energies of the pseudo-harmonic and reference
system respectively, and <.>; is the thermal average in the ensemble generated by
Up=0U e+ ( 1 'D)Upseudo—harm-

Alternatively, we can adopt the dynamical method described by Watanabe and Reinhardt
(1990). In this approach the parameter 0 depends on time and is slowly (adiabatically)
switched from O to 1 during a single simulation. The switching rate has to be slow enough
so that the system remains in thermodynamic equilibrium and adiabatically transforms from
the pseudo-harmonic to the reference system. The change in free energy is then given by:

“dA
AF = j dt E(Uref _Upseudo—harm) ©)

0
where #,,, 1s the total simulation time, 0(7) is an arbitrary function of ¢ with the property of
being continuous and differentiable for O<t<1, 0(0)=0, and 0(#,,1,1)=1.

When using this second method, it is important to ensure that the switching is adiabatic,
1.e., that #,,, 1s sufficiently large. One possible way to test this is to change 0 from O to 1 in
the first half of the simulation and then from 1 back to 0 in the second half of the
simulation, evaluating AF in each case; the average of the two values is then taken as the
best estimate for AF, and the difference is a measure of the non-adiabaticity, and also, of
course, of the statistical error. If this difference is less than the desired uncertainty, one can
be confident that the simulation time is sufficiently long. In our calculations we chose a
total simulation time of sufficient length such that the difference in AF between the two
calculations was less than one meV/atom.
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The free energy of the reference system was calculated in this way on a 1000 atom
(10x10x10 supercell of the primitive cell) box with a volume of 7.2 A’/atom over a range
of c/a ratios between 0.85 and 1.5; these calculations involve only the classical potentials
U and Upseudo-harm, SO they could be run for 100 ps, which ensured convergence of the free
energy difference Frer-Fpseudo-harm to less than 1 meV/atom.

Once the free energy of the reference system was obtained, thermodynamic integration was
then used again to calculate the full free energy of the ab initio system at each c/a.
However, as these are ab intio calculations it is not practical to use Eq. 9 above. Instead we
use the small-lambda approximation of Eq. 8 (Alfe et al., 2002):

F-F,=(U-U,) - 2leT <[U ~U,, -{U _U"ff>ref]2>,ef (10)

where, in this case, U is potential energy of the ab initio system, and F is free energy of the
ab initio system. This approximation is only justified if the fluctuations in U-U,.s are small
(which can be achieved by the use of a suitably accurate reference potential); indeed, if the
fluctuations are small, with the second term in the right-hand-side of Eq. 10 contributing
only a few meV/atom, Eq. 10 can be truncated and becomes:

F-F,=(U-U,) (11)

" ref

This is a particularly useful form of Eq. 8 as one needs only to sample the phase space of
the reference system and to perform only a relatively small number of static ab initio
calculations on statistically independent configurations extracted from the long classical
simulations (typically 40 configurations extracted from a 20 ps classical run). For this
study, the calculations were performed on 128 atom (4x4x4 supercell of the cubic 2-atom
box) cell with a 2x2x2 k-point grid, equivalent to 4 k-points in the irreducible wedge of the
Brilloiun zone.

Results

Having dealt at length with the current evidence for the stability of the various phases of
iron over a range of pressures and temperatures, and having described the detailed
technicalities of the computational method necessary in the present work, our results may
be presented very concisely. Our calculated free energy as a function of tetragonal strain for
a volume of 7.2 A*/atom (~290 GPa) and a temperature of 5500 K is shown in Fig. 8. The
free energies calculated from the reference system using Eq. 9 are shown together with
three points calculated using the full expression for thermodynamic integration (Eq. 8)
integrating between A = 0 and A = 1. The uncertainties in the free energies range from a few
meV to ~10 meV per atom, although most are between 5 and 10 meV per atom. Despite the
cluster of points around c/a = 1, the associated uncertainties make it difficult to resolve
categorically whether bec is locally stable in this region directly from this figure, although,
at first glance, instability seems more likely.

The matter could, in principle, be resolved by examination of the stresses on the simulation
box as a function of c/a. For bec to be stable, the quantity (o + 6,)/2 — 6, should be negative
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for c/a<1 and positive for c/a>1. Figure 9 shows this stress difference as a function of c/a at
a zero-strain volume of 7.05 A*/atom for three systems: a supercell of 64 atoms at 5500 K,
a supercell of 128 atoms at 5500 K and a supercell of 64 atoms at 6000 K. Within the
uncertainties, the result is converged in supercell size at 5500 K and suggests instability in
the bee structure. Indeed, this result is consistent with Fig. 8: the energy required to pull
the cell from c/a=0.96 to bce (c/a=1) is, from Fig. 9, the product of the stress difference and
the distance of the distortion — i.e., for a 2-atom cell, ~2 x 10° x 0.04 x 14.4 x 10'30/(1.602 X
10"%) = ~ 7 meV. This is approximately the value suggested by inspection of Fig. 8.
However at 6000 K, this instability is significantly reduced to the extent that (ox + 6y)/2 — o,
is invariant close to c/a = 1 and therefore, even with very long simulation times to reduce
the uncertainties as much as possible (50-70 ps), neither stability nor instability can be
demonstrated, although the structure is clearly very close to being stable.

Conclusions

Previous calculations on different phases of iron (Vocadlo et al., 2003) suggested that the
bce phase becomes entropically stabilised by temperature at core pressures. However, these
calculations did not take into account the possibility of bce-Fe being unstable with respect
to tetragonal strain (i.e., not at a local minimum in the free energy surface). Despite the
enormous efforts that went into reducing our uncertainties as much as possible, our free
energy calculations as a function of tetragonal strain in the present study do not allow us to
resolve this issue irrefutably. However when an analysis of the stresses on the simulation
box is made, the results show that the bcc phase is, in fact, unstable with respect to
tetragonal strain at 5500 K, but becomes significantly more stable at 6000 K. While it is
difficult to say whether stability has actually been achieved due to the invariance of the
stress difference close to c/a = 1, clearly temperature serves to appreciably increase the
stability of the bee phase at core conditions.

We already know that for pure iron, the hcp phase is still found to have marginally the
lowest free energy (Vocadlo et al., 2003) and is, therefore, the thermodynamically more
stable phase under core conditions. However, the difference in free energy between hcp-
and bee-Fe is very small (~35 meV). It is becoming increasingly recognised that the effect
of incorporation of light elements could stabilise the bcc phase over the hep phase in the
inner core; indeed, this effect has already been shown experimentally at lower pressures
(Lin et al., 2002). It has also been shown that iron alloyed with nickel at very high pressures
and temperatures (>225 GPa, <3400 K) adopts the bcc structure (Dubrovinsky et al., 2007).
It is, therefore, distinctly possible that light elements and/or nickel could stabilise the bcc
phase with respect to tetragonal strain. This is particularly important given the evidence for
a seismically distinct region in the upper part of the inner core which might be explained by
such a body-centred alloy. The presence of bcc iron would have important consequences
for interpretation of the elastic properties of the inner core which are currently based on the
assumption that the hcp phase is the only stable structure of iron under core conditions.
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Figure Captions

Figure 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 calculations. 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: triangle: Yoo et al.,
1993; circles: Brown and McQueen, 1986; reverse triangle: Ahrens et al., 2002; diamond: Nguyen and Holmes,
2004. First principles calculations; f: Laio et al., 2000; g: Alfe et al., 2002; h: Vocadlo et al., 2000 (where the
arrow indicates stability is maintained to high temperature); i: Vocadlo et al., 2003. Adapted from Nguyen and
Holmes, 2004.

Figure 2: Phonon dispersion relations in bec iron at 0 K as a function of pressure. The onset of the instability of
bcce-Fe occurs below ~180 GPa in the [%2 4 0] direction associated with the bcc—fcc transition at the zone
centre, and the bcc—hcp transition at the N-point (imaginary frequencies are represented here as negative
values). A second instability occurs below 260 GPa in the [111] direction associated with the bcc— w transition.
Calculations on the bce structure in the hexagonal setting at 0 K and at a fixed volume of 7.2 A’ per atom (~260
GPa) show that the bcc phase spontaneously distorts to the w phase; however, it must be noted that the enthalpy
of the o phase is 0.77 eV/atom higher than the scp-phase at these conditions, confirming that the /cp-Fe is the
thermodynamically stable phase at high pressure and 0K, as expected.

Figure 3: Phonon dispersion relations for the omega phase. It can be seen that this phase is vibrationally stable
to pressures well beyond that of the inner core; however, it is not thermodynamically stable with respect to the
hcp phase, this latter phase being the stable phase at high pressures and zero Kelvin.

Figure 4: The structure of the a) bce, b) fec and ¢) ® phases of iron in the hexagonal setting. The bee and ®
phases have the same c/a ratio and differ only in the heights of the atoms. The pale dotted lines indicate the
conventional bee and fcc unit cells with orthogonal axes as marked.

Figure5: The calculated stress tensors (upper row) and atomic position correlation functions (lower row) for a
64 atom cubic supercell of bee iron as a function of simulation time and temperature. The structure deviates from
the bcc phase below 3000K (from Vocadlo et al., 2003).

Figure 6: Structure factors for the perfect bcc and @ phases compared with those from the MD simulations on a
135 atom supercell as a function of temperature. Note that the peaks unique to the @ phase at ~6 A", ~7 A" and
~8.7 A grow with decreasing temperature (from Vodadlo et al., 2003).

Figure 7: Vibrational spectrum of bee Fe at V=7.2A%/atom showing instability along T—N (dotted line) and the
spectrum obtained with a harmonic potential modified by the addition of an Einstein model (see text) (solid line).
This “pseudo-harmonic” vibrational spectrum allows the calculation of the harmonic contribution to the free
energy.

Figure 8: Ab initio free energy of bee as a f(c/a) at V=7.2 A*/atom and 5500K. Thermodynamic integration
(small A approximation — Eq. 10) from a mixed reference system (circles); full thermodynamic integration (Eq.
8) over five values for A 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).

Figure 9: Stress difference o+ 0y), -0, as a function of c/a at a zero-strain volume of 7.2 A’/atom. Open square
and open triangles are calculations performed at 5500 K using supercells of 64 and 128 atoms respectively.
Filled diamonds are calculations on a 64 atom supercell at 6000K.with a simulation time for each point of ~50-
70 ps. The figure suggests that bce stability increases with temperature.
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