letters to nature

Freshwater pulse experiments

The experiments in Fig. 4a simulate deglacial meltwater discharge to the Atlantic Ocean
between 20°N and 50°N. Experiment LGM_CTRL_H500 and LGM_SH_H500 display the
model response to a 500-year freshwater-pulse of 0.15 Sv. The starting point of experiment
LGM_SH_Hperm, representing the THC ‘off-mode’, results from a permanent freshwater
flow of 0.15 Sv to the glacial equilibrium state. The freshwater flow persists during this
experiment. In LGM_SH_H500 and LGM_SH_Hperm, Southern Hemisphere warming is
executed as in LGM_100, while the glacial background conditions in experiment
LGM_CTRL_H500 remain unaltered.

Stability analysis

We apply a slowly varying freshwater anomaly with a rate of 5 X 107> Svyr~
(1X 10~ °Svyr~" at the transition of the hysteresis curve that starts from LGM_100)
uniformly between 20° N and 50°N to the Atlantic Ocean. Integration starts at the upper
branches with zero freshwater forcing, which is then increased up to 0.2 Svand 0.32 Sv for
LGM_CTRL and LGM_100, respectively. The integration proceeds on the lower branch
with freshwater input decreasing until —0.12 Sv. Then the freshwater increases again to
close the loops. Owing to the slowly varying nature of the surface forcing the model is in
quasi-equilibrium during the integration.
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The nature of the stable phase of iron in the Earth’s solid inner
core is still highly controversial. Laboratory experiments' suggest
the possibility of an uncharacterized phase transformation in
iron at core conditions and seismological observations™ have
indicated the possible presence of complex, inner-core layering.
Theoretical studies™ currently suggest that the hexagonal close
packed (h.c.p.) phase of iron is stable at core pressures and that
the body centred cubic (b.c.c.) phase of iron becomes elastically
unstable at high pressure. In other h.c.p. metals, however, a high-
pressure b.c.c. form has been found to become stabilized at high
temperature. We report here a quantum mechanical study of
b.c.c.-iron able to model its behaviour at core temperatures as
well as pressures, using ab initio molecular dynamics free-energy
calculations. We find that b.c.c.-iron indeed becomes entropically
stabilized at core temperatures, but in its pure state h.c.p.-iron
still remains thermodynamically more favourable. The inner
core, however, is not pure iron, and our calculations indicate
that the b.c.c. phase will be stabilized with respect to the h.c.p.
phase by sulphur or silicon impurities in the core. Consequently,
a b.c.c.-structured alloy may be a strong candidate for explaining
the observed seismic complexity of the inner core*™.

Seismic measurements show that the Earth’s solid inner core is
complex. The detailed interpretations of these data differ, but all
workers®™* conclude that the inner core exhibits a significant degree
of layering, which may either reflect the changing history of core
crystallization, or the occurrence of an unidentified change in the
core-forming phase. It is currently generally accepted that the core
consists predominantly of Fe, and conventional interpretations of
the elastic anisotropy of the inner core have been based on the idea
of a partial alignment of crystals of h.c.p.-Fe’. Recently, however this
interpretation has been challenged’, as has the assumption that
h.c.p.-Fe is the thermodynamically stable polymorph of Fe at the
high temperatures found in the inner core'. The low pressure (P)—
temperature (7) phase diagram of Fe is not controversial, with
b.c.c.-Fe stable at ambient conditions, h.c.p.-Fe stable above about
15GPa at low temperatures and the face-centred-cubic (f.c.c.)
structure being stable above about 1,300 K at low pressures. High-
P/T diamond-anvil-cell experiments’ suggest a new phase above
~40 GPa and ~1,000K, but the structure of this phase is still
unresolved. In addition, a solid—solid phase transition at around
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~200 GPa and ~4,000K has been inferred from shock data'.

In spite of the arguments in favour of h.c.p.-Fe, it has been
proposed by a number of workers that b.c.c.-Fe might be the stable
high-P/T phase®. A strong argument in favour of the stability of
b.c.c.-Fe under these conditions is that a number of transition
metals are known to transform from close-packed structures to the
b.c.c. structure at temperatures just below their melting curve'®''.
For Fe, the argument in favour of b.c.c. is further strengthened by
ab initio calculations showing the existence of an appreciable
magnetic moment in b.c.c.-Fe at Earth’s core pressures'?, which
implies an additional magnetic entropy stabilization at high tem-
peratures. However, for a long time it appeared that theoretical
calculations had ruled out the b.c.c. structure as a candidate for the
stable phase of Fe in the core. This was for three reasons: (1) ab initio
calculations have shown that the structure becomes elastically
unstable at pressures above 150 GPa'>"?; (2) ab initio calculations
also reveal a high-pressure vibrational instability away from the
zone centre'*; (3) calculations show that the enthalpy of the perfect
b.c.c. structure is considerably higher than that of the h.c.p.
phase®'*'*. However, these arguments are not conclusive because
they are based on athermal or lattice dynamical®*™"* ab initio
calculations, which, because of the dynamical instability of b.c.c.-
Fe, cannot be used to determine entropic effects at high pressures. In
the past, computing limitations prevented a more sophisticated
analysis, but recent methodological developments mean that it is
now possible accurately to address these thermal effects. Thus, to
resolve the controversy over the effect of temperature on the
stability of b.c.c.-Fe, we report here ab initio molecular dynamics
(AIMD) calculations on b.c.c.-Fe to simulate directly its behaviour
at the high temperatures relevant to the Earth’s inner core.

It is well established that ab initio calculations give an accurate
description of all the key properties of Fe'>*>. The calculations
presented here are based on density functional theory (DFT)'
within the generalized gradient approximation (GGA)". They
were performed using the VASP code'®, using the projected-
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augmented wave (PAW) method" to calculate the total energy of
the system. The PAW method is closely related to the ultrasoft
pseudopotential method and has been shown to give results that
agree accurately with all-electron methods*>*'. In AIMD, the ions
are treated as classical particles and, for each set of atomic positions,
the electronic energy and forces on the ions are calculated within the
framework of DFT, which includes the thermal excitations of the
electrons.

The elastic and vibrational instabilities of high-pressure b.c.c.-Fe
have been studied before'>'*, but because of their key role in this
work, we present in Fig. 1 our own results for the phonon dispersion
relations as a function of pressure. It can be seen that the onset
of the instability of b.c.c.-Fe at high pressure occurs below
~180 GPa where one of the branches in the X [110] direction
becomes unstable at the zone centre (associated with the elastic
constant ¢’ = (c;; — ¢1,)/2 becoming negative). This instability is
associated with the b.c.c. — f.c.c. transition'>. However, there is
also a second instability occurring below 260 GPa, along the [111]
direction (I" to L); the pattern of the displacement involved in this
instability concerns the relative motion of planes of atoms in the
[111] direction of the cubic cell. This pattern of displacement is
directly involved in the b.c.c. — w transition, a transition which is
known to readily occur in other transition metals'®'"*.

In order to establish whether the b.c.c. phase at high pressure is
entropically stabilized by temperature, we performed AIMD at
6,000 K (approximate core temperatures®>**) for a chosen volume
of 7.2 A% per atom (approximate core density) and compared the
results with those from simulations performed at lower tempera-
tures. The stability of the b.c.c. structure at high temperatures was
assessed in four separate ways: (1) the anisotropic stresses were
analysed for evidence of elastic stability, (2) the atomic positions
with respect to those in a perfect b.c.c. structure were analysed for
evidence of vibrational stability, (3) the structure factors were
calculated to help identify the phases present, (4) the relative free
energy with respect to the h.c.p. structure was calculated in order to

20 T T T T 20 T T
[~ 140 GPa

Frequency (THz)

[100]

[111] [110] [100]

Figure 1 The calculated phonon dispersion curves for b.c.c.-Fe at nine different volumes
(corresponding to ~40-350 GPa). The softening in the [110] direction at ~180 GPa

indicates the onset of the b.c.c. — f.c.c. transition, and that in the [111] direction above
~260 GPa corresponds to the b.c.c. — w transition. For these calculations, we used a
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64-atom (4 X 4 X 4) cubic supercell with a 3 X 3 X 3 k-point sampling grid and the
small-displacement method to obtain the vibrational frequencies, the methodology of
which has been described elsewhere?'.
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determine its thermodynamic stability at core conditions. The
graph shown in the upper left corner of Fig. 2 gives the six
components of the stress tensor of the cubic b.c.c. cell at 6,000 K
as a function of simulation time; it can be seen that the supercell
experiences hydrostatic stresses throughout the simulation,
suggesting that the cell is stable. It is clear that when the temperature
is considerably reduced (to below 3,000 K), the cell is no longer
under hydrostatic stress, indicating that the b.c.c.-Fe structure is no
longer elastically stable.

To identify whether the atoms in our simulation cell have moved
away from the perfect b.c.c. structure, we can look at the positions of
the atoms throughout the simulation relative to b.c.c. lattice sites. A
convenient method for analysing the evolution of the atomic
positions over the length of the simulation is to use the position
correlation function, p(t), which not only tells us where the atoms
are, but also may indicate the existence of an imminent phase
transition. The graph in the lower left corner of Fig. 2 shows p(#) at
6,000 K; it is clear that p(f) — 0 as t — oo, indicating that the atomic
positions in the simulation cell are, on average, those of a perfect
b.c.c. structure. We can therefore conclude that, at 6,000K and a
volume of 7.2 A per atom (approximate core pressures and tem-
peratures), the b.c.c. structure is vibrationally stable. However, as
the system is cooled, it can readily be seen that the atoms deviate
significantly and permanently away from a b.c.c. structure (that is,
p(t) # 0 as t — o0) below 3,000 K. In fact, analysis of the structure
factors (not presented) show that the b.c.c. phase undergoes a
transition to the w phase.

Having established that the b.c.c. phase under pressure is elasti-

cally and vibrationally stable at high temperatures, we need to
calculate its free energy at core conditions to determine its thermo-
dynamic stability with respect to h.c.p. We use the method of
thermodynamic integration, which allows us to calculate the differ-
ence in free energy, F — F, between our ab initio b.c.c. system and a
reference system whose potential energies are Uand U, respectively.
Recently*"*** we have successfully used this method to calculate
ab initio the melting behaviour of Al at pressure, and the properties
of liquid and h.c.p.-Fe. An important point to note is that these
calculations were performed without spin polarization. As men-
tioned earlier, it is well known that the b.c.c. phase has a significant
magnetic moment at core pressures'?, which, if maintained at high
temperature, would contribute to the free energy through the
disordering of the orientations of the spins. However, at high
temperatures, the magnetic moment will be destroyed by thermal
excitation of the electrons. We performed calculations on the b.c.c.
structure at inner core pressures as a function of electronic tem-
perature (2,000-6,000 K). Our results show that, as expected, the
magnetic moment decreases with temperature, and disappears
altogether well before core temperatures are reached; there is,
therefore, no contribution to the free energy of b.c.c.-Fe from
magnetic entropy.

Table 1 shows our calculated Helmholtz free energies for the b.c.c.
and h.c.p. phases over a range of volumes and temperatures
along (and below) our previously determined melting curve of
h.c.p.-Fe** Tt is clear that in all cases Fy, .. > F, .. However, the
differences in free energies are small (33—58 meV per atom along the
melting temperature curve, T,,,). The Earth’s inner core, however, is
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Figure 2 The calculated stress tensors as a function of simulation time (upper row) and
position correlation functions (lower row) for a 64-atom cubic supercell at different
temperatures. The structure deviates away from the b.c.c. phase below 3,000 K. We
performed these high-temperature calculations on two supercells to ensure that any
transition observed is not influenced by the size and shape of the simulation cell. We used
both the 64-atom cubic supercell and a hexagonal supercell (3 x 3 X 5) of 135 atoms,
since this latter setting provides us with a simulation cell which readily allows us to have
within it an integral number of unit cells of both the b.c.c. and w phases. The calculations
were run initially at 6,000 K and then at successively lower temperatures, using a stable
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equilibrated high-temperature b.c.c. configuration as the starting configuration in each
case. The position correlation function for a chosen atom, / is given by p(f) =

((ri(t + to) — R)):(ri(to) — RY)), where 1y is the time-varying position of the atom and
R,Q is the position of that atom’s lattice site in the perfect b.c.c. structure. The angular
brackets denote the thermal average, which in practice is evaluated as an average over
time origins, &, and atoms /. For long times £, vibrational displacements become
uncorrelated, so that p(t) = {(r;(t + to) — RO)-((r;(ty) — R"))—{r; — R%?, and if all
atoms vibrate about b.c.c. lattice sites, (r; — R?) =0, so that p(t) — 0 as t— oo,
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Table 1 Calculated Helmholtz free energy of the b.c.c. and h.c.p. phases of Fe

Volume (As) Temperature (K) Fpce (V) Frcp. (€Y) AFpccncp. (MEV)
9.0 3,500 —10.063 -10.109 46
8.5 3,500 —9.738 —9.796 58
7.8 5,000 -10.512 -10.562 50
7.2 6,000 -10.633 —10.668 35
6.9 6,500 —10.545 —10.582 37
6.7 6,700 -10.288 —10.321 33
7.2 3,000 - 7.757 - 7.932 175

Shown is the ab initio Helmholtz free energy per atom of the b.c.c. and h.c.p. phases of Fe, F, ¢ ¢
and Fcp., at state points along (*and below) the calculated melting curve®. In this work, the
reference system is a simple inverse power potential which takes the form U = 4&(I'/r)* where
e=1eV, I'=1.77A, « = 5.86. We have previously shown that this reference potential, based on
only a repulsive term, describes the ab initio system extremely well; the bonding term is almost
independent of the atomic positions, depending only on the volume and temperature of the
system?'*. We stress, however, that the final result is totally independent of the choice of
reference system. We performed these calculations on a 64-atom supercell (4 X 4 X 4 primitive
cells) with a 3 x 3 X 3 k-point grid. Considerable effort was spent on convergence tests in k-
point sampling to reduce the error in free energies to <10meV per atom. Cell size effects have
been extensively studied in our previous work on h.c.p.-Fe?'.

known not to be made of pure Fe, but is expected to be alloyed with
between 5 to 10 mol.% of a lighter element. It is now reasonably well
established that either separately or together S and Si are two of the
most probable light elements alloyed with Fe in the core*’.
Additionally, recent experiments® have shown that at high press-
ures FeSi crystallizes with the CsCl-structure (that is, has identical
atomic coordinates to b.c.c.-Fe), and at lower concentrations Si
stabilizes b.c.c.-Fe under pressure and temperature conditions at
which pure Fe is found with the h.c.p. structure*. We therefore
investigated the energetic effect of the substitution of S and Si in
b.c.c. and h.c.p.-Fe at representative core cell volumes (7.2 A%). We
find that the enthalpies of the S and Si defects are respectively 1.4
and 1.2 eV per defect atom more stable in the b.c.c. structure than in
the h.c.p. phase. Therefore, for example, a 5 mol.% concentration of
Siin Fe, would stabilize the b.c.c. phase by 60 meV. Thus, in contrast
with lower-pressure experiments®®, we conclude that the presence of
S or Si as the light impurity element in the core, at appropriate
concentrations, could favour the formation of a b.c.c.- rather than
an h.c.p.-structured Fe alloy phase at temperatures just below T}, at
inner core pressure.

In contrast to earlier work, we have shown that a b.c.c.-structured
phase is entropically stabilized under inner core conditions, and is
made more stable than the h.c.p.-phase by impurities in the inner
core. This means that a b.c.c.-structured alloy is a strong candidate
for explaining the recently observed®™ seismic complexity of the
inner core. g
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Data from the survivors of the atomic bombs serve as the major
basis for risk calculations of radiation-induced cancer in
humans'. A controversy has existed for almost two decades,
however, concerning the possibility that neutron doses in Hir-
oshima may have been much larger than estimated. This con-
troversy was based on measurements of radioisotopes activated
by thermal neutrons that suggested much higher fluences at
larger distances than expected®®. For fast neutrons, which con-
tributed almost all the neutron dose, clear measurement vali-
dation has so far proved impossible at the large distances (900 to
1,500 m) most relevant to survivor locations®. Here, the first
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