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Abstract

We have used density-functional-theory methods to study phases of iron at terapascal (TPa)
pressures. Hexagonal-close-packed (hcp) iron is stable from below 0.1 TPa to multi-TPa
pressures, where we find a window of 7-21 TPa in which the face-centred-cubic (fcc) phase is
slightly more stable. At 34 TPa we find a transition to a body-centred-tetragonal (bct) phase,
which is a small distortion of the body-centred-cubic (bcc) structure. The bee phase also
becomes more stable than the hcp above 35 TPa. The bet and bee phases become considerably
more stable than hcp and fcc at even higher pressures, and we expect this result to hold at high

temperatures.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Diamond-anvil-cell experiments [1] have achieved static
compressions of up to about 350 GPa (=0.35 TPa), which is
approximately the pressure at the centre of the Earth. Much
higher pressures have been achieved in dynamical shock-wave
experiments driven by conventional chemical explosives, gas
guns, a Z-pinch, high-power lasers and underground nuclear
explosions. Pressures of more than 10 TPa have been achieved
in laser-driven shock-wave experiments and, with strong pre-
compression of the samples and other advances, pressures up to
100 TPa might be achieved [2]. Similar pressures are expected
to be achieved in laser-driven shock-wave experiments at the
National Ignition Facility (NIF) [3].

The behaviour of materials under extreme conditions of
pressure and temperature is of fundamental and technological
interest. Iron is the most abundant element in the universe
with an atomic number greater than 20 (in terms of either total
mass or number of atoms). Iron is an important element in
planetary science. The core of the Earth is largely composed
of iron, with a liquid outer core and a solid inner core. There
has been much interest in extrasolar planets (also known as
exoplanets), several hundred of which have been discovered
so far [4]. Exoplanets may be rather diverse in character, and
their chemical compositions may vary widely. Reasonable
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suppositions about the nature of an exoplanet may be made
by combining the experimental observations of quantities such
as mass and radius with a knowledge of the planets of the
Solar System and the cosmic abundances of the elements.
Jupiter is the most massive planet in the Solar System with
a central pressure of roughly 7 TPa. Exoplanets of more than
ten times the mass of Jupiter have been reported [4], and it
is reasonable to suppose that some exoplanets may have iron-
rich cores at pressures of tens of TPa or more. Understanding
massive exoplanets will therefore require the study of materials
at extremely high pressures and temperatures [2].
Fundamental thermodynamical properties of materials are
described by the equation of state, which gives the equilibrium
relationship between the pressure, volume and temperature.
The equation of state of iron has been the subject of numerous
experimental and theoretical investigations. Diamond-anvil-
cell experiments have yielded a great deal of information
about the equation of state of iron up to pressures of about
300 GPa [5, 6]. Under ambient conditions iron is ferromagnetic
and adopts a body-centred-cubic (bcc) structure (the o phase).
Compression at ambient temperature induces a structural phase
transition to a hexagonal-close-packed (hcp) € phase at 12—
15 GPa, which is stable up to at least 300 GPa [5]. The
structure of iron under the conditions within the Earth’s solid
inner core is highly controversial. First-principles or ab initio
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density-functional-theory (DFT) calculations at core pressures
and temperatures indicate that the hcp phase is a little more
stable than bce [7]. Other DFT calculations have suggested
that face-centred-cubic (fcc) iron may be stable under inner
core conditions [8]. As a further complication, the Earth’s core
contains a few per cent of atoms other than iron, which may be
sufficient to stabilize the bcc structure [7].

Iron has been investigated at pressures much greater than
those at the centre of the Earth using shock-wave techniques.
Batani et al [9] reported laser-driven shock-wave data for the
equation of state of iron at pressures up to 4.5 TPa. Trunin
et al [10] reported shock-wave data for iron at pressures up to
10 TPa generated in an underground nuclear explosion, while a
data point from a similar study at 19.1 TPa is reported in [11].
Experiments planned for the NIF aim to study iron at pressures
beyond 100 TPa [3]. Investigations of iron at TPa pressures are
expected to yield new information about the thermodynamics
of iron and various other properties including its crystalline
structures, which will be relevant to the study of exoplanets
and to shock-wave studies.

2. Ab initio DFT calculations and stability of the
phases

We have studied iron at very high pressures and temperatures
using ab initio DFT methods. Our calculations were performed
with the casTep plane-wave code [12], ultrasoft pseudopoten-
tials [13] and the Perdew—Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) density functional [14]. We
have considered pressures up to 50 TPa, where the volume
per iron atom is only about 1/8 of that at ambient con-
ditions. Such an enormous compression provides a severe
test of the accuracy of pseudopotential methods. We used
pseudopotentials with the 3s, 3p, 4s and 3d orbitals treated
explicitly. It is very important to include the 3s and 3p orbitals
explicitly as their band dispersion is of a similar magnitude
to that of the 3d orbitals at pressures of more than about
10 TPa. Ultrasoft pseudopotentials with core radii of 2 au
are normally satisfactory for iron at low pressures, but much
smaller core radii are required at multi-TPa pressures. We
tested various pseudopotentials with core radii in the range
1.1-1.4 au, finding a pseudopotential core radius of 1.2 au to
be sufficient to converge the calculations so that the resulting
numerical errors in the enthalpy differences plotted in figure 1
are small on the scale of the figure. This core radius is
sufficiently small to ensure that the pseudopotential cores on
different atoms barely overlap even at 50 TPa, and we used
this pseudopotential to obtain all of the results reported here.
We also tested the effects of including the 2s and 2p orbitals
in the pseudopotential explicitly, but the results were almost
unchanged. This is to be expected as the 2p orbitals lie some
600 eV below the 3s orbitals.

Searches for candidate high-pressure phases were per-
formed by combining ab initio methods with ‘random structure
searching’ in the ‘AIRSS’ approach, which has proved very
successful [15-18]. A set of randomly generated structures
are relaxed to minimize their enthalpies at a chosen pressure.
We performed searches with 4, 6, 8 or 10 atoms per unit cell
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Figure 1. Pressure dependence of the enthalpies of various phases of
iron with respect to the hcp phase. The dashed lines denote
ferromagnetic (FM) phases and the solid lines denote non-magnetic
phases.

at 30 TPa, and we also performed a number of searches at
10 TPa. For the searches we used a plane-wave basis set cutoff
of 700 eV and the Brillouin zone integrals were evaluated

using a k-point grid of spacing 27 x 0.07 A", The structures
of interest were further relaxed at a higher level of accuracy
consisting of a basis set cutoff of 1000 eV and a k-point grid

spacing of 2 x 0.03 A~ For the bec structure, which has
one atom per cell, this corresponds to about 6000 k-points at
0.1 TPa and 30000 k-points at 50 TPa. The various searches
produced the standard close-packed structures, such as fcc,
hep, a close-packed body-centred-tetragonal (bct) structure
and the A1S5 structure, but we found no other energetically
competitive phases. These searches did, however, generate
the important negative result that, over the pressure range 0—
50 TPa, only the standard high-symmetry structures need be
considered. This result may not appear surprising, but it should
be remembered that there are by now numerous examples of
elements which adopt close-packed structures at low pressures
but transform into more open structures (with shorter bond
lengths) at higher pressures [19]. At zero temperature the
most stable phase at each pressure is the one with the lowest
enthalpy, so that the predicted phase transitions can be read
off from figure 1. A number of DFT studies of iron have
been performed up to pressures of a few hundred gigapascals
and our results agree with the consensus that has arisen from
previous work [20-27]. At low pressures a ferromagnetic bcc
phase is the most stable, in agreement with experiment. As the
pressure is increased a transformation to hep is predicted, in
agreement with experiment, although the calculations indicate
antiferromagnetic spin ordering, which has not been observed
experimentally. Magnetic spin ordering is not predicted to
be energetically favourable at very high pressures. The Al15
phase is lower in enthalpy than bcc over quite a wide range of
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Figure 2. Band structures of (non-magnetic) bec iron at zero pressure (left) and 30 TPa (right). The Fermi energies are at zero energy.

pressures, although it is not as well packed as the other phases
and it becomes unfavourable at pressures above a few TPa. We
predict a window of stability for the fcc phase in the pressure
range 7-21 TPa, although the enthalpies of fcc and hep are very
close in this region. At around 10 TPa the enthalpies of the bcc
and bct phases drop rapidly with respect to fcc and hep, with a
transition to bct occurring at 34 TPa. At 34 TPa the ¢ /a ratio of
the bet phase of 0.95 indicates only a small distortion from the
bece structure which corresponds to ¢/a = 1, and the distortion
decreases with further compression. The bcc phase becomes
more stable than hcp above 35 TPa. The downwards slopes of
the bet/bee curves in figure 1 above ~20 TPa indicates that the
bet and bee phases are denser than hep and fec. At the phase
transition at 34 TPa, the density of bct/bce is about 0.6% larger
than that of hcp.

3. Electronic structures of the phases at TPa
pressures

The calculated band structures of non-magnetic bcc iron at
0 and 30 TPa are shown in figure 2. At low pressures the
electronic configuration of the iron atoms can be described as
3d°4s2, and the 3s and 3p bands which lie at about —87 eV
and —53 eV, respectively, are very narrow and do not play a
significant role in the bonding. The 3s and 3p bands widen
under pressure, and begin to overlap with each other at about
16 TPa, while the 3p and 3d bands begin to overlap at about
23 TPa. The 4s orbitals are much larger than the 3d orbitals, so
that under compression they move to higher energies compared
with the 3d bands. Charge consequently drains from the
4s bands into the 3d bands, a process which is completed
at around 17 TPa, and the electronic configuration becomes
3d34s°. A similar phenomenon has been described in Ni, where
insulating behaviour is predicted at about 34 TPa because the
transfer of the 4s electrons into the 3d bands leads to a full 3d
shell [28].

Similar changes in the band structures occur in the
other close-packed structures. The band structure of the bct
phase is very similar to that of bcc, but the changes in the
band structures described in the previous paragraph occur

at somewhat higher pressures in the fcc and hcp phases,
presumably because the nearest-neighbour distance is larger.
The electronic density of states (e-DoS) of bct is similar to that
of beec and the e-DoS of fcc is similar to that of hcp. The e-
DoS of bec at 30 TPa shows considerably more structure than
those of hcp and fcc, as they do at zero pressure, although
the changes from the zero-pressure e-DoS are substantial.
Deegan [29] and Pettifor [30] showed that the electronic
band structure energy determines, to a good approximation,
the energy difference between close-packed structures at low
pressures. This result also holds at TPa pressures. The band
structure energies of the fcc and hcp phases are lower than

those of bee for volumes larger than about 3.75 A’ /atom, but
at smaller volumes the band structure energy of bcc is lower.

A volume of 3.75 A’ /atom corresponds to a pressure of about
half the full ab initio transition pressure of 34 TPa.

A more detailed appreciation of the electronic structures
of the phases can be obtained by studying the components of
the total enthalpies. The total enthalpy H can be written as

H =T+ Eyq+ Exc+ Eps + Egy + pV, (D

where T is the kinetic energy, Ey is the Hartree energy, Exc
is the exchange—correlation energy, Eps is the pseudopotential
energy, Egy is the ion—ion electrostatic Ewald energy and
pV is the pressure multiplied by the volume. The enthalpies
of becc and fcc phases with respect to those of hcp, and
their components, are given in table 1 in the region of the
transition to bct. Constraining the volumes of the bce and fcc
phases to equal that of hcp changes the individual components
substantially, but the total enthalpies are not much affected.
We make our comparisons at constant volume to eliminate the
contribution to the enthalpy differences from the pV term.
The enthalpy components of the bct phase are not shown
in table 1, but they are very similar to those for bcc. The
enthalpy components of the hcp and fcc phases are similar,
while those of bcc are rather different, as expected because
the local structures of the 12-fold-coordinated hcp and fec
phases are similar although they differ from that of the 8-
fold-coordinated bce phase. The main difference between the
enthalpy components of the bee/bet phases and the hep/fee
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Table 1. Components of the enthalpy (in eV /atom) of phases of iron
with respect to those of the hcp phase (X — Xj,p). The entries
labelled hcp, fce and bec are for a pressure of 29.1 TPa, where hcp is
the most stable phase, and the entries fcc@hcp and bcc@hcp are
results for fcc and bee at the same volume as hep.

Structure H T Ey Exc Ep Egy p \%
hep 0.00 0.00 0.00 0.00 000 0.00 0.00
fec 0.05 0.00 093 —0.11 —-2.05 1.06 0.22
bee 0.34 —0.57 —=2.85 —0.53 1527 —9.36 —1.61
fcc@hep 0.05 034 0.76 —0.18 —0.68 —0.19 0.00
bcc@hep 0.35 —=3.00 —1.60 —0.01 544 —0.48 0.00

phases is that the pseudopotential energy of bce/bet is higher,
while the kinetic and Hartree energies are lower. The iron
pseudopotential is strongly attractive in all channels, and
the larger pseudopotential energy of bcc/bet arises from a
redistribution of charge away from the ionic cores. The
resulting charge density is smoother and so the kinetic and
Hartree energies are lower. This is consistent with the
observation that the d-orbital charge density in the bee structure
has six lobes which point towards the centres of the faces of the
cube and the second-nearest neighbours, while the d orbitals
of the hep and fcc structures do not fill space so well. The
conclusions drawn from our analysis of the components of the
electronic enthalpy are valid over a wide range of pressures
from well below the transition to bct at 34 TPa to beyond
50 TPa.

We have calculated the harmonic vibrational modes of
the bce, hep and fcc phases at several pressures. The
largest vibrational frequencies of each structure increase with
pressure, being about 3000 cm ™' (=4300 K) at 10 TPa, rising
approximately linearly with pressure to about 4300 cm™'
(=6200 K) at 30 TPa. The conditions likely to exist in
the deep interiors of massive planets of one or more Jupiter
masses are, very roughly, temperatures of 10*-10° K with
associated pressures of 10'-10° TPa. A classical description
of the statistics of the vibrational modes of iron is justified in
the cores of massive planets in the 10-30 TPa pressure range
we have studied, and beyond. The harmonic vibrational free
energies of the phases evaluated at finite temperatures actually
favour the bee phase over the hep and fce phases in the pressure
range 10'-10% TPa, leading to a further stabilization of bcc
at high pressures and temperatures. We have not, however,
studied the anharmonic vibrational contributions which will be
substantial. We have also investigated the effects of electronic
excitations at finite temperatures. The changes in the free
energies from thermal excitations are quite large at 10*~10° K
temperatures and multi-TPa pressures, but the effects largely
cancel between phases, and the overall effect on the relative
stabilities of the phases is not large.

4. Conclusion

In conclusion, we have used DFT methods to study phases
of iron at TPa pressures. @ We performed computational
searches which predict that only the standard high-symmetry
phases need be considered, although we did find that the
A15 phase, which has normally been neglected in studies of

iron, is competitive up to a few TPa. Our static-lattice zero-
temperature DFT calculations showed a transition from hcp to
fcc and back to hep at TPa pressures, although the enthalpies
of hcp and fcc are very similar in this pressure range, before
an emphatic return to a bct phase at 34 TPa, which is a small
distortion of bee. The predicted stability of the bet/bee phase
at very high pressures is expected to be robust to the inclusion
of finite-temperature effects.
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