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LIST OF STRUCTURES

File name Space group x Pressure (TPa)
Al40-P4mnc-5TPa.cif P4/mnc 2 5
Al21-P1-5TPa.cif P1 21 5
Al42-P4mnc-5TPa.cif P4/mnc 21 5
Al16-B2n-5TPa.cif B2/n 22 5
Al16-14mem-5TPa.cif I4/mem 22 5
Al86-P4212-3TPa.cif P42,2 2% 3
Al11-P-1-5TPa.cif P1 3 5
Al22-P4mbm-5TPa.cif P4/mbm 3 5
Al46-P4mbm-5TPa.cif P4/mbm 31 5
All-P6mmm-10TPa.cif P6/mmm - 10
Al4-Cmma-20TPa.cif Cmma - 20

TABLE I: Aluminum structures studied in this work. The full structures are given in the accompanying CIF files.

The Ba-IV host-guest structure has = guest atoms per 8 host atoms. Some papers report instead the (irrational)
ratio v = cpr/cq of the host to guest “repeat” lengths along the axis of the guest chain. The average number of guest
atoms per 8 host atoms is given by 2cp /cq, and therefore x = 2¢cp /eq = 27.

NEAREST NEIGHBOUR DISTANCES IN THE AL16 STRUCTURE

The closest host and guest atoms in Al16 at 3 TPa are about 1.6 A apart, while the guest chains are dimerised
with bond lengths of 1.41 and 1.45 A. The closest host atoms are separated by 1.51 A.

PHASE STABILITY AT PRESSURES OF 10-30 TPA

The relative stabilities of phases in the range 10-30 TPa are shown in Fig. S1. The high pressure searches were
performed at 25 TPa using a pseudopotential of core radius 1.1 a.u. The Cmma and I'mma phases are also “electride”
phases.

FINDING THE EQUILIBRIUM VALUES OF =z

The enthalpies of various host-guest structures are plotted against « in Fig. S2 at pressures of 3 and 8 TPa. Similar
calculations calculations were performed at 4, 5, 6 and 7 TPa. The equilibrium value of = at each pressure was
obtained from the minimum in the quadratic fit.

NATURE MATERIALS | www.nature.com/naturematerials 1





SUPPLEMENTARY INFORMATION DOI: 10:1038/NMAT2796

Enthalpy (eV/atom)
o
S
|

o p—— i
— Imma
0.6 | _ Cmma _
-0.8+
- 1 I 1 I 1 I 1
]IO 15 20 25 30

Pressure (TPa)

FIG. 1: Enthalpy differences between Al phases and the sh phase as a function of pressure in the range 10-30 TPa.

2.0

Y
(63}

Enthalpy (eV/atom)
o b

Y

FIG. 2: Enthalpy per atom as a function of the number of guest atoms per 8 host atoms at 3 TPa (blue circles) and 8 TPa
(red stars). The lines are quadratic fits to the data points.

ELECTRONIC DENSITIES OF STATES

The electronic densities of states (e-DoS) of the All1l, Al16, and bcce phases at 5 TPa are shown in Fig. S5, including
the semi-core 2s and 2p derived energy levels, while the valence e-DoS of the Al11, Al42, Al16, bce and sh phases at
5 TPa are shown in Fig. S6. The valence bandwidth calculated within the free-electron model at the density of Al16
at 5 TPa is 40.6 eV, but the DFT calculations with an accurate description of the atomic cores give a bandwidth
of about half this size at 21.9 eV. The valence bandwidths of the other host-guest structures and the bcec and hep
phases are similar. The 2s orbitals lie within the range -116 to -104 eV, the 2p orbitals lie within the range -82 to -65
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FIG. 3: The valence charge density (red) of the bec structure (left) and Al16-I4mcm host-guest structure (right) at 5 TPa. The
ions are shown in purple. The lines of maxima in the charge are clearly visible in the bce structure. Note that in Al16-I4mcm
some of the electron “blobs” shown are at different heights.

FIG. 4: The valence charge density (red) of the sh structure, with the ions shown in purple. A view perpendicular to the
hexagonal layers is shown on the left and a view within the layers is shown in the right. The layers of valence electron charge
density are clearly visible in the right hand view.

eV, and the occupied valence orbitals lie within the range -22.5 to 0 eV. The bandwidths of the 2s, 2p and occupied
valence orbitals are narrowest for the bee structure and widest for All1.
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FIG. 5: Electronic densities of states of the Al11l, Al16, and bcc phases at 5 TPa showing the 2s and 2p semi-core states and
the valence states. The zero of energy is placed at the Fermi energy.

VOLUME-PRESSURE RELATIONS

The volume-pressure relations for the bee, Al16, and sh phases shown in Fig. 3 of the main text are given by:

bee V = 7.0774 — 2.7213 p + 0.67007 p*> — 0.06293 p>;
All6 V = 4.9705 — 0.82279 p + 0.084728 p> — 0.0033708 p;
sh V = 4.1265 — 0.4735p + 0.034535 p> — 0.0010017 p°.

where V is in A® per atom and p is in TPa. These expressions should only be used within the stability ranges indicated
in Fig. 3 of the main text.

The data for the EoS of Lomonosov with the temperature set to zero were obtained from equation (5) of Ref. 2,
using the parameters given in Table 1 of that paper. The zero-pressure value of the parameter V. = 0.3614 cm?/g
corresponds to a zero-temperature fcc lattice constant of ag = 4.01595 A. We also used the EoS from Holian[2] with
the values of the isothermal bulk modulus and its pressure derivative reported in that paper. For simplicity we used
the same zero-temperature fcc lattice constant as for the Lomonosov EoS.[1] Using instead the density of 2.7 g/cm?
(corresponding to ag = 4.049 A) reported in Holian’s paper moves the EoS even further from our DFT data. Our
EoS for the bee phase is in very good agreement with Lomonosov’s, the differences at higher pressures arise from our
discovery of denser phases.

SIMPLE PAIRWISE POTENTIAL

The simple pairwise potential used to generate the structure shown in Fig. 2(b) of the main text is given by
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FIG. 6: Valence electronic densities of states of the All11, Al42, Al16, bee and sh phases at 5 TPa. The zero of energy is placed
at the Fermi energy. Note that the e-DoS of All1, Al42, Al16 and bcc are quite similar while that of sh is somewhat different.
The stability of the host-guest and bce phases follows the density of states at the Fermi energy. At 5 TPa in order of increasing
stability we have bee, Al11, Al42, Al16. The transfer of substantial weight in the e-DoS of sh to lower energies is clearly visible.

where e = 1 eV, 011 = 2 A, 090 = 1.25 A, 015 = 1.625 A, 811 = -1, Boo = -1, B12 = 1. The subscript “1” denotes the
“Al” atom and “2” denotes the “electron” blobs. Random structure searches with 16 “Al” atoms and 28 “electron”
blobs at 100 GPa gave Al16 as the most stable structure. The prefactor € does not affect the structures obtained, but
it can be used to scale the pressure to any desired value.

[1] Lomonosov, I. V. Multi-phase equation of state of aluminum. Laser and Particle Beams 25, 567-584 (2007); Vladimirov,
A. S., Voloshin, N. P., Nogin, V. N., Petrovtsev, A. V. & Simonenko, V. A. Shock compressibility of aluminum. Sov. Phys.
JETP Lett. 39, 85-88 (1984).

[2] Holian, K. S. A new equation of state for aluminum. J. Appl. Phys. 59, 149-157 (1986).
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Aluminium at terapascal pressures

Chris J. Pickard'* and R. J. Needs?

Studying materials at terapascal (TPa) pressures will provide
insights into the deep interiors of large planets and chem-
istry under extreme conditions"?. The equation of state of
aluminium is of interest because it is used as a standard
material in shock-wave experiments and because it is a typi-
cal sp-bonded metal'3. Here we use density-functional-theory
methods and a random-searching approach to predict stable
structures of aluminium at multiterapascal pressures, finding
that the low-pressure close-packed structures transform to
more open structures above 3.2 TPa (nearly ten times the
pressure at the centre of the Earth), with an incommensu-
rate host-guest structure being stable over a wide range of
pressures and temperatures. We show that the high-pressure
phases may be described by a two-component model consisting
of positive ions and interstitial electron ‘blobs’, and propose
that such structures are common in sp-bonded materials up to
multiterapascal pressures.

Multiterapascal pressures occur in, for example, the deep
interiors of massive planets, and they can be generated on the
Earth’s surface in technically challenging experiments. Aluminium
(Al) has been compressed to 400 TPa under shock-wave conditions
generated by an underground nuclear explosion*?, although such
experiments cannot be carried out under present agreements. The
development of powerful pulsed lasers and new methodologies
for very high-pressure experiments has opened the way for
studying materials at multiterapascal pressures. The National
Ignition Facility at the Lawrence Livermore National Laboratory®
is expected to achieve shockless quasi-isentropic compression
above 2TPa (ref. 2) and much higher pressures under shock-
wave conditions. The equation of state (EoS) of a material,
which gives the equilibrium relationship between the pressure,
volume and temperature, is of fundamental importance in high-
pressure science. Laser-induced shock-wave experiments use a plate
made from a ‘shock standard’ material whose EoS must be well
established, and metals such as aluminium, platinum and tungsten
are often used"’. Al is regarded as a typical sp-bonded metal, but
its structures (and indeed those of all materials) are unknown
at terapascal pressures.

Aluminium crystallizes in the face-centred-cubic (fcc) structure
under ambient conditions. Powder X-ray diffraction experiments
have revealed a phase transition to a hexagonal-close-packed
(hep) structure at 0.217 TPa (ref. 7). Density functional theory
calculations have also predicted a transition to a body-centred-
cubic (bec) phase at about 0.38 TPa (ref. 8), although this has not
yet been confirmed experimentally. No experimental or theoretical
evidence for further solid—solid phase transitions has been reported.
Developments in time-resolved X-ray diffraction methods are
expected to enable the structures formed during high-pressure
dynamical compressions to be glimpsed’. Determining crystal
structures at terapascal pressures is, however, beyond the grasp of

present experimental techniques, and theoretical predictions are the
only viable option at the moment.

We have obtained candidate high-pressure structures using the
ab initio random structure searching (AIRSS) approach’, which has
been successfully applied to a variety of systems'®'2. In the basic
AIRSS approach an ensemble of structures is created by generating
unit cells of random shapes with reasonable volumes. The atoms are
placed at random positions and the cell shapes and atomic positions
relaxed to an enthalpy minimum at fixed pressure. In previous
AIRSS studies'®!3, we used constraints to reduce the number of
structural degrees of freedom, enabling us to study systems with
over 100 atoms and several atomic species'’. Here, however, we
use unconstrained random searching, which gives excellent results
for metallic elements in unit cells with up to roughly 20 atoms and
increases the likelihood of finding unexpected structures.

The structure searches are described in the Methods section.
We found particularly favourable structures with 11, 16 and 21
atoms, and we refer to the lowest enthalpy structures found in
these cells as Al11, Al16 and Al21, respectively. These structures
are periodic approximations to the incommensurate host—guest
structure of phase IVa of barium (Ba; refs 14,15). Analogous
structures have been reported in compressed strontium, scandium,
arsenic, antimony and bismuth'?, although we are not aware of any
previous suggestions of a stable host—guest structure in a group
IIIB element such as Al. We also found higher-enthalpy host—guest
structures, including one with 16 atoms that we shall refer to as
Al16-I4/mcm. Host—guest structures often came up in our searches,
accounting for 16% of the relaxed structures obtained in the 11-,
16- and 21-atom searches at 5 TPa. A body-centred-tetragonal (bct)
phase becomes more stable than bcc at 5TPa, but it is never
the most stable (Fig. 1).

The most stable structure found in the pressure range
3.2-8.8 TPa was Al16 (Fig. 2), which shows the main features of the
Ba-IVa structure. Each of the host—guest structures has the same
host framework consisting of eight-atom units, but the number of
guest atoms varies. For example, Alll has three guest atoms for
every eight host atoms, and we refer to it as an x = 3 structure,
whereas Al16 corresponds to x = 8/3 and Al21 to x =5/2. We also
built a number of other host—guest structures ‘by hand’, following
ref. 16, including one with x =2 in a 40-atom cell, x = 5/2 with 42
atoms, x = 11/4 with 86 atoms, x = 3 with 22 atoms and x =7/2
with 46 atoms. More details of these and other structures are given
in the Supplementary Information.

A simple-hexagonal structure becomes the most stable phase
at 8.8 TPa, but it undergoes a symmetry-lowering distortion
to a structure of space group Cmma at around 10TPa, see
Supplementary Fig. S1. The most stable phases at 30 TPa are far
from close packed. The natural unit of pressure for atomic systems
can be taken to be (Rydberg Energy)/(Bohr radius®)~15TPa
(ref. 17). At such pressures the work done by the applied pressure

"Department of Physics and Astronomy, University College London, Gower Street, London WCTE 6BT, UK, 2Theory of Condensed Matter Group, Cavendish
Laboratory, J J Thomson Avenue, Cambridge CB3 OHE, UK. *e-mail: c.pickard@ucl.ac.uk.
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Figure 1| Enthalpy-pressure relationships for Al phases. Enthalpy
differences from the bcc phase are shown. The slopes of the curves give the
volume differences from the bcc structure. The host-guest and simple
hexagonal structures are favoured at high pressures because they are
denser than the close-packed structures.

is comparable to the interaction energy of the valence electrons
and ions, and it might be expected that materials would become
close packed under such conditions'”. Our study shows that this
does not hold for Al, in which a rich structural physics persists to
much higher pressures.

We have found good approximations to the Ba-IV incommensu-
rate structure with remarkably few atoms. These structures reduce
their enthalpies by symmetry-lowering distortions while retaining
the essential features of the host—guest structure. The host—guest
structures constructed by hand have higher symmetries and larger
numbers of atoms. The equilibrium value of x at each pressure
was obtained by fitting the enthalpies of the most stable structures
to a quadratic curve; see Supplementary Fig. S2. The equilibrium
value of x increases slowly with pressure and is well described
within the range 3-8 TPa by x = 2.543 + 0.0475p — 0.00259p?,
where p is the pressure in TPa. This suggests that Al16 is a good
approximation to the minimum-enthalpy structure around the
predicted transition from bcc at 3.2 TPa and a somewhat poorer
approximation at higher pressures.

We have calculated the vibrational modes of the bcc and
Al16-I4/mcm (which is very similar in structure to, and slightly
higher in enthalpy than, Al16) structures at several different
pressures. The maximum phonon frequencies increase rapidly at
low pressures, but they increase more slowly in the terapascal
regime. For example, the highest vibrational frequencies of bcc
are 2,170cm™! at 3TPa and 2,510cm™" at 5TPa, whereas the
corresponding values for Al16-14/mcm are 2,150 cm™" at 3 TPa and
2,470 cm™" at 5TPa. The zero-point vibrational enthalpies have
a negligible effect on the relative stabilities of the phases and the
variation of volume with pressure over the range 1-10 TPa. The
vibrational free energy of bee at 10* K and 3 TPa is about 0.1 eV per
atom lower than that of Al16—I4/mcm. The static lattice enthalpy
of Al16-I4/mcm by 5 TPa is, however, about 0.9 eV per atom lower
than that of bee so that, even at 10* K, host—guest structures are by
far the most stable. Liquid phases at multiterapascal pressures may
also show large departures from close packing. We investigated the
effects of electronic excitations at finite temperatures on the relative
stability of the bcc and host—guest structures and found them to
favour bee by an additional 0.1 eV per atom at 10* K.

The predicted stability of the high-density host—guest and simple
hexagonal structures significantly modifies the cold EoS shown
in Fig. 3. Using the bcc phase would result in an overestimate

NATURE MATERIALS | VOL 9 | AUGUST 2010 | www.nature.com/naturematerials

of the volume by 2.8% at 5TPa, where All6 is stable, and by
5.6% at 10 TPa, where simple hexagonal is stable. The differences
from published EoSs are also large. Our volume for All6 at
5TPa corresponds to a pressure of 5.4TPa when using the
EoS from refs 4,5 whereas our volume for simple hexagonal at
10 TPa corresponds to 11.5 TPa. The differences from the EoS of
ref. 18 are even larger.

Solids are composed of almost incompressible ionic cores
and more readily deformable valence-electronic charge density.
Calculations at 5 TPa with the Al 1s core and 2s and 2p semicore
orbitals described by a pseudopotential gave qualitatively similar
results to the full calculations, demonstrating that deviations of
these orbitals from their atomic forms are not important in
stabilizing the high-pressure phases. Coulomb repulsion, Pauli
exclusion and the orthogonality of orbitals pushes the 3s- and
3p-derived valence charge density away from the atomic nuclei'>",
as shown in Supplementary Figs S5 and S6. This effect operates
at all pressures, but the nearly-free-electron bandstructure of Al
observed at ambient conditions is profoundly altered by the ionic
cores at high pressures. The occupied valence bandwidths of the
hcp, bee and host—guest structures at 5 TPa are about half those
obtained from the free-electron model at the same average densities.
These deviations arise from the much larger fraction of the volume
occupied by the cores at high pressures, which tends to localize
valence electrons within interstitial pockets that are largely isolated
from one another, narrowing the valence bands'>'*%.

The main differences between the valence-electronic densities
of states (e-DoS) of the bcc and host—guest structures at 5TPa
(see Supplementary Fig. S6) occur near the Fermi energy, with
the more stable phases with lower e-DoS at the Fermi energy.
This suggests that the relative stabilities of the bcc and host—guest
phases are largely determined by the Fermi-surface mechanism
invoked by Jones in 1934 to explain the distorted-cubic structure
of bismuth??2. Jones’s idea was that the bandstructure energy can
be lowered by the action of strong Fourier components of the
lattice potential on the degenerate free-electron orbitals at the Bragg
planes. If a Bragg plane grazes the surface of the occupied sphere
of free-electron orbitals, the electronic energy levels just inside the
Bragg plane are lowered in energy whereas those just outside are
raised in energy, forming the valleys in the e-DoS near the Fermi
energy visible in Supplementary Figs S5 and S6. This effect can lead
to a substantial reduction in electronic energy, although it often
increases the repulsive interaction between the ions. The effect of
Jones’s mechanism is amplified by the small occupied valence band-
width. The e-DoS of simple-hexagonal structures (Supplementary
Fig. S6) shows a substantial redistribution of valence electrons to
lower energies compared with bcc and host—guest structures, whose
occupied valence bandwidths are about 15% smaller. This effect
is not connected with Jones’s Fermi-surface mechanism; it arises
instead from adopting a structure in which the valence electrons
form interstitial layers, which widens the occupied valence band.

The structural phase transitions are accompanied by substantial
changes in the charge density. At 5 TPa the maxima in the valence
charge density of the bce phase lie on intersecting lines whereas
the host—guest structures exhibit distinct ‘blobs’ of valence charge
density, as shown in Supplementary Fig. S3. The appearance of
interstitial electron blobs has been described as the formation of an
‘electride’ in which the interstitial electrons are the anions'>!*2»%,
The valence charge density of the higher-pressure simple hexagonal
phase also shows interstitial blobs (Supplementary Fig. S4). Taking
the peaks of the blobs as the anion positions and the Al ions as
the cations, simple hexagonal Al is equivalent to the magnesium
diboride (MgB,) structure, with layers of Al ions separated by
hexagonal-honeycomb layers of electrons.

We have studied the stability of host—guest structures in model
systems described by a simple pairwise potential depending on the
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Figure 2 | Host-guest structures. a, The Al16 host-guest structure pictured along the axis of the guest chains, as obtained from density functional theory
calculations. The guest atoms are at the centres of the octagonal rings. The red areas show the valence charge density above 65% of its maximum value.
b, A structure obtained from random structure searching with simple pairwise potentials describing the interactions between 16 ‘Al atoms (purple) and 28
‘electron’ blobs (white). €, The positions of the purple ‘Al ions from b, which gives a good approximation to the Ba-1V structure. d, The white ‘electron’

blobs from b, which give a good approximation to the Rb-1V structure.
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Figure 3 | Equation of state of Al. The volume-pressure relationship
calculated in this work and from the EoSs of Lomonosov*® and Holian'®.

distances between particles. The host—guest and simple hexagonal

structures could only be generated using two species of particle,
one describing the Al ions and the other describing the interstitial

626

electron blobs. This suggests that the description of them as
two-component electrides is appropriate. The All6 host—guest
structure has 12 host and four guest atoms, and by studying its
charge density we deduced that it has two electron blobs per host
atom and one per guest. We therefore carried out random structure
searches with 16 ‘Al’ atoms and 28 ‘electron’ blobs, adjusting the
potential to try to stabilize the All6 phase. We readily found
various potential parameters that stabilize the All6 structure in
some pressure range. These potentials generate a slightly distorted
bcc phase as the most stable structure at lower pressures than Al16
and a slightly distorted sh phase at higher pressures, suggesting
that they give a reasonable description of compressed Al and
providing further support for the two-component hypothesis. The
potentials have repulsive interactions between like species and
attractive interactions between unlike, as expected for charged
species. An example of such a potential is reported in the
Supplementary Information.

Two elemental incommensurate host—guest structures are in
fact known, the Ba-IV structure and the rubidium (Rb) IV
structure found in the alkali metals Rb, potassium and sodium
(Na) at high pressures'™®. We have discovered a remarkable
duality between these structures. Consider the representation of
a Ba-IV-like structure in terms of atoms and electron blobs.
Although the atomic positions accurately approximate the Ba-IV
incommensurate structure, the positions of the electron blobs
accurately approximate the Rb-IV structure, as illustrated in Fig. 2.
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The Ba-IV and Rb-IV structures are therefore related by reversing
the roles of the ions and electron blobs. The ratio of blobs to ions
is 7/4 in Al16 and very close to 4/7 for Na in the Rb-1V structure,
consistent with the fact that Al has more valence electrons than
Na and suggesting that the number of valence electrons is a crucial
parameter in determining the nature of the electride structures.

We have also found other stable electride structures at terapascal
pressures. We calculate that Mg transforms from fcc to simple
hexagonal at ~0.75 TPa, then to simple cubic at ~1 TPa, and then
to a structure of Pnma symmetry at ~30 TPa. The simple hexagonal,
simple cubic and Pnma structures are electrides, with simple
hexagonal corresponding to the MgB, structure, simple cubic to
the caesium chloride (CsCl) structure and Pnma to the iron boride
(FeB) structure. We have also found that an electride structure of
Na of Pnma symmetry with chains of interstitial charge is more
stable than the known hP4 electride phase** from about 10 TPa to
over 30 TPa. We have described the stability of the high-pressure
electride phases in terms of the influence of the atomic cores on the
valence electrons, Jones’s Fermi-surface mechanism, the adoption
of open structures to increase the occupied valence bandwidths,
and interstitial electron blobs. The generality of these ideas and our
results for Na, Mg and Al suggest that open structures should be very
common in sp-bonded materials at terapascal pressures.

Methods

Density functional theory calculations. The density functional theory calculations
were carried out with the casTEP plane-wave code?, ultrasoft pseudopotentials?’
and the Perdew—Burke—Ernzerhof generalized gradient approximation functional®.
It is very important to use carefully constructed and tested pseudopotentials at
multiterapascal pressures. We treated the 1s orbitals as core states whereas the
other 11 electrons per atom were treated explicitly. The pseudopotential contained
three non-local projectors for each of the s and p channels, and the d channel was
taken as the local pseudopotential. We found a pseudopotential core radius of
1.4 a.u. to be sufficient to give small numerical errors in the enthalpy differences
plotted in Fig. 1. For the searches we used a plane-wave basis-set cutoff of 500 eV
and a Brillouin-zone integration grid of spacing 27t x 0.07 A~". The structures were
further relaxed at a higher level of accuracy consisting of a basis-set cutoff of 700 eV
and a k-point grid spacing of 27t x 0.05 A~! to obtain the final results reported in
this paper. The phonon calculations were carried out with a cutoff of 700 eV, a
k-point grid spacing of 27t x 0.07 A~! and supercells containing 128 atoms (bcc)
and 256 atoms (Al16-I4/mcm).

Strategy for structure searching. We started searching with two-atom unit cells at
1, 2 and 3 TPa, finding bcc to be the lowest-enthalpy structure. When we increased
the pressure to 10 TPa we found the simple hexagonal structure to be the most
stable. We then returned to lower pressures to find where non-close-packed
structures first become stable. Various searches were carried out, the most extensive
being at 5 TPa with cells containing 2, 4 and 8-21 atoms. Particularly low-enthalpy
host—guest structures were found with 11, 16 and 21 atoms.
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