Manuscript version: Author’s Accepted Manuscript
The version presented in WRAP is the author’s accepted manuscript and may differ from the
published version or Version of Record.
Persistent WRAP URL:
http://wrap.warwick.ac.uk/138696
How to cite:
Please refer to published version for the most recent bibliographic citation information.
If a published version is known of, the repository item page linked to above, will contain
details on accessing it.
Copyright and reuse:
The Warwick Research Archive Portal (WRAP) makes this work by researchers of the
University of Warwick available open access under the following conditions.
Copyright © and all moral rights to the version of the paper presented here belong to the
individual author(s) and/or other copyright owners. To the extent reasonable and
practicable the material made available in WRAP has been checked for eligibility before
being made available.
Copies of full items can be used for personal research or study, educational, or not-for-profit
purposes without prior permission or charge. Provided that the authors, title and full
bibliographic details are credited, a hyperlink and/or URL is given for the original metadata
page and the content is not changed in any way.
Publisher’s statement:
Please refer to the repository item page, publisher’s statement section, for further
information.
For more information, please contact the WRAP Team at: wrap@warwick.ac.uk.

warwick.ac.uk/lib-publications

Pressure-temperature phase diagram of lithium,
predicted by embedded atom model potentials
Jordan Dorrell† and Livia B. Pártay∗,‡
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Abstract
In order to study the performance of interatomic potentials and their reliability
at higher pressures, the phase diagram of two different embedded-atom type potential
models (EAM) and a modified embedded-atom model (MEAM) of lithium is compared.
The calculations were performed by using the nested sampling technique in the pressure
range 0.01 − 20 GPa, in order to determine the liquid-vapour critical point, the melting
curve and the different stable solid phases of the compared models. The low pressure
stable structure below melting is found to be the body-centred-cubic (bcc) structure
in all cases, but the higher pressure phases and the ground state structures show a
great variation, being face-centred cubic (fcc), hexagonal close-packed (hcp), a range
of different close packed stacking variants, and highly symmetric open structures are
observed as well. A notable behaviour of the EAM model of Nichol and Ackland (PRB
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2016) is observed, that the model displays a maximum temperature in the melting line,
similarly to experimental results.

Introduction
Lithium, the third element of the periodic table, has been in the focus of research interest
for many decades. It is widely used as one of the most important alloying compounds of
aluminium and magnesium, it is a crucial component of batteries and electrodes, due to its
large thermal conductivity and low viscosity, it is increasingly used as an effective coolant for
nuclear reactors, 1,2 and it has also been proposed that liquid lithium could be implemented
to shield plasma-facing components inside fusion reactors. 3,4
In order to fully exploit the properties of Li both in engineering and in materials science applications, it is crucial to perceive its phase behaviour and the complex features of
its phase diagram, several of which are not fully understood yet: the unusual trend of the
melting line 5–10 which shows a maximum of 519 K at 10.3 GPa, 8 the lowest known melting
point among elements at very high pressures (190 K around 50 GPa), 11 the predicted superconducting phase, 12–14 and the occurrence of exotic high pressure structures previously not
seen in any other element, as suggested both by experimental observations 11 and ab initio
random structure search calculations. 15,16
Computational modelling techniques are now routinely used to augment experimental
efforts in studying phase behaviour and predicting e.g. high-pressure materials properties,
and providing an atomic level insight into physical processes. In the heart of these computations lies the potential model describing the atomic interactions. In order to compromise
between accuracy and computational cost, in most large-scale and long-time simulations,
empirical or semi-empirical descriptors are used. For lithium, similarly to most metals in the
periodic table, several such interatomic potential models have been developed in the past
decade within the Embedded Atom Method (EAM) framework. There are models developed
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within the original EAM, 17–20 the modified EAM (MEAM) 21,22 which also includes an angular dependent term to make it more applicable for materials with directional bonding, and
the 2NN-MEAM framework, 23–25 which also accounts for the interactions with the second
nearest neighbour shell.
These potential models are usually determined by fitting a proposed functional form
to a group of available data (e.g. bulk modulus, pair correlation functions or atomisation
energy) which may be obtained from either experimental measurements or first-principles
calculations. Although the models are then expected to reproduce these microscopic properties accurately, the calculated macroscopic properties, such as the melting transition or the
relative stability of crystal polymorphs can vary widely, especially under conditions further
away from the original fitting region, sometimes showing fundamental difference from experimentally observed behaviour. However, since the calculation of the phase diagram requires
the laborious application of a range of different tools and techniques, our knowledge on how
the different interatomic potential models behave macroscopically is often very limited. This
lack of information on the phase diagram not only makes it difficult to choose which model
is the most reliable to study certain processes, but can also seriously hinder our ability to
interpret and trust computational predictions made by these models.
In the current work we show how the nested sampling technique can be used to overcome
the computational bottleneck, and calculate the phase diagram of potential models in a
straightforward way. We perform calculations using three different lithium EAM-type models
and compare their resulting phase diagrams, discussing features including the critical point,
the melting line and predicted solid phases.
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Methods and models
Nested sampling calculations
Nested sampling (NS) is a Bayesian inference method, 26 that has been adapted to sample
the potential energy landscape of atomistic systems, 27,28 calculate the quantum partition
function, 29 and also to sample transition paths. 30
Nested sampling is an iterative technique that comprehensively samples the potential
energy surface (PES) through a series of nested enthalpy levels, starting from the high
enthalpy region, representing the high-temperature gas phase and going towards the global
minimum, which corresponds to the stable crystal structure at 0 K. The simulation is started
by initialising a pool of K uniformly random configurations, usually referred to as walkers. At
every iteration of the algorithm, the walker with the highest enthalpy (Hi ) is recorded, with
its corresponding phase space volume estimated as [K/(K +1)]i . 26 This configuration is then
removed from the set of K walkers and substituted by a new uniformly random configuration
with the constraint that its enthalpy must be lower than the current Hi . As the phase space
volume shrinks rapidly with decreasing enthalpy, randomly generating new configurations
quickly becomes computationally impractical. Thus, instead, one of the existing walkers
are randomly selected and cloned, and a random walk of L steps (changing the atomic
coordinates, volume and shape of the simulation cell) is performed on the clone to generate
a new sample. As the simulation progresses, lower enthalpy levels are explored until the
global minimum (or a low enough enthalpy level) is reached. The partition function can be
evaluated by substituting an arbitrary temperature, T , in

∆(N, p, T ) ∝

Xh

i Hi
−
[K/(K + 1)]i−1 − [K/(K + 1)]i e kB T ,

(1)

i

where N is the number of particles, p is the pressure, and kB is the Boltzmann constant. A
detailed derivation of this equation can be found in Ref. 31
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The power of the method lies in its unique ability to enable the calculation of the partition
function, and thus to derive thermodynamic properties from the sampling. NS has been
shown to sample regions of the phase space around phase transitions most efficiently, 27
without any prior knowledge of the phases or minima structures. Moreover, since NS is a
’top-down’ approach, it is not specific to a particular region of the phase diagram, and it
is capable of screening phase transitions of a system in an automated way. Its usage in
calculating the pressure-temperature phase diagram has been demonstrated for aluminium
and the NiTi shape-memory alloy, 32 iron, 33 and different model systems. 31,34
In the current work, nested sampling calculations were performed as described in Ref., 31
using the pymatnest program package. 35 Each simulation was performed at a constant pressure with using 64 atoms in a simulation cell of variable shape and size. Initial configurations
were generated randomly, and new samples were generated by performing Hamiltonian Monte
Carlo (all-atom) moves, 31 and changing the volume and the shape of the cell by shear and
stretch moves with a ratio of 1:2:2:2, respectively. The LAMMPS 36 package was used for
the dynamics and evaluating the energy of configurations. The number of walkers and the
length of the walk was chosen such that the position of the resulting heat capacity peak
in independent parallel calculations differed by less than the half-width at full maximum of
the peak. This meant that at lower pressures the number of walkers were typically around
1000 − 1200, while above 10 GPa it was necessary to use 2600 − 3000 walkers to sample the
different basins accurately. We used 1200 − 2500 random walk steps per iteration to generate
new walker configurations.

Studied potential models for lithium
Six of the Li interatomic models known to us have been systematically compared by Vella
et al., 37 using molecular dynamics simulations to calculate the liquid density, surface tension and liquid-bcc transition temperature. Their work concluded, that the MEAM model
proposed by Cui et al., 23 which also includes second nearest neighbour interactions, show
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an overall best agreement with experimental data. In the current work we provide comparison for further two models developed since their study, with placing more focus on phase
transitions, including the solid region of the phase diagram, and in a much wider pressure
range.
Nichol and Ackland 18 developed a series of EAM potentials to model alkali metals using
minimum fitting parameters. They used the bcc lattice parameter, elastic constants, cohesive
energy, unrelaxed vacancy formation energy, and fcc energy per atom above the bcc value,
with the main aim to ensure comparability between group I metals. As a result, though
the series of their potentials perform well, the largest discrepancy to experimental data is
observed for lithium, with the melting temperature overestimated considerably. In case of
Na and Li there is also a martensitic transition observed, to a complex close-packed structure
at low temperature. We refer to their Li model as the Nichol-Ackland EAM in our work.
In 2017 Ko and Jeon published a potential model on the basis of the second nearestneighbour modified EAM formalism. Instead of using specific microscopic properties for
fitting the potential parameters, they utilised the force-matching algorithm by building a
DFT database of atomic forces and energies for perfect and defected bcc, fcc and hcp structures both at 0 K and at finite temperature. 25 This model reproduces low pressure melting
temperatures remarkably well, and also known to predict a martensitic phase transition to
disordered polytype structures at very low temperatures. We refer to this model as the
Ko-Jeon 2NN-MEAM throughout the paper.
Since we aim to investigate macroscopic properties at higher pressures as well, we decided
to also include the EAM model of Belashchenko 20 in our study. This is a modification of
a previous potential, 19 which originally used experimental density (both solid and liquid),
elastic constants, vacancy formation energy and surface properties in fitting the model parameters, with high-pressure properties (thermal energy and thermal pressure of collective
electrons) also taken into account in the modified version. It is expected that the model reproduces thermodynamic properties sufficiently up to 15-20 GPa. 20 However, the published
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model is not smooth around the cutoff, and the energy value is positive at the proposed
truncation distance of 7.5 Å. To overcome technical difficulties caused by this discontinuity,
we extended the model by adding a spline which smoothly brings the potential functions to
zero in a further 0.2 Å distance. Our tests show that this modification does not effect the
liquid density, the low-pressure melting transition, nor the 0 K transition pressure between
the bcc and fcc phases. This model is referred to as Belashchenko2013 EAM in this work.

Results
Liquid-vapour critical point
The liquid-vapour critical point of most metals are not accessible to conventional experimental study (exceptions are Hg, K, Cs and Rb), 38 due to the extreme high critical temperatures,
though the knowledge of critical properties is important both from the theoretical and applications point of view. Thus, critical properties are usually estimated based upon empirical
relationships between the critical temperature and other measured thermodynamic properties. In case of lithium, the range of estimated critical temperatures are Tc = 3223 K ±
600, 39 Tc = 3474 K 40 and Tc = 3600 K, 41 while the estimated critical pressure spans a wider
range with values from pc = 0.069 GPa ± 20% 39 to pc = 0.027 GPa. 41
To locate the critical point in the nested sampling calculations, we draw on the results
of Bruce and Wilding: 42 for a finite system at and below the critical point, the density
distribution appears as a bimodal distribution (at the temperature corresponding to the
maximum of the heat capacity peak), while above the critical point, the density distribution
transitions quickly to a unimodal distribution. We used this argument to estimate the
critical pressure to be between the two adjacent sampling pressures where the modality of
the distribution changes – we had demonstrated that results provided by this approach are in
very good agreement with those calculated by the Gibbs ensemble Monte Carlo technique. 32
The corresponding critical density and temperature was determined as the point where the
7

gradient of the temperature-density curve is closest to zero. These curves are shown in
Figure 1 for the low-pressure nested sampling runs, along with the estimated critical points
for the different potential models. The calculated critical temperatures vary widely among
the models, the Belashchenko2013 EAM overestimates it by about as much as the other two
studied models underestimate it, and the calculated critical pressures are all on the lower
end of range of the experimentally predicted values.
It is obvious from Fig. 1, that the density profile of the Belashchenko2013 EAM model
is rather different from the other two potentials. Experimental liquid density 43 is compared to the density reproduced by the models in the inset of Fig. 1 for the temperature range 500-1300 K, and all three models perform reasonably well in this respect. The
Ko-Jeon 2NN-MEAM consistently overestimates the density, but only by 2.7%, while the
density-temperature line of the Nichol-Ackland EAM has a slightly different slope. The
Belashchenko2013 EAM model shows an overall good agreement with experimental liquid
densities, as was also shown by the comparative study of Vella et al. 37
Table 1: Calculated and experimental values for critical temperature (Tc ), critical pressure
(pc ), critical density (ρc )
Property

Tc / K
pc / GPa
ρc / gcm−3

Exp. 39

3223
0.069
0.1045

Belashchenko
2013
EAM
4020
0.015
0.095

Nichol-Ackland
EAM
2330
0.015
0.16

Ko-Jeon
2NN-MEAM
2900
0.032
0.155

Melting and solid phases
We used primarily the peak positions of heat capacity curves to locate phase transitions. To
aid the identification of the solid structures and help clarify the low temperature solid-solid
phase transitions – in which case the peaks are often very small due to the small enthalpy difference between different crystalline structures – we also calculated the Steinhardt bond order
parameters 44 and radial distribution functions. These enable us to identify and distinguish
8

different structures generated during the nested sampling calculation. This information can
also be used to group the configurations and assign them to different basins of the PES. This
allows us to calculate the contribution of each basin to the total partition function, 28 and
thus determine which structure is most populated at a given temperature. The ground state
structures were determined by minimising all candidate structures found by the sampling at
a series of pressure values, and comparing the minimum enthalpy values.
We have to note, that since the calculations used 64 atoms, we can expect that the finite
size effect is not negligible. Our previous systematic studies have shown that using 64 atoms
causes the melting temperature to be overestimated, depending on the employed potential
model, by approximately 6 − 10%, 32 thus, in the current case of lithium, our 64-atom nested
sampling calculations will result a melting point 30 − 70 K higher. Meanwhile, solid-solid
transitions were found to have a significantly weaker dependence on the system size, if a
difference could be observed at all. For clarity, we present the melting transition values
in the paper as calculated with using 64 atoms, without any corrections, with error bars
calculated from the full width at half maximum of the heat capacity peaks, which is a good
indicator of the finite size effect. As the comparisons to published coexistence simulation
results show, the melting temperature predicted by nested sampling differs by about the
above expected amount.
In case of all three studied models we have identified different close-packed structures:
the face centred cubic (fcc) and other polytype stacking sequences. We denote these with
their shortest repeating sequence, where ‘h’ stands for the layer which is sandwiched by
neighbouring layers being in the same stacking positions (‘hexagonal’, such as in the hcp
crystal ABA sequence), and ‘c’ stands for the layer where its neighbours are in different
stacking positions (‘cubic’, such as in the fcc crystal ABC sequence).
It has to be noted that experimental measurements had suggested a martensitic phase
transition to such a close-packed polytype structure at very low temperatures. 45 The suggested 9R phase (which is equivalent to ‘hhc’ stacking in the above notation) has since
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been questioned 46 and proven to be unstable, 47 with calculations showing that the direct
transition between the fcc and 9R phase is forbidden. 48,49

Belashchenko2013 EAM
The calculated pressure-temperature phase diagram of the Belashchenko2013 model is shown
in Figure 2. The model shows the melting temperature to be increasing with pressure, overestimating the experimental melting point along the entire studied pressure range. At lower
pressures, the body-centred-cubic (bcc) structure is the most stable phase, at all temperatures below the melting point. No other basins are explored by the sampling, suggesting
that the thermodynamic contribution of other phases is negligible. Above 1.38 GPa the
fcc phase becomes the ground state structure, and as the pressure is increased further, the
bond order parameters suggest the appearance of a phase with fcc and hcp local environments mixed in equal ratio. Figure 3 illustrates this, showing the average Q4 and W4 order
parameters of the configurations generated during the nested sampling calculation, at two
different pressure values, demonstrating that multiple basins are sampled simultaneously.
With inspecting configurations, this is identified as a ‘hc’ phase (sometimes also referred to
as double hexagonal-close-packed), in all nested sampling calculations in the pressure range
10 − 15 GPa. Calculating the partition function ratio of the competing phases reveals, that
while the ‘hc’ phase is the global minimum, the contribution of the fcc phase is substantial,
with the hcp phase appearing as well above 15 GPa, though it stays metastable under all
conditions. Interestingly, as the pressure is increased further, the fcc becomes the most stable
structure again.

Nichol-Ackland EAM
The Nichol-Ackland EAM is known to overestimate the melting point considerably, 18 compared to the other models studied here. The NS calculations agree with this, estimating
the melting point to be 695 K at 0.1 GPa. However, while the predictions made in Ref 18
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by the Clausius-Clapeyron equation predicts a steadily increasing melting temperature with
increasing pressure, the melting line calculated from the nested sampling results quickly diverge from this. We found the melting temperature to increase up to 2 GPa, where this trend
turns, and the melting temperature starts to decreases, quite dramatically, until it reaches
450 K at 10 GPa, as it can be seen on the phase diagram, in Figure 6. As expected, in the
range where the gradient of the melting line is negative, a decrease in density upon freezing
can be observed: at 5 GPa the density decreases by less than 3% at the phase transition,
while at 10 GPa the change is much more significant, 11%.
Above this pressure the melting point fluctuates between 400-450 K. To verify our nested
sampling findings, we performed two-phase coexistence simulations using the LAMMPS
package 36 with 2590 atoms at 15 GPa. These simulations resulted in the melting temperature to be estimated at 420 K.
Figure 4 shows the heat capacity curves for the Nichol-Ackland EAM model. As the
pressure increases, not just the peak position, but the shape of the curve changes significantly
too, to much sharper and taller.
Up to 5 GPa the Nichol-Ackland EAM model also predicts the bcc phase to be the most
stable right below the melting point. However, at lower temperatures the picture becomes
more complicated. As small peaks on the heat capacity curves indicate, there are solid-solid
phase transition from the bcc phase, to a range of different ground-state structures according
to the structural analysis. Below 0.3 GPa the low-temperature structure is a distorted
bcc phase, where the cube formed by the eight nearest neighbours is elongated along the
diagonal of one of the faces, forming a deltoid-based prism. In the periodic structure these
prisms are arranged in an alternating orientation. This structure is denoted as bcc* on
the phase diagram, and its characteristic neighbour distances are shown in Figure 5(a). As
the pressure increases, another structure emerges as the ground state. This is very close to
being close-packed, but at low temperature a very small but consistent neighbour distance
difference becomes apparent, thus a layered structure, shown in Figure 5(b) as CP*, emerges.
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These layers are formed by jagged sheets of atoms in rectangular arrangement, with the
zig-zag motives being the alternative of polytype stackings in the close-packed structure.
We performed both 64 and 60 atoms simulations to explore if a particular motive is more
favourable than the others, but found that most stackings which can be accommodated in
the cell are generated during the sampling.
Above 3.2 GPa these structures become properly close-packed, and as previously, NS
finds a range of different stacking variants, all which has the same ground state enthalpies.
At 5 GPa, fcc, hcp, hhcc and hc polytypes are all sampled with approximately equal probability within the same calculations, while at 10 GPa hhcc and hc stackings are found more
frequently.
In the pressure range of 10.3 − 15.9 GPa, an open structure emerges as the most stable
phase, where atoms are layered in jagged sheets of rectangular arrangement. These sheets
are shifted with respect to each other, with every second layer being in the same lateral
position, as shown in Figure 5(c). This structure has Cmcm symmetry with four atoms in
the unit cell, and has a 22% higher density than the close packed phase.
As the pressures increases above 15.9 GPa, the zigzag sheets flatten out and become parallel, with atoms being in a perfect square arrangement within each layer. This structure has
I4/mmm symmetry, a body-centred-tetragonal structure, having a further 21% increase in
the density. The structure is shown in Figure 5(d) along characteristic atom-atom distances.
To test whether these structures can potentially be stable experimentally, they were all
minimised using density-functional theory at pressures 0, 5 and 20 GPa. DFT calculations
were performed with the CASTEP package, 51,52 with the PBE functional using a cutoff
energy of 700 eV 53 and a k-point spacing 54 of 0.015 Å−1 . The I4/mmm structure was transformed to fcc, while the CP* structures all minimised into the corresponding close packed
stacking variants. The Cmcm structure was found to be stable, but having significantly
higher energy than the fcc configuration. Though these exotic phases did not prove to be
relevant in the experimental phase diagram, nor identical to the unique solid structures
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lithium is known to stabilise in (cI16 and oC88) 11 at high pressures, it is remarkable that
the Nichol-Ackland EAM model forms a variety of stacking variants at low pressure, and
non close-packed crystals upon the drop in the melting temperature, a feature not seen in
the other models, but observed experimentally.

Ko-Jeon 2NN-MEAM
The Ko-Jeon 2NN-MEAM model is known to reproduce the low pressure melting line very
accurately, 25 and the NS results are also aligned with this. Below the melting transition
an additional peak appears on the heat capacity curves, suggesting the presence of a solidsolid phase transition at lower temperatures. Calculating the bond order parameters reveals,
that the bcc phase formed upon freezing transforms to fcc at around 100 K. Though the
corresponding heat capacity peak almost diminishes as the pressure increases, the bcc-fcc
transition remains obvious, moreover, above 8 GPa, an additional phase can be clearly
distinguished from the Q4 and W4 order parameter plots: a phase with 1:1 ratio of fcc
and hcp neighbourhoods, as seen in case of the 10 GPa simulation in Figure 7. Inspecting
configurations show that this is exclusively realised as the hhcc phase, i.e. two layers of hcp
and two layers of fcc alternating.
In order to check that the 64 atom cell does not restrict our calculations to only a certain
group of polytypes, a simulation with 60 atoms was performed at 12 GPa. This resulted
in phase transitions at the same temperatures as the 64-atom calculations, and although a
small number of other stacking variants (hc and hcchc) were generated, the large majority
of the structures still had the hhcc stacking arrangement between 100-200 K.

Conclusions
We have used the nested sampling technique to calculate the pressure-temperature phase
diagram of three interatomic potential models of lithium, and compare their behaviour.
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In the three models different microscopic properties were taken into account, and different
procedures were used in fitting the functional forms of the potential. Low pressure-low
temperature bcc and fcc structures were included in some form in all three of them, thus
the ground state structure and potentially the transitions between low pressure solid phases
can be expected to be close to experimental findings. Indeed, our calculations found that all
models crystallise into the bcc structure upon freezing, at least at the lower pressure range,
but the ground state structure varied between being bcc, fcc or a complex distorted stacking
variant of these. While the Nichol-Ackland and the Belashchenko2013 models both have
at least a bcc–close-packed transition with a phase boundary comparable to experimental
results, the Ko-Jeon 2NN-MEAM shows even less resemblance to the experimental phase
diagram, which is surprising given that an extensive database of DFT forces and energies
were included during the fitting, also at finite temperature.
The high-pressure behaviour of the models varied even more widely. We observed different
close-packed stacking phases in all cases, and for the Nichol-Ackland model several additional
highly symmetric open structures were found to be stable too. Even though these structures
are not necessarily relevant in terms of the experimental phase diagram of lithium, it strongly
demonstrates that the macroscopic properties of interatomic potential models can be very
different from what is expected; the discovered open structures would have been very unlikely
to be considered as candidate structures in e.g. classic free energy or coexistence calculations.
Overall, our results suggest that none of the models can be used reliably to study high
pressure properties of lithium.
The low-pressure melting point predicted by the nested sampling agrees well with the
available literature values for the different models, but it is also clear that simply extrapolating values at higher pressures can be misleading. The discovered negative gradient of the
melting-line in case of the Nichol-Ackland EAM demonstrates this. The melting lines show
good agreement with experimental results for the Belashchenko2013 and Ko-Jeon models,
with the largest discrepancy seen in case of the Nichol-Ackland EAM, the only one not in-
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cluding finite temperature properties in the potential fitting. However, this model shows the
unusual feature of the lithium properties, a maximum in the melting line.
Our comparisons showed that the studied models all underestimate the critical pressure,
but given that none of the models include any gas-phase, single-atom or cluster properties
during fitting, it is remarkable that they all predict critical properties in the right order of
magnitude.
We can conclude that the way the fitting parameters affect the macroscopic behavior is
complex, simply considering the choice of microscopic properties does not provide the full
picture. These findings not only emphasise the importance of unbiased sampling methods
in mapping out the phase diagram of interatomic potential models, but also illustrate that
our general understanding of their macroscopic behaviour needs to be improved and further
systematic investigations are necessary.
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Figure 1: Estimate of critical point for the studied models. Black star represent the critical point estimated from nested sampling, density-temperature curves below and above the
critical pressure are shown by solid and dashed lines, respectively. Open circle shows experimentally predicted critical values, 39 black crosses show experimental liquid densities. 43
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Figure 2: Phase diagram of the Belashchenko2013 EAM model. Experimental melting lines
and the bcc-fcc phase boundary, shown by black lines, are from. 6–8,11,50 Black asterisks are
melting points determined by 2-phase coexistence simulations, from Ref. 37
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Figure 3: Basins explored with the Belashchenko2013 EAM model during the nested sampling. Upper two panels show the average Q4 bond order parameter as a function of temperature of configurations generated during nested sampling at (a) 10 GPa and (b) 15 GPa.
Each dot corresponds to a single configuration and is coloured according to the average W4
bond order parameter. Typical order parameter values for the hcp and fcc structures are
shown by black arrows. Phase transition temperatures are shown by vertical dotted lines. (c)
Partition function ratio of the fcc (solid lines) and hcp (dashed lines) structures at different
pressure values. Asterisks indicate the phase transition points also shown in panel (a) and
(b).
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Figure 5: Non-close packed solid structures found by nested sampling calculations performed
with the Nichol-Ackland EAM model. (a) Distorted bcc structure: bonds with the same
colour have the same length (b) CP* structure (seen above 0.3 GPa) (c) Cmcm (seen above
10.3 GPa)and (d) I4/mmm (seen above 15.9 GPa) phases found by nested sampling . Neighbour distances and distance between layers of the same stacking positions are shown by black
and red labels, respectively.
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