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SUPPLEMENTARY FIGURE 1

FIG. S1. Phase diagram and spontaneous crystallisation temperature with four different parameterisations

of the neuroevolution machine learning potential (NEP type 3) trained on the LDA data set.
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SUPPLEMENTARY FIGURE 2

FIG. S2. Comparison between the phase diagrams and spontaneous crystallisation temperatures obtained

using neuroevolution potentials trained on DFT datasets using the local density approximation1 (LDA, left

panel) and the OptB88-vdW functional2,3 (right panel). Error bars for the graphite-liquid and diamond-

liquid coexistence lines are computed as the difference between the lowest temperature at which the crys-

talline phase melts and the highest temperature at which it grows.
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SUPPLEMENTARY FIGURE 3
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FIG. S3. Equation of state of liquid carbon at 5000 K (filled symbols) and 7000 K (empty symbols)

computed with NEP@LDA and NEP@OptB88-vdW. Experimental measurements from Kondratyev and

Rakhel4 at 7000 K and up to 2 GPa are reported for reference. The differences between NEP@LDA and

NEP@OptB88-vdW reflect the differences in the equation of state of liquid carbon computed by DFT using

LDA and GGA functionals.5 Data points at 15 and 15.5 GPa for NEP@LDA and at 19 and 20 GPa for

NEP@OptB88-vdW show that there is no density discontinuity at the pressures at which the system transi-

tions between crystallizing into graphite and diamond.
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SUPPLEMENTARY FIGURE 4

FIG. S4. Radial distribution functions and their volume integral of liquid carbon at 5000 K at different

pressures modeled with NEP@LDA (a) and NEP@OptB88-vdW (b) potentials. The two models yield

similar features, indicating gradual structural changes as a function of pressure. The intensity of the first

peak indicates that NEP@OptB88-vdW liquid models are more structured than NEP@LDA models at the

same pressure.
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SUPPLEMENTARY FIGURE 5
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FIG. S5. Statistics of the local coordination (number of nearest neighbors within a 1.85 Å cutoff) in liquid

carbon at 5000 K computed with NEP@LDA (circles) and NEP@OptB88-vdW (triangles). The number of

4-fold carbons increases linearly with pressure but does not exceed that of 3-fold carbons over the whole

pressure range explored. The structural differences between the two liquids would be reduced to within

statistical uncertainties by shifting the NEP@LDA data by a 6 GPa pressure offset. The data points at 15

and 15.5 GPa for NEP@LDA and 19 and 20 GPa for NEP@OptB88-vdW show that there is no structural

discontinuity at the tipping pressure of diamond crystallisation.
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SUPPLEMENTARY FIGURE 6

FIG. S6. Total energy in a MD simulation of liquid carbon at 4500 K. The left panel shows a 100 ps

equilibration run (NVT) followed by 100 ps in the microcanonical ensemble (NVE). The right panel zooms

in on the numerical fluctuations of the total energy in the NVE run.
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SUPPLEMENTARY FIGURE 7

FIG. S7. (a, b) Two-phase liquid-solid simulation cells used to calculate the graphite and the diamond melt-

ing lines. The graphite-liquid simulation box was constructed by joining a supercell of graphite with a cell of

liquid carbon equilibrated at 5000 K at the (100) plane. The same procedure was adopted for the diamond-

liquid system. Both models contain ∼ 10,000 atoms. (c) Potential energy during two-phase simulations

of graphite crystallisation (T=4700 K) and melting (T=4750 K) at 10 GPa with the NEP@OptB88-vdW

model. The melting point is between the two temperatures.
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SUPPLEMENTARY FIGURE 8

FIG. S8. Distribution of local bond-order parameter (a) q3 and (b) q6 for diamond, graphite, and liquid

carbon at 4000 K and 15 GPa, computed according to the definitions given in Ref. 6.
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SUPPLEMENTARY TABLE 1

TABLE I. Structural and elastic properties of graphite and diamond. The elastic constants of diamond were

measured by resonant-ultrasound spectroscopy and those of graphite by inelastic X-ray scattering.7,8

Diamond NEP LDA9 Experiments7

a (Å) 3.54 3.55 3.61

ωLO (THz) 39.1 x 39.9

C11 (GPa) 1116 1106 1079

C12 (GPa) 144 149 127

C44 (GPa) 594 593 578

Graphite NEP LDA10 Experiments8

a (Å) 2.44 2.44 2.46

c (Å) 6.60 6.63 6.71

ωLO (THz) 42.8 47.7 47.4

C11 (GPa) 1128 1118 1109

C12 (GPa) 179 235 139

C33 (GPa) 36.0 29.5 38.7

C44 (GPa) 7.04 4.5 4.95
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SUPPLEMENTARY TABLE 2

TABLE II. Hyperparameters for training the NEP@LDA and NEP@OptB88 models, all using full batch.

Hyperparameter NEP-LDA-0 NEP-LDA-1 NEP-LDA-2 NEP-LDA-3 NEP-OptB88vdW

(Fan et al.11) (This work) (This work) (This work) (This work)

NEP version 3 3 3 3 4

rR
c (Å) 4.2 4.2 4.2 5 8

rA
c (Å) 3.7 3.7 3.7 4 4

nR
max 10 10 12 12 12

nA
max 8 8 8 8 8

NR
bas 10 10 16 16 16

NA
bas 8 8 12 12 12

l3body
max 4 4 4 4 4

l4body
max 2 2 2 2 2

l5body
max 1 1 1 1 1

λ1 0.05 0.05 0.05 0.05 0.0

λ2 0.05 0.05 0.05 0.05 0.0850823

λe 1 1 1 1 1

λf 1 1 1 1 1

λv 0.1 0.1 0.1 0.1 0.1

Nneu 100 100 100 100 100

Population 50 50 50 50 100

Generation 250000 2000000 2000000 2000000 2000000
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SUPPLEMENTARY NOTE 1

Hyperparameters for training the NEP@LDA model.

The relevant hyperparameters for the NEP@LDA model (NEP-LDA-0), as specified in the

nep.in input file, are given below.

type 1 C

version 3

cutoff 4.2 3.7

n_max 10 8

basis_size 10 8

l_max 4 2 1

neuron 100

lambda_1 0.05

lambda_2 0.05

lambda_e 1.0

lambda_f 1.0

lambda_v 0.1

batch 100000

population 50

generation 250000

Hyperparameters for training the NEP@OptB88 (NEP-OptB88vdW) model.

The relevant hyperparameters for the NEP@OptB88 model, as specified in the nep.in input

file, are given below.

type 1 C

version 4

cutoff 8 4

n_max 12 8

basis_size 16 12

l_max 4 2 1

neuron 100

lambda_1 0.0
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lambda_e 1.0

lambda_v 0.1

batch 8000

population 100

generation 2000000
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