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1 DATABASE

1 Database

In Table [S1| we report on the number of configurations for each compound/alloy in
the database, the cell size, the Root Mean Square Error (RMSE) on energy and
forces for both the training and test datasets. Similarly, in Table [52| we report on the
same information for the transferability test set on compositions not included in the
training database. Moreover, in Fig. [STh-b we report on the cumulative fraction of
the absolute errors of the NN potential in training and test data sets of GST523 on
the energies per atom and forces, while in Fig. we report on the distribution of
the absolute error as a function of DFT energy. The training database conists of
about 470,000 configurations of small cells in the amorphous and liquid phases and in
the crystalline phases only for the elemental and stoichiometric compounds. The
database for GST523 also include configurations of Ge-GeSbTe interfaces generated
by metadynamics simulations designed to accelerate the segregation of Ge in GGST
alloys (see article).

Composition Number of configurations cell size (atoms) RMSE on energy Training/Test (meV/atom) RMSE on Forces Training/Test (eV/A)

Ge 39132 64-144 6.6 (6.6) 0.143 (0.141)
Sh 19011 54-72 6.0 (5.9) 0.124 (0.123)
Te 17354 64-162 13.3 (12.2) 0.200 (0.189)
GeSh 21005 64-72 5.6 (5.5) 0.132 (0.131)
Gey5Sbss 10042 64 6.1 (5.9) 0.128 (0.128)
GeTe 42900 96-108 7.8 (8.0) 0.141 (0.142)
Ge,Te 51300 100 82 (8.2) 0.152 (0. 152)
ShyTe 8819 7281 5.9 (5.9) 0.161 (0.159)
ShyTey 9649 60-135 11.4 (11.5) 0.186 (0. 188)
GeShy Tey 7048 56 5.7 (5.9) 0.141 (0.141)
GeyShyTes 183654 98-216 8.8 (9.2) 0.155 (0.156)
GesShyTey 47315 150 4.0 (4.0) 0.142 (0.142)
SL 11700 68-76 22 (2.2) 0.084 (0.084)

Table S1: Number of configurations included in the database for each composition, cell

size and the average RMSE on energy and forces for training (test) subset. SL refer
to superlattices of crystalline: GeTe-GST225, ShyTes-GST225 and GST326-GST124.

Composition Number of configurations cell size (atoms) RMSE on energy Test (meV/atom) RMSE on Forces Test (V/A)
GeSbgTe 5010 100 7.9 0.139
Ge3SbyTes 5010 100 6.6 0.145
GeyShyTey 5010 100 11.0 0.149
GesShzTey 5010 100 6.0 0.143
GesShyTey 5010 100 12.0 0.144
Ger.4Sby 3Tey 3 5010 100 8.2 0.141
GeyTe interfaces 800 300 8.83 0.143
GesTe 2000 300 13.5 0.146
GeyTe 2000 300 10 0.137

Table S2: Number of configurations in the transferability data set for each composition,
cell size and the average RMSE on energy and forces for test datasets. The
configurations refer to the liquid and amorphous phases for all compositions. Ge,Te
interfaces refer to configurations of the interface between GeyTe and Ge taken from
Ref. [1].
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Figure S1: Cumulative fraction of the absolute errors of the NN potential in training
and test data sets of GST523 (a) the energies per atom (AE=|Eppr-Eny]|) and (b)
forces (AF=|Fppr-Fyn|). ¢) The distribution of the absolute error as a function of
DF'T energy.

2 Validation of the potential

Hereafter, we report the validation of the NN potential on structural, dynamical and
thermodynamical properties of GeSbTe alloys. To study the liquid phase, we first
prepared a model equilibrated at 2000 K for 20 ps for each alloy. Then, the models
were quenched in 20 ps down to a target temperature (Tyqrger) in 30 ps and finally
the models were equilibrated at the Tyg4e: for 50 ps before evaluating the average
properties. Tipget, in the range 1200-990 K, was chosen for each alloy to be higher
than the melting temperature.

2.1 G625b2T65

The structural properties of the liquid GeySbhyTe; (GST225) at the experimental
density of the amorphous phase (0.0309 atoms,/A?)[2] obtained from Neural Network
molecular dynamics (NN-MD) simulation with a 999-atom model at 990 K are
compared with those obtained from DFT-MD simulation with a 216-atom model
from Ref. [3] at the same density (see Fig. [S2)). The structural properties were
averaged over trajectories 50 ps long. The pair correlation functions, the bond angles
distribution function and the distribution of coordination numbers are compared with
DFT results in Fig. [S2] The position of the first maximum and minimum of each
partial correlation function are given in Table [S3] We also validated the NN potential
over the dynamical properties of the liquid /supercooled phase down to 650 K, by
comparing the self diffusion coefficient (D) from NN-MD simulation with DFT results
from Ref. [4] (See Fig.[S2{d). Then we validated the NN potential on the structural
properties of the amorphous phase at the same density. The 999-atom liquid model
was quenched from the melt at 990 K to 300 K in 100 ps, and equilibrated at 300 K
for 40 ps. Structural properties were averaged over a subsequent run 50 ps long. In
Fig. [S3] structural properties from NN-MD are compared with those obtained from
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amorphous model generated with DFT-MD simulation in Ref. [3] with a similar
protocol. The pair correlation functions, the bond angle distribution function,
the distribution of coordination numbers and the distribution of the local order
parameter ¢ for tetrahedricity for four-coordinated Ge atom are compared to DF'T
results in Fig. The position of the first maximum and minimum of each partial
correlation function are given in Table [S4], while the average coordination number for
different pairs of atoms are given in Table [S5] In the amorphous phase of GST225,
four-coordinated Ge atoms are in defective octahedral geometry and in tetrahedral
configurations. The fraction of Ge atoms tetrahedral configuration can be quantified
by integrating the ¢ order parameter between 0.8 and 1 as was discussed in previous
works [3]. In the NN model, 22% of Ge atoms are in tetrahedral configuration, to be
compared with 23% from DFT models reported in Ref. [3]. Finally, the NN potential
was validated on the structural properties of the hexagonal and cubic crystalline
phases of GST225 by fitting the equation of state (EOS) at zero temperature of both
phases by fitting the energy vs volume data with the Birch-Murnaghan formula (see
Figs. and . The resulting parameters at equilibrium are compared with DFT
data in Tables [S6] and Overall, the structural properties obtained from NN-MD
simulations are in excellent agreement with those obtained from DFT-MD, which
suggests that the NN potential reliably describes the properties of the different
phases of GST225.
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Figure S2: Structural and dynamical properties of liquid GST225 from DET (blue
curves) and NN (red curves) simulations with a 216-atom or 999-atom models,
respectively. a) Total and partial radial distribution functions at 990 K. The position
of the first maximum and minimum of each partial correlation function are given in
Table b) Angle distribution function resolved per central atomic species at 990 K.
The data were normalized to the number of triplets in each model. ¢) Distribution
of coordination numbers resolved per chemical species at 990 K computed by
integrating the partial pair correlation functions up to a bonding cutoff which
corresponds to 3.2 A for all pairs except for Sb-Te for which we use 3.4 A. We use
the same bonding cutoff of the amorphous phase. d) The Arrhenius plot of the
diffusion coefficient D as a function of temperature compared with previous DFT
results with the PBE functionals from Ref. [3]
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Table S3: First maximum and minimum of the pair correlation functions in liquid
GST225 at 990 K from NN-MD and DFT-MD (in parenthesis) simulations. Details
on the simulation cells are given in the caption of Fig. .

Bond type First maximum (A) First minimum (A)

GeGe 2.71 (2.70) 3.29 (3.24)
GeSb 2.86 (2.88) 3.51 (3.6)
GeTe 2.81 (2.80) -
SbSh 3.04 (3.00) 3.72 (3.78)
SbTe 3.00 (3.04) -
TeTe - -
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Figure S3: Structural properties of amorphous GST225 at 300 K from NN (red
curves) and DFT (blue curves) simulations. DFT data are averaged over four
independent 216-atom models while NN data are obtained from a 999-atom model. a)
Total and partial radial distribution functions. The position of the first maximum
and minimum of the different functions is reported in Supplementary Table . b)
Angular distribution function resolved per central atomic species. The data are
normalized to the number of triplets in each model. ¢) Distribution of coordination
numbers resolved per chemical species, obtained by integrating the pair correlation
functions up to a bonding cutoff corresponding to 3.2 A for all pairs except for Sh-Te
for which a longer cutoff value of 3.4 A was used. The spread over the four DFT
models are indicated by error bars. d) Distribution of the local order parameter ¢ for

tetrahedricity for four-coordinated Ge atoms for the NN model and for each of our
four DFT models.

Table S4: Position (A) of the first maximum and minimum of the pair correlation
functions in the amorphous phase of GST225 at 300 K from DFT and NN simulations.
DFT data are given in parenthesis.

Bond type First maximum (A) First minimum (A)

GeGe 2.64 (2.66) 3.14(3.15)
GeSh 2.82 (2.83) 3.3 (3.3)
GeTe 2.78 (2.78) -
ShSh 2.92 (2.99) ;
ShTe 2.92 (2.97) ;
TeTe 3.00 (2.99) ;




2 VALIDATION OF THE POTENTIAL

Table Sb: Average coordination numbers for different pairs of atoms in amorphous
GST225 at 300 K generated from DFT (in parenthesis) and NN simulations. Error
bars for DFT data are obtained from the analysis of four models. Details on the
simulation cells and bonding cutoff are given in the caption of Fig. .
- Ge Sb Te

Total  4.16 (4.17+20.1) 4.29 (4.4040.05) 3.17 (3.16+0.05)
With Ge 0.28 (0.34£0.05) 0.34 (0.264+0.05) 1.42 (1.42+0.02)
( )
( )

With Sb  0.34 (0.26+£0.05) 0.41 (0.5140.1)  1.42 (1.4540.05
With Te  3.54 (3.57+0.05) 3.54 (3.63£0.1) 0.34 (0.28--0.02
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Figure S4: Equation of state (EOS) of the cubic phase of GST225 from DFT and NN
calculations.

Table S6: Fitting parameters of the Birch-Murnaghan equation of state of cubic
GST225 from NN and DFT-PBE calculations at zero temperature. The energy (Ey),
volume (Vj), bulk modulus (B) and derivative of B (B’) at equilibrium are reported.

Ep (eV atom™) V4 (A3 atom™!) B (GPa) B

DFT -180.7424 32.42 25.1 7.53

NN -180.7400 32.34 22.88  7.49
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Figure S5: Equation of state (EOS) of the hexagonal phase of GST225 (Kooi stacking
[5], see article) from DFT and NN calculations.

Table S7: Fitting parameters of the Birch-Murnaghan equation of state of hexagonal
GST225 from NN and DFT-PBE calculations at zero temperature. The energy (Ey),
volume (Vj), bulk modulus (B) and derivative of B (B’) at equilibrium are reported.
Ey (eV atom™) V4 (A3 atom™!) B (GPa) B’
DFT -180.7883 31.31 19.8 21.75
NN -180.7890 31.61 16.5 18.5

2.2 G€5Sb2T63

As no experimental data are available for the density of amorphous GesSbyTes
(GST523), we have modeled GST523 at the theoretical density of 0.0338 atom/A
obtained from DFT-+D3 MD simulations in Ref. [6]. However, in this section, we first
report on structural properties from NN-MD and DFT-MD with no vdW corrections
for the sake of validating our NN potential fitted on a DFT-PBE database. The
structural properties of the liquid GST523 at the theoretical density of amorphous
phase obtained from NN-MD simulation with a 1760-atom model at 1000 K are
compared to those obtained from DFT-MD simulation with a 220-atom model at the
same density (see Fig. [S6)). The structural properties were averaged over a trajectory
50 ps long. The pair correlation functions, the bond angles distribution function and
the distribution of coordination numbers are compared with DFT results in Fig. [S6|
Then, we validated the NN potential on the structural properties of the amorphous
phase at the same density. The 1760-atom liquid model was quenched from the
melt from 1000 K to 300 K in 100 ps, and then equilibrated at 300 K for 40 ps.

10
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The structural properties were averaged over a subsequent run 50 ps long. In Fig.
[S7 the structural properties from NN-MD are compared with those obtained
from the amorphous model generated by DFT-MD with a similar protocol. The
pair correlation functions, the bond angles distribution function, the distribution
of coordination numbers and the distribution of the local order parameter ¢ for
tetrahedricity for four-coordinated Ge atom are compared with DFT results in Fig.
[S7l The average coordination number for different pairs of atoms are given in Table
[S8 We also quantified the fraction of four-coordinated Ge atoms in tetrahedral
geometry by integrating the distribution of the ¢ parameter between 0.8 and 1 as
discussed previously, resulting in 38% in the NN model compared to 44% in the DFT
model. Once again, the structural properties obtained from NN-MD simulations are
in excellent agreement with those obtained from DFT-MD which suggests that the
NN potential reliably describes the properties of the different phases of GST523.
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Figure S6: Structural properties of liquid GST523 at 1000 K from NN (red curves)
and DFT (blue curves) simulations. NN (DFT) data refer to a 1760-atom (220-atom)
model. a) Total and partial pair correlation functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per
chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff corresponding to 3.2 A for all pairs except for Sb-Te for which a
longer cutoff value of 3.4 A was used which correspond to the same cutoff used for
the amorphous phase.

11
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Figure S7: Structural properties of amorphous GST523 at 300 K from NN (red
curves) and DFT (blue curves) simulations. NN (DFT) data refer to a 1760-atom
(220-atom) model. a) Total and partial radial distribution functions. b) Angular
distribution function resolved per central atomic species. The data are normalized to
the number of triplets in each model. ¢) Distribution of coordination numbers
resolved per chemical species, obtained by integrating the pair correlation functions
up to a bonding cutoff corresponding to 3.2 A for all pairs except for Sb-Te for which
a longer cutoff value of 3.4 A was used. d) Distribution of the local order parameter ¢
for tetrahedricity for four-coordinated Ge atoms for the NN model and for each of
our four DFT models. The large misfit in the Sb-Sb pair correlation function is due
to the poor statistics in the small 220-atom cell for this composition with a low
fraction of Sh.

Table S8: Average coordination numbers for different pairs of atoms in amorphous
GST523 at 300 K generated from DFT (in parenthesis) and NN simulations. Details
on the simulation cells and bonding cutoff are given in the caption of Fig. @

- Ge Sb Te
Total  4.18 (4.20) 3.73 (3.68)  3.08 (3.03)
With Ge 1.86 (1.86) 1.92 (2.11)  2.59 (2.49)
With Sb - 0.77 (0.84) 1.08 (0.77)  0.48 (0.53)
With Te 1.55 (1.49) 0.72 (0.79) 0.001 (0.005)

We also computed the structural properties by including the vdW interaction D3

12
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for the amorphous phase as discussed above. The NN-+D3 data are compared to the
DFT+D3 results from Ref. [6] in Fig.
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Figure S8: Structural properties of amorphous GST523 at 300 K from NN+D3 (red
curves) and DFT (blue curves) simulations. NN (DFT) data refer to a 1760-atom
(220-atom) model. a) Total and partial radial distribution functions. b) Angular
distribution function resolved per central atomic species. The data are normalized to
the number of triplets in each model. ¢) Distribution of coordination numbers
resolved per chemical species, obtained by integrating the pair correlation functions
up to a bonding cutoff corresponding to 3.2 A for all pairs except for Sb-Te for which
a longer cutoff value of 3.4 A was used. d) Distribution of the local order parameter ¢
for tetrahedricity for four-coordinated Ge atoms.

2.3 (GeTe

The structural properties of the liquid GeTe at the experimental density of amorphous
phase (0.0333 atoms/A?)[7] obtained from NN-MD simulation with a 4096-atom
model at 1150 K are compared with those obtained from DFT-MD simulation with a
300-atom model from Ref. [I] at the same density (see Fig.[S9). The structural
properties were averaged over a trajectory 50 ps long. The pair correlation functions,
the bond angles distribution function and the distribution of coordination numbers
are compared with DFT results in Fig. [S9 Then, we validated the NN potential
on the structural properties of the amorphous phase at the same density. The
4096-atom liquid model was quenched from the melt at 1150 K to 300 K in 100 ps,
and equilibrated for 40 ps at 300 K. Structural properties are averaged over a

13
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subsequent run 50 ps long. In Fig. [S10] the structural properties from NN-MD are
compared with those obtained from an amorphous model generated by DFT-MD
simulation in Ref. [I] with a similar protocol. The pair correlation functions, the
bond angles distribution function, the distribution of coordination numbers and the
distribution of the local order parameter ¢ for tetrahedricity for four-coordinated Ge
atom are compared with DFT results in Fig. [SI0] The average coordination number
for different pairs of atoms are given in Table [S9} We also quantified the fraction of
four-coordinated Ge atoms in tetrahedral geometry by integrating the distribution
the ¢ parameter between 0.8 and 1 as discussed in previously, resulting in 21% in NN
model compared to 24% in DFT results from Ref. [1]. Finally, the NN potential was
validated on the structural properties of the trigonal crystal phase of GeTe by fitting
the EOS (see Figs. . The resulting parameters at equilibrium are compared with
DFT data in Tables Similarly to GST225 and GST523, the structural properties
of GeTe obtained from NN-MD simulations are in a good agreement with those
obtained from DFT-MD, so we conclude that the NN potential can reliably describe
the properties of the different phases of GeTe.

14
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Figure S9: Structural properties of liquid GeTe at 1150 K from NN (red curves) and
DFT (blue curves) simulations. NN (DFT) data refer to a 4096-atom (300-atom)
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per
chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff of 3.0 A for Ge-Ge and Te-Te and of 3.22 A for Ge-Te. of the We used
the same cutoff values of the amorphous phase.
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Figure S10: Structural properties of amorphous GeTe at 300 K from NN (red curves)
and DFT (blue curves) simulations. NN (DFT) data refer to a 4096-atom (300-atom )
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per
chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff of 3.0 A for Ge-Ge and Te-Te and of 3.22 A for Ge-Te. d) Distribution
of the local order parameter ¢ for tetrahedricity for four-coordinated Ge atoms.
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Table S9: Average coordination numbers for different pairs of atoms in amorphous
GeTe at 300 K generated from DFT (in parenthesis) and NN simulations. Details on
the simulation cells and bonding cutoff are given in the caption of Fig.
- Ge Te
Total ~ 4.09 (4.04) 3.38 (3.21)
With Ge 0.71 (0.87) 3.37 (3.18)
With Te 3.37 (3.18) 0.01 (0.04)
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Figure S11: Equation of state (EOS) of the trigonal phase of GeTe from DFT and
NN calculations.

Table S10: Fitting parameters of the Birch-Murnaghan equation of state of hexagonal
GeTe from NN and DFT-PBE calculations at zero temperature. The energy (Ep),
volume (Vj), bulk modulus (B) and derivative of B (B’) at equilibrium are reported.

Ey (eV atom™) V4 (A% atom™!) B (GPa) B

DFT -164.671 28.34 28.88 8.55
NN -164.675 28.47 29.61 7.93
2.4 Ge)Te

Similarly to GST523, in the lack of experimental data for the density of GesTe, we
have modeled this alloy at the theoretical density of 0.0355 atom/ A3 obtained from
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2 VALIDATION OF THE POTENTIAL

DFT+D3 MD simulations in Ref. [I]. Yet, in this section we report on structural
properties from NN-MD and DFT-MD with no vdW corrections for the sake of
validating the fitting the NN potential fitted on a DFT-PBE database. The structural
properties of the liquid GesTe at the theoretical density of amorphous phase (0.0355
atoms,A®) obtained from NN-MD simulation with a 2400-atom model at 1200 K are
compared with those obtained from DFT-MD simulation with a 300-atom model
from Ref. [I] at the same density (see Fig. [S12)). The structural properties were
averaged over a trajectory 50 ps long. The pair correlation functions, the bond angles
distribution function and the distribution of coordination numbers are compared with
DFT results in Fig. [S12] Then, we validated the NN potential on the structural
properties of the amorphous phase at the same density. The 4096-atom liquid model
was quenched from the melt at 1200 K to 300 K in 100 ps, and equilibrated at 300 K
for 40 ps. Structural properties averaged over a subsequent run 50 ps long. In Fig.
[S13] the structural properties from NN-MD are compared with those obtained from
an amorphous model generated by DET-MD simulation in Ref. [I] with similar
protocol. The pair correlation functions, the bond angles distribution function,
the distribution of coordination numbers and the distribution of the local order
parameter ¢ for tetrahedricity for four-coordinated Ge atom are compared with DFT
results in Fig. The average coordination number for different pairs of atoms are
given in Table We also quantified the fraction of four-coordinated Ge atoms in
tetrahedral geometry by integrating the distribution of the ¢ parameter between 0.8
and 1 as discussed previously, resulting in 43% in NN model compared to 52% in
DFT results from Ref. [I]. Again, the structural properties of GeyTe obtained from
NN-MD simulations are in a good agreement with those obtained from DFT-MD
across the different phases of this alloy.
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2 VALIDATION OF THE POTENTIAL
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Figure S12: Structural properties of liquid GeyTe at 1200 K from NN (red curves)
and DFT (blue curves) simulations. NN (DFT) data refer to a 2400-atom (300-atom)
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per
chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff of 3.0 A for Ge-Ge and Te-Te and of 3.22 A for Ge-Te. We used the

same cutoff values of the amorphous phase.
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Figure S13: Structural properties of amorphous Ge;Te at 300 K from NN (red curves)
and DFT (blue curves) simulations. NN (DFT) data refer to a 2400-atom (300-atom)
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per
chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff of 3.0 A for Ge-Ge and Te-Te and of 3.22 A for Ge-Te. d) Distribution
of the local order parameter ¢ for tetralréeodricity for four-coordinated Ge atoms.



2 VALIDATION OF THE POTENTIAL

Table S11: Average coordination numbers for different pairs of atoms in amorphous
GesTe at 300 K generated from DFT (in parenthesis) and NN simulations. Details
on the simulation cells and bonding cutoff are given in the caption of Fig. .
- Ge Te
Total  4.33 (4.04) 3.20 (2.96)
With Ge 2.75 (2.58) 3.19 (2.96)
With Te 1.57 (1.46) 0.01 (0.00)

2.5 GeSb

In the lack of experimental data for the density of GeSb, we have modeled this alloy
at the theoretical density of 0.0352 atom/A3. This density was obtained from a NPT
simulation with the NN+4+D3 at 1000 K. In this simulation, we first started with a
density of 0.0368 atom/A?, 8% lower than the density of the crystal (0.04 atom/A3)
as was suggested for GST225. After an equilibration MD simulation 30 ps long, we
obtained the theoretical density as the average over 30 ps long trajectory which
results in average density 0.0352 atom/ A3 which is slightly lower than our initial
estimate. We then verified that the residual stress at this density in the liquid at 1000
K is small in a DFT simulation 20 ps long, which is on average 0.89 GPa.

The structural properties of the liquid GeSb at the theoretical density of the
liquid phase (0.0352 atoms/A?) obtained from NN-MD simulation with a 512-atom
model at 1000 K are compared with those obtained from DFT-MD simulation with a
148-atom model at the same density (see Fig. . The structural properties were
averaged over a trajectory 50 ps long. The pair correlation functions, the bond angles
distribution function and the distribution of coordination numbers are compared with
DFT results in Fig. [S14] Then, we validated the NN potential on the structural
properties of the amorphous phase at the same density. The 512-atom liquid model
was quenched from the melt at 1000 K to 300 K in 100 ps, and equilibrated at
300 K for 40 ps. Structural properties are averaged over a subsequent run 50 ps
long. In Fig. [ST5] the structural properties from NN-MD are compared with those
obtained from amorphous model generated with DFT-MD with similar protocol. The
pair correlation functions, the bond angles distribution function, the distribution
of coordination numbers and the distribution of the local order parameter g for
tetrahedricity for four-coordinated Ge atom are compared with DFT results in Fig.
[S15] The average coordination number for different pairs of atoms are given in Table
[S12] We also quantified the fraction of four-coordinated Ge atoms in tetrahedral
geometry by integrating the distribution of the ¢ parameter between 0.8 and 1 as
discussed previously, resulting in 75% in the NN model to be compared to the value
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2 VALIDATION OF THE POTENTIAL

of 63% in the DFT model.
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Figure S14: Structural properties of liquid GeSb at 1000 K from NN (red curves) and
DFT (blue curves) simulations. NN (DFT) data refer to a 512-atom (148-atom)
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per
chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff of 3.2 A for all pairs. We used the same bonding cutoff of the
amorphous phase.
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Figure S15: Structural properties of amorphous GeSb at 300 K from NN (red curves)
and DFT (blue curves) simulations. NN (DFT) data refer to a 512-atom (148-atom)
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per
chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff of 3.2 A for all pairs. d) Distribution of the local order parameter ¢ for

tetrahedricity for four-coordinated Ge atoms.
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2 VALIDATION OF THE POTENTIAL

Table S12: Average coordination numbers for different pairs of atoms in amorphous
GeSb at 300 K generated from DFT (in parenthesis) and NN simulations. Details on
the simulation cells and bonding cutoff are given in the caption of Fig.
- Ge Sh
Total  4.13 (4.24) 3.53 (3.47)
With Ge 2.01 (2.27) 2.12 (1.97)
With Sb 2.12 (1.97) 1.41 (1.50)

2.6 G615Sb85

The structural properties of the liquid Ge;5Sbgs at the experimental density of
amorphous phase (0.0321 atoms/A?) [8] obtained from NN+D3 MD simulation with
a 1000-atom model at 1000 K are compared with those obtained from DFT-MD
simulation with a 200-atom model at the same density (see Fig. . The structural
properties were averaged over a trajectory 50 ps long. The pair correlation functions,
the bond angles distribution function and the distribution of coordination numbers
are compared with DFT results in Fig. [S16] Then we validated the NN potential
on the structural properties of the amorphous phase at the same density. The
1000-atom liquid model was quenched from the melt at 1000 K to 300 K in 100 ps,
and equilibrated at 300 K for 40 ps. Structural properties are averaged over a
subsequent run 50 ps long. In Fig. [S17] the structural properties from NN-MD are
compared with those obtained from amorphous model generated with DFT-MD with
similar protocol. The pair correlation functions, the bond angles distribution function,
the distribution of coordination numbers and the distribution of the local order
parameter ¢ for tetrahedricity for four-coordinated Ge atom are compared with DFT
results in Fig. The average coordination number for different pairs of atoms are
given in Table We also quantified the fraction of four-coordinated Ge atoms in
tetrahedral geometry by integrating the distribution of the ¢ parameter between 0.8
and 1 as discussed previously, resulting in 81% in the NN model to be compared
to the value of 53% in the DFT model. Similarly to other alloys, the structural
properties of Gej5Sbgs obtained from NN-MD and DFT-MD simulations are in a
good agreement. The largest misfit is in the fraction of Ge atoms in tetrahedral
configuration which is overestimated in NN data. The large misfit in the Ge-Ge pair
correlation function is due to the poor statistics in the small 200-atom cell for this
composition with a low fraction of Ge.
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Figure S16: Structural properties of liquid Gej5Shgs at 1000 K from NN (red curves)
and DFT (blue curves) simulations. NN (DFT) data refer to a 1000-atom (200-atom)
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per

chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff of 2.9 A for Ge-Ge, 3.1 A for Ge-Sb bonds and 3.5 A for Sb-Sh. We
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used the same bonding cutoff of the amorphous phase.
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Figure S17: Structural properties of amorphous Gej5Sbgs at 300 K from NN (red
curves) and DFT (blue curves) simulations. NN (DFT) data refer to a 1000-atom
(200-atom) model. a) Total and partial radial distribution functions. b) Angular
distribution function resolved per central atomic species. The data are normalized to
the number of triplets in each model. ¢) Distribution of coordination numbers
resolved per chemical species, obtained by integrating the pair correlation functions
up to a bonding cutoff of 2.9 A for Ge-Ge, 3.1 A for Ge-Sb bonds and 3.5 A for Sb-Sb.
d) Distribution of the local order parameter ¢ for tetrahedricity for four-coordinated
Ge atoms.
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2 VALIDATION OF THE POTENTIAL

Table S13: Average coordination numbers for different pairs of atoms in amorphous
Gey5Sbsgs at 300 K generated from DFT (in parenthesis) and NN simulations. Details
on the simulation cells and bonding cutoff are given in the caption of Fig. .
- Ge Sh
Total  4.03 (3.97) 4.75 (4.63)
With Ge 0.73 (0.43) 0.58 (0.63)
With Sb 3.30 (3.54) 4.17 (4.00)

2.7 SbQTeg

The structural properties of liquid ShyTes at the experimental density of liquid phase
(0.0281 atoms/A? at 1003 K)[9] obtained from NN-MD simulation with a 960-atom
model at 1000 K are compared with those obtained from DFT-MD simulation with a
200-atom model at the same density (see Fig. [S1§). The structural properties were
averaged over a trajectory 50 ps long. The pair correlation functions, the bond angles
distribution function and the distribution of coordination numbers are compared with
DFT results in Fig. [S18 Then, we validated the NN potential on the structural
properties of the amorphous phase at the same density. The 960-atom liquid model
was quenched from the melt at 1000 K to 300 K in 100 ps, and equilibrated at 300 K
for 40 ps. Structural properties are averaged over a subsequent run 50 ps long. In Fig.
[S19, the structural properties from NN-MD are compared with those obtained from
amorphous model generated by DFT-MD simulation with a similar protocol. The
pair correlation functions, the bond angles distribution function, and the distribution
of coordination numbers in Fig. The average coordination number for different
pairs of atoms are given in Table Finally, the NN potential was validated on the
structural properties of the trigonal crystal phase of ShyTes by fitting the EOS (see
Figs. [S20). The resulting parameters at equilibrium are compared with DFT data in
Tables [S15] Overall, the structural properties of ShyTes from NN-MD simulations are
in a good agreement with those obtained from DFT-MD. The largest misfit is in the
EOS of the trigonal phase with a 4 meV /atom error on the equilibrium energy, which
is still comparable to the average error of the NN potential. In particular, the NN
potential overestimates the formation energy of the trigonal phase. This misfit would
further favor the formation of the trigonal phase in the decomposition of alloys along
the Ge-ShoTes tie-line. Therefore, the fact that this phase does not form in our MD
simulations (see Sec. 4 of the article) is a genuine kinetic effect and can not be
ascribed to errors in the NN formation energy of the crystalline products.
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Figure S18: Structural properties of liquid ShyTes at 1000 K from NN (red curves)
and DFT (blue curves) simulations. NN (DFT) data refer to a 960-atom (200-atom)
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per

chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff of 3.2 A for Sb-Sb and Te-Te and of 3.4 A for Sb-Te. We used the
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Figure S19: Structural properties of amorphous ShyTes at 300 K from NN (red
curves) and DFT (blue curves) simulations. NN (DFT) data refer to a 960-atom
(200-atom) model. a) Total and partial radial distribution functions. b) Angular
distribution function resolved per central atomic species. The data are normalized to
the number of triplets in each model. ¢) Distribution of coordination numbers
resolved per chemical species, obtained by integrating the pair correlation functions
up to a bonding cutoff of 3.2 A for Sb-Sb and Te-Te and of 3.4 A for Sb-Te.
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2 VALIDATION OF THE POTENTIAL

Table S14: Average coordination numbers for different pairs of atoms in amorphous
SbyTes at 300 K generated from DFT (in parenthesis) and NN simulations. Details
on the simulation cells and bonding cutoff are given in the caption of Fig. .
- Sb Te
Total ~ 4.02 (4.05) 2.85 (2.80)
With Sb - 0.59 (0.56) 2.28 (2.32)
With Te 3.42 (3.48) 0.57 (0.48)

EOS of trigonal Sb,Te;

e DFT
e NN
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Figure S20: Equation of state (EOS) of the trigonal phase of ShyTes from DFT and
NN calculations.

Table S15: Fitting parameters of the Birch-Murnaghan equation of state of the
trigonal phase of ShyTes from NN and DFT-PBE calculations at zero temperature.
The energy (FEy), volume (V5), bulk modulus (B) and derivative of B (B’) at
equilibrium are reported.
Eoy (eV atom™) V; (A% atom™!) B (GPa) B’
DFT -193.691 34.40 16.15 16.5
NN -193.695 34.94 16.05 4.3
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2 VALIDATION OF THE POTENTIAL

2.8 SbQTe

The structural properties of liquid ShyTe at the experimental density of amorphous
phase (0.0309 atoms/A?)[I0] obtained from NN-MD simulation with a 1152-atom
model at 1000 K are compared with those obtained from DFT-MD simulation with a
198-atom model at the same density (see Fig. . The structural properties were
averaged over a trajectory 50 ps long. The pair correlation functions, the bond angles
distribution function and the distribution of coordination numbers are compared with
DFT results in Fig. [S2I] Then we validated the NN potential on the structural
properties of the amorphous phase at the same density. The 1152-atom liquid model
was quenched from the melt at 1000 K to 300 K in 100 ps, and equilibrated at 300
for 40 ps. Structural properties were averaged over a subsequent run 50 ps long. In
Fig. [S22] the structural properties from NN-MD are compared with those obtained
from amorphous model generated with DFT-MD simulation with similar protocol.
The pair correlation functions, the bond angles distribution function, and the
distribution of coordination numbers in Fig. The average coordination number
for different pairs of atoms are given in Table [S16]
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Figure S21: Structural properties of liquid SbyTe at 1000 K from NN (red curves)
and DFT (blue curves) simulations. NN (DFT) data refer to a 1152-atom (198-atom)
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per
chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff of 3.2 A for Sb-Sb and Te-Te and of 3.4 A for Sb-Te. We used the

same bonding cutoff of the amorphous phase.
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a) Amorphous Sb,Te at 300 K
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Figure S22: Structural properties of amorphous ShyTe at 300 K from NN (red curves)
and DFT (blue curves) simulations. NN (DFT) data refer to a 1152-atom (198-atom)
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per

chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff of 3.2 A for Sb-Sb and Te-Te and of 3.4 A for Sb-Te.
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2 VALIDATION OF THE POTENTIAL

Table S16: Average coordination numbers for different pairs of atoms in amorphous
SbyTe at 300 K generated from DFT (in parenthesis) and NN simulations. Details on
the simulation cells and bonding cutoff are given in the caption of Fig.
- Sb Te
Total ~ 3.95 (3.88) 3.67 (3.32)
With Sb - 2.17 (2.29) 3.55 (3.17)
With Te 1.78 (1.59) 0.11 (0.15)

2.9 (e

The structural properties of liquid Ge at the experimental density of the amorphous
phase (0.0438 atoms/A?)[IT] obtained from NN-MD simulation with a 2400-atom
model at 1250 K are compared with those obtained from DFT-MD simulation with a
300-atom model from Ref. [I] at the same density (see Fig. [S23). The structural
properties were averaged over a trajectory 50 ps long. The pair correlation functions,
the bond angles distribution function and the distribution of coordination numbers
are compared with DF'T results in Fig. Then we validated the NN potential on
the structural properties of the amorphous phase at the same density. The 2400-atom
liquid model was quenched from the melt at 1250 K to 300 K in 100 ps, and then
equilibrated at 300 K for 40 ps. Structural properties are averaged over a subsequent
50 ps long. In Fig. the structural properties from NN-MD are compared with
those obtained from an amorphous model generated by DFT-MD simulation in
Ref. [I] with a similar protocol. The pair correlation functions, the bond angles
distribution function, the distribution of coordination numbers and the distribution
of the local order parameter q for tetrahedricity for four-coordinated Ge atom
are compared with DFT results in Fig. [S24] We also quantified the fraction of
four-coordinated Ge atoms in tetrahedral geometry by integrating the distribution of
q by integrating the q parameter between 0.8 and 1 as discussed in previously,
resulting in 64% in NN model compared to 68% in DFT results from Ref. [1].
Finally, the NN potential was validated on the structural properties of the diamond
crystal phase of Ge by fitting the EOS (see Figs. [S25)). The resulting parameters at
equilibrium are compared with DFT data in Tables
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Figure S23: Structural properties of liquid Ge at 1250 K from NN (red curves) and
DFT (blue curves) simulations. NN (DFT) data refer to a 2400-atom (300-atom)
model. a) Total radial distribution functions. b) Angular distribution function
resolved per central atomic species. The data are normalized to the number of
triplets in each model. ¢) Distribution of coordination numbers resolved per chemical
species, obtained by integrating the pair correlation functions up to a bonding cutoff
of 3.0 A. We used the same bonding cutoff of the amorphous phase.
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Figure S24: Structural properties of amorphous Ge at 300 K from NN (red curves)
and DFT (blue curves) simulations. NN (DFT) data refer to a 2400-atom (300-atom)
model. a) Total radial distribution functions. b) Angular distribution function
resolved per central atomic species. The data are normalized to the number of
triplets in each model. ¢) Distribution of coordination numbers resolved per chemical
species, obtained by integrating the pair correlation functions up to a bonding
cutoff of 3.0 A. d) Distribution of the local order parameter ¢ for tetrahedricity for
four-coordinated Ge atoms.
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Figure S25: Equation of state (EOS) of the crystalline phase of Ge from DFT and
NN calculations.

Table S17: Fitting parameters of the Birch-Murnaghan equation of state of crystalline
Ge from NN and DFT-PBE calculations at zero temperature. The energy (Ejp),
volume (Vj), bulk modulus (B) and derivative of B (B’) at equilibrium are reported.

Ey (eV atom™) V4 (A% atom™!) B (GPa) B

DFT -106.972 24.22 57.58 4.64

NN -106.972 24.27 56.20 3.60

2.10 Sb

The structural properties of liquid Sb at the experimental density at melting (0.0320
atoms/A3)[12] obtained from NN-MD simulation with a 1000-atom model at 1000 K
and compared with those obtained from DFT-MD simulation with a 144-atom model
from Ref. [I3] at the same density (see Fig. [S26)). The structural properties were
averaged over a trajectory 50 ps long. The pair correlation functions, the bond angles
distribution function and the distribution of coordination numbers are compared with
DFT results in Fig. [S26] Then, we validated the NN potential on the structural
properties of the amorphous phase at the same density. The 1000-atom liquid model
was quenched from the melt at 1000 K to 300 K in 100 ps, and equilibrated at 300 K
for 40 ps. Structural properties are averaged over a subsequent run 50 ps long. In Fig.
structural properties from NN-MD are compared with those obtained from an
amorphous model generated by DET-MD simulation in Ref. [13] with a similar
protocol. The pair correlation functions, the bond angles distribution function, and
the distribution of coordination numbers. Finally, the NN potential was validated on
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2 VALIDATION OF THE POTENTIAL

the structural properties of the trigonal crystal phase of Sb by fitting the EOS (see
Figs. [S28). The resulting parameters at equilibrium are compared with DFT data in
Tables [S18]
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Figure S26: Structural properties of liquid Sb at 1000 K from NN (red curves) and
DFT (blue curves) simulations. NN (DFT) data refer to a 1000-atom (144-atom)
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per
chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff of 3.66 A. We used the same bonding cutoff of the amorphous phase.
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2 VALIDATION OF THE POTENTIAL
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Figure S27: Structural properties of amorphous Sb at 300 K from NN (red curves)
and DFT (blue curves) simulations. NN (DFT) data refer to a 1000-atom (144-atom)
model. a) Total and partial radial distribution functions. b) Angular distribution
function resolved per central atomic species. The data are normalized to the number
of triplets in each model. ¢) Distribution of coordination numbers resolved per
chemical species, obtained by integrating the pair correlation functions up to a
bonding cutoff corresponding of 3.5 A.
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2 VALIDATION OF THE POTENTIAL
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Figure S28: Equation of state (EOS) of the trigonal phase of Sb from DFT and NN
calculations.

Table S18: Fitting parameters of the Birch-Murnaghan equation of state of hexagonal
Sb from NN and DFT-PBE calculations at zero temperature. The energy (Ej),
volume (Vj), bulk modulus (B) and derivative of B (B’) at equilibrium are reported.

Ey (eV atom™) V; (A% atom™!) B (GPa) B

DFT -150.673 32.26 38.2 2.3

NN -150.672 32.21 31.9 7.3

211 Te

The structural properties of the liquid Te at the experimental density at melting
(0.0268 atoms/A3) [14] obtained from NN-MD simulation with a 1000-atom model
at 1000 K and compared with those obtained from DFT-MD simulation with a
200-atom model at the same density (see Fig. . The structural properties were
averaged over a trajectory 50 ps long. The pair correlation functions, the bond angles
distribution function and the distribution of coordination numbers are compared with
DFT results in Fig. Finally, the NN potential was validated on the structural
properties of the crystalline phase of Te by fitting the EOS (see Figs. [S30). The
resulting parameters at equilibrium are compared with DFT data in Tables [SI9]
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2 VALIDATION OF THE POTENTIAL
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Figure S29: Structural properties of liquid Te at 1000 K from NN (red curves) and
DFT (blue curves) simulations. NN (DFT) data refer to a 1000-atom (200-atom)
model. Total and partial radial distribution functions. b Angular distribution function
resolved per central atomic species. The data are normalized to the number of triplets
in each model. ¢) Distribution of coordination numbers resolved per chemical species,
obtained by integrating the pair correlation functions up to a bonding cutoff of 3.2 A.
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2 VALIDATION OF THE POTENTIAL

EOS of crystalline Te
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Figure S30: Equation of state (EOS) of the crystalline phase of Te from DFT and NN
calculations.

Table S19: Fitting parameters of the Birch-Murnaghan equation of state of the
crystalline phase of Te from NN and DFT-PBE calculations at zero temperature. The
energy (Fy), volume (1), bulk modulus (B) and derivative of B (B’) at equilibrium
are reported.

Ep (eV atom™) V4 (A% atom™!) B (GPa) B
DFT -222.145 34.71 34.6 1.1
NN -222.145 35.47 26.5 1.4
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3 TRANSFERABILITY

3 Transferability

Beside describing the structural properties of GeSbTe alloys included in the training
set, we have tested the transferability of the MLIP to alloys outside the training set.
Hereafter, we report the structural properties of the GST725 and Geg gShoTes alloys
whose crystallization kinetics was addressed by NN-MD simulations in the article,
and two other alloys along the Ge-ShyTes tie-line.

3.1 G€7Sb2T€5

In the lack of experimental data for the density of Ge;SbyTes, we have modeled this
alloy in a 1008-atom cubic cell at the theoretical density of the liquid at 1000
K of 0.0335 atom/A?, obtained from a DFT+D3 NPT simulation with the NN
potential. The liquid model was quenched from the melt at 1000 K to 300 K in 100
ps, and equilibrated at 300 K for 40 ps. Structural properties are averaged over a
subsequent run 50 ps long. The structural properties of the amorphous phase are
compared with those obtained from DFT-MD simulation with a 200-atom model in
Fig. [S31], including the pair correlation functions, the bond angles distribution
function, the distribution of coordination numbers and the distribution of the local
order parameter g for tetrahedricity for four-coordinated Ge atom. The average
coordination number for different pairs of atoms are given in Table The fraction
of Ge atoms in tetrahedral geometry is 42% in the NN model to be compared with
the value of 45% in the DFT model.
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Figure S31: Structural properties of amorphous GST725 at 300 K from NN (red
curves) and DFT (blue curves) simulations. NN (DFT) data refer to a 1008-atom
(210-atom) model. a) Total and partial radial distribution functions. b) Angular
distribution function resolved per central atomic species. The data are normalized to
the number of triplets in each model. ¢) Distribution of coordination numbers
resolved per chemical species, obtained by integrating the pair correlation functions
up to a bonding cutoff corresponding to 3.2 A for all pairs except for Sb-Te for which
a longer cutoff of 3.4A was used. d) Distribution of the local order parameter ¢ for
tetrahedricity for four-coordinated Ge atoms.

The fraction of Ge atoms in tetrahedral geometry is 46% in the NN model to be
compared with the value of 40% in the DFT model.

Table S20: Average coordination numbers for different pairs of atoms in amorphous
GST725 at 300 K generated from DFT (in parenthesis) and NN simulations. Details
on the simulation cells and bonding cutoff are given in the caption of Fig. .

- Ge Sb Te
Total  4.15 (4.20) 3.77 (3.95) 3.11 (3.12)
With Ge 1.60 (1.68) 2.09 (2.00) 2.73 (2.72)
With Sb 0.60 (0.57) 0.72 (0.97) 0.38 (0.39)
With Te  1.95 (1.94) 0.95 (0.98) 0.00 (0.00)
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3.2 GegSbyTe;

In the lack of experimental data on GeggSboTes, we have modeled this alloy in a
1000-atom cubic cell at the theoretical density of 0.0359 atom/ A3 This density was
obtained from a NPT simulation with the NN+D2 potential in the liquid at 1000 K.
The initial density for this simulation was linearly extrapolated from the density of
amorphous Ge and GST725 (0.0382 atom/A3). After an equilibration MD simulation
30 ps long, we obtained the theoretical density of 0.0359 atom/ A3 as the average over
30 ps. This value is slightly lower than the initial estimate. The liquid model was
quenched from the melt at 1000 K to 300 K in 100 ps, and equilibrated at 300 K for
40 ps. Structural properties are averaged over a subsequent run 50 ps long.

The structural properties of the amorphous phase from NN-MD simulation are
compared with those obtained from DFT-MD simulation with a 200-atom model in
Fig. [S32] including the pair correlation functions, the bond angles distribution
function, the distribution of coordination numbers and the distribution of the local
order parameter ¢ for tetrahedricity for four-coordinated Ge atom. The average
coordination number for different pairs of atoms are given in Table The fraction
of Ge atoms in tetrahedral geometry is 46% in the NN model to be compared with
the value of 39% in the DFT model.
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Figure S32: Structural properties of amorphous Geg gShoTes (GesgSbiaTesp) at 300 K
from NN (red curves) and DFT (blue curves) simulations. NN (DFT) data refer to a
1000-atom (210-atom) model. a) Total and partial radial distribution functions. b
Angular distribution function resolved per central atomic species. The data are
normalized to the number of triplets in each model. ¢ Distribution of coordination
numbers resolved per chemical species, obtained by integrating the pair correlation
functions up to a bonding cutoff of 3.2 A for all pairs except for Sb-Te for which a
longer cutoff of 3.4 A was used. d) Distribution of the local order parameter ¢ for
tetrahedricity for four-coordinated Ge atoms.

Table S21: Average coordination numbers for different pairs of atoms in amorphous
Geg gShyTes at 300 K generated from DFT (in parenthesis) and NN simulations.
Details on the simulation cells and bonding cutoff are given in the caption of Fig. .

- Ge Sb Te
Total  4.33 (4.36) 4.01 (3.94) 3.21 (3.12)
With Ge  2.39 (2.29) 2.49 (2.44) 2.85 (2.72)
With Sb 0.52 (0.51) 0.63 (0.69) 0.35 (0.39)
With Te 1.47 (1.56) 0.89 (0.81) 0.01 (0.00)

3.3 Alloys along the Ge-SbyTe; tie-line

As a final test on the transferability of the NN potential, in this section we report
on the structural properties of alloys along the Ge-SbyTes tie-line which were
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3 TRANSFERABILITY

investigated by DF'T+D3 simulation in Ref. [6]. Here, we compare the NN+D3 and
DFT+D3 following the same protocol used in Ref. [6] to generate amorphous models

of GST423 (see Fig. |[S33)) and GST323 (see Fig. [S34).
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Figure S33: Structural properties of amorphous GST423 at 300 K from NN+D3 (red
curves) and DFT+D3 (blue curves) simulations. NN (DFT) data refer to a 864-atom
(216-atom) model. a) Total and partial radial distribution functions. b) Angular
distribution function resolved per central atomic species. The data are normalized to
the number of triplets in each model. ¢) Distribution of coordination numbers
resolved per chemical species, obtained by integrating the pair correlation functions
up to a bonding cutoff of 3.2 A for all pairs except for Sh-Te for which a longer cutoff
of 3.4 A was used. d) Distribution of the local order parameter g for tetrahedricity for
four-coordinated Ge atoms for the NN model.
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Figure S34: Structural properties of amorphous GST323 at 300 K from NN+D3 (red
curves) and DFT+D3 (blue curves) simulations. NN (DFT) data refer to a 864-atom
(216-atom) model. a) Total and partial radial distribution functions. b) Angular
distribution function resolved per central atomic species. The data are normalized to
the number of triplets in each model. ¢) Distribution of coordination numbers
resolved per chemical species, obtained by integrating the pair correlation functions
up to a bonding cutoff of 3.2 A for all pairs except for Sbh-Te for which a longer cutoff
of 3.4A was used. d) Distribution of the local order parameter ¢ for tetrahedricity for
four-coordinated Ge atoms.

4 Crystallization of Ge-Sb-Te alloys

4.1 Crystallization of GST225

Before investigating the crystallization with phase separation in GGST alloys, we first
validated the NN potential on the crystallization of GST225 by computing the crystal
growth velocity in the supercooled liquid. To this aim, we used 12960-atom model of
the cubic-liquid interface from Ref. [3] to simulate heterogeneous crystallization. The
crystal-liquid interface in our model corresponds to the (001) surface of the cubic
crystal. We performed several independent constant volume simulations in the range
500-875 K. The potential energy as a function of time is reported in Fig. [S35 from
which we can se that the melting temperature is 872 K, close to the experimental

value of 900 K [I5]. From these simulation we estimated the crystal growth velocity
dL(t)

g = —g» Where L(t) is the effective thickness of the crystalline region is given by
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Figure S35: The potential energy as a function of time at different temperatures of
the cubic-liquid interface model of GST225. At 875 K the raise in the potential
energy is due to the melting of the crystalline slab, while in the range 870-872 K the
system reach a plateau suggesting to be very close to the melting temperature.

L(t) = N(t)/2Ap . A is the cross section of the simulation cell and the factor two
takes into account the presence of two growing surfaces. From the time evolution of
L(t) we can extract the v, by as the slope of the linear region ( see Fig. . The
result on v, are given in Fig. 3 in the article.

4.2 Crystallization with phase separation of GST725

We simulated the crystallization and phase separation of GST725 with a 8064-atom
cell at the theoretical density of the liquid phase at 1000 K estimated form DFT-NPT
simulation (0.0335 atom/A?). By assuming that GST725 will decompose into the
thermodynamically favored products (Ge and GST225), and that Ge will segregate
into the amorphous phase at its equilibrium density, the density of the remaining
GST225 of 0.0296 atom/ A3 is 4% lower than the equilibrium density of amorphous
GST225 (0.0309 atom/A?). We started from a model equilibrated at 1400 K for 20 ps,
followed by a second equilibration at 1000 K for 20 ps, and a rapid quenching to 600
K in 40 ps. Once we reached the target temperature, we simulated the crystallization
with phase separation for about 7 ns at NVT conditions. The cluster analysis (see
Sec. II in the article) yielded the same environments identified in GST523 (see Table
[ in the article), but for interfacial Te atoms that were not found in this latter alloy.
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Figure S36: The evolution of the the effective (half) thickness of the crystalline slab
L(t) in simulations of GST225 at different temperatures and their linear fit in the
range highlighted in gray which yields the crystal growth velocity.
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Figure S37: Evolution in time of the fraction of atoms in the ten different SOAP
environments during the crystallization of GST725. The description of the different
environments is given in Table I in the article. Snapshot of the transformation
process at b) the beginning and c) at the end of the simulation. In the panels on the
left atoms are colored according to the chemical species (Ge, Sh, Te in gray, yellow
and blue). In the panels on the right, atoms are colored according to the different
SOAP environments whose color code is given in panel a).

The time evolution of the fraction of atoms belonging to the different ten SOAP
environments is shown in Fig. [S37h together with the fraction of crystalline atoms
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identified by the Qf°* order parameter for crystallinity. Snapshots at an early stage
(0.08 ns), and at the end of the simulation are shown in Fig. [S37b-c which reports the
atoms colored according to the chemical species on the left and according to the
SOAP environment on the right. The results are very similar to those of GST523 and
GST9.625. First, a separation into amorphous (supercooled liquid) GeTe-like and
Ge-Sh-like regions is observed and then, after the phase separation was completed,
crystal nucleation and growth was observed within the GeTe-like regions. A slightly
Sb-doped cubic GeTe crystal percolates through the simulation cell along the three
directions (see Fig. [S37p-c).

The products of the crystallization and phase separation of GST725 on the ns
time scale are thus crystalline GejaSbTeyy (slightly Sb-doped GeTe) and amorphous
GesyShyg, instead of the thermodynamically favored Ge and GST225 crystals.
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