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On phase separation and crystallization of Ge-rich
GeSbTe alloys from atomistic simulations
with a machine learning interatomic potential

Omar Abou El Kheir, Dario Baratella and Marco Bernasconi *

We developed a machine learning interatomic potential (MLIP) for Ge-rich GeSbTe alloys of interest for

applications in phase change memories embedded in microcontrollers. The MLIP was generated by

fitting with a neural network method a large database of energies and forces computed within density

functional theory of elemental, binary, stoichiometric and non-stoichiometric ternary alloys in the Ge–

Sb–Te phase diagram. The MLIP is demonstrated to be highly transferable to large regions of the phase

diagram around the compositions included in the dataset. The MLIP is then exploited to simulate the

crystallization with phase separation of three Ge-rich alloys on the Ge–Sb2Te3 and Ge–Ge2Sb2Te5 tie-

lines that correspond to the set process of the memory cell. The transformation on the ns time scale

and at 600 K, comparable to the operation conditions of the memory, yields crystalline cubic GeTe

slightly Sb-doped and amorphous GeSb and Ge. These metastable phases differ from the thermodyna-

mically stable products and form due to kinetics effects on the short time span of the set operation in

phase change memories.

1. Introduction

Phase change memories (PCMs) are of interest for several
applications, including stand-alone storage class memories,1,2

in-memory and neuromorphic computing devices,3,4 and
embedded memories in microcontrollers.5,6 These applications
exploit a fast and reversible transformation between the crystal-
line and amorphous phases of a chalcogenide alloy, typically
GeSbTe (GST),7–9 induced by heating. Depending on the device
architecture, heat is provided by current pulses either via Joule
effects within the transforming material or via a resistive
element, the heater, in contact with a thin film of GST. By
applying an intense current pulse, crystalline GST is brought
above the melting temperature and subsequently amorphizes
due to fast cooling (reset process). By applying a less intense
and longer current pulse, the amorphous phase recrystallizes
(set process).

For embedded applications, the amorphous phase must
sustain the thermal budget for the soldering process in which
the device is exposed to 530 K for a few minutes. To meet this
requirement, Ge-rich GST alloys (GGST) have been developed
reaching a crystallization temperature Tx above 600 K for alloys
on the Ge–Sb2Te3 tie-line,10–13 which is much higher than that
(Tx = 420–440 K14) of the flagship Ge2Sb2Te5 (GST225)

compound, mostly used for neuromorphic and stand-alone
devices.7–9 GGST has already been exploited in the next-
generation microcontrollers (28 nm MOS technology).15,16

The increase in Tx comes at the cost of increased complexity
in the set and reset processes. In fact, the crystallization of non-
stoichiometric GGST alloys involves the segregation of Ge in
excess and the formation of GST crystallites with a lower
fraction of Ge.11,12,17–24 The mass transport that accompanies
this transformation slows the overall process, increasing Tx.
The crystallization temperature can be further increased by
doping with nitrogen18,25–29 which was shown to reduce the
mobility of Ge.30

For GGST alloys on the Ge-GST225 tie-line, which are often
discussed in literature,19–21,31 the transformation should yield
pure Ge and GST225 from the thermodynamical point of view.
In fact, in the ternary Ge–Sb–Te phase diagram, the only
thermodynamically stable compounds lie on the GeTe–Sb2Te3

and Sb–Sb2Te3 tie-lines.32 Indeed, heating GGST films for hours
above Tx leads to the formation of face centered cubic (fcc) GST
with a lattice parameter consistent with cubic GST on the
GeTe–Sb2Te3 pseudobinary line.17

However, in the short time span of the set operation in the
devices, kinetic effect might favor the formation of metastable
phases or intermediate products preventing the transformation
into the thermodynamically stable compounds. For example,
experimental evidence was provided on the formation of GeTe
as an intermediate product in the decomposition of GGST
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films.20,31 In ref. 31, Ge segregation and the formation of GeTe
crystals were observed by annealing a GGST film above 310 1C.
First, GeTe crystallizes in the metastable Pnma phase that
triggers the crystallization of pure Ge and then evolves into
the cubic phase. Only by further annealing at 410 1C, incorpora-
tion of Sb leads to the formation of crystallites with composi-
tion close to GST225.31 In other works in which the temperature
was probably sufficiently higher than Tx, the final products
consisting of crystalline Ge and cubic GST were observed with
GST crystallizing first.21

The likely possibility of formation of cubic GeTe in the
decomposition process of GGST was actually predicted by our
density functional theory (DFT) calculation of the convex hull
in the Ge–Sb–Te phase diagram.32 Knowledge of the DFT
formation energy of all GST alloys in the central part of the
Ge–Sb–Te ternary phase diagram allowed us to identify the
metastable cubic crystalline phases, in addition to the themo-
dynamically stable compounds in the GeTe–Sb2Te3 tie-line,
which are more likely to form during the crystallization of a
generic GST alloy.32 It was shown that Sb-doped cubic GeTe was
the most probable product in the decomposition of several
Ge-rich alloys on the Ge–Sb2Te3, Ge-GST225 and Ge-GST124
tie-lines.23,24,32,33

In the real device, the transformation is further affected by
the presence of temperature gradients and high electric fields
that drive atoms with effective charges of different sign in
opposite directions. An example of the complex nanostructure
arising in the GGST-PCM is provided in ref. 34 where scanning
transmission electron microscopy (TEM), energy dispersive
X-ray (EDX) and electron energy loss spectroscopy (EELS) were
used to characterize a PCM cell after the forming operation,
i.e. the first cycle of melting and recrystallization of an active
dome embedded in a polycrystalline matrix, resulting in turn
from uniform heating of the as-deposited amorphous homo-
geneous alloy. This analysis revealed a complex nanostructure
formed by a core more Sb-rich and a Ge-rich shell with evidence
of formation of GeTe crystallites above the dome and trigonal
Sb crystallites inside the dome.34 However, EELS and EDX
measurements are averaged over different grains along the
direction of the beam which introduces uncertainties in the
composition of the crystallites.

Another issue for the operation of GGST-PCMS, is the
presence of a drift in the electrical resistance with time in both
the set and reset states. The resistance drift in the reset state
(amorphous phase) is ascribed to structural relaxations towards
a more stable amorphous structure and is common to all phase
change materials. On the contrary, the resistance drift in the set
state (crystalline), is peculiar to GGST alloys. This feature was
ascribed to the particular microstructure resulting from crystal-
lization with phase separation that generates a residual amor-
phous Ge region close to the heater.35 However, many details
about the role of the electric field, and thermal gradient in
assigning the morphology of the polycrystalline matrix that
embeds the transforming material are still unclear.

In this respect, atomistic simulations can provide useful
information on the parameters that control possible different

decomposition pathways in this complex system. We have
already mentioned that DFT calculations provided information
on the decomposition propensity of GGST alloys and the most
likely decomposition path during crystallization based on
thermochemical data.32 The stability of homogeneous GGST
alloys with respect to phase separation in still amorphous
products was also addressed by DFT molecular dynamics (MD)
in ref. 36 where it was shown that segregation of Ge in the
amorphous phase is expected for a Ge content greater than
50%. However, these latter works only considered the thermo-
dynamical aspects of the phase transformation and not possi-
ble kinetics effects due to the limitations in the size and time
scale of DFT-MD simulations. These limitations can be over-
come by MD simulations with machine learning interatomic
potentials (MLIP) generated by training over a large database (DB)
of DFT energies.37–40 MLIP simulations of the crystallization
process have been reported in literature for some stoichiometric
phase change alloys including GeTe41,42 and GST225.43–45 MLIP-
MD simulations of the Sb-rich Ge3Sb6Te5 alloy were also recently
reported,46 showing crystallization in a metastable off-stoichio-
metric cubic phase without phase separation.

In a previous work, we have shown that crystallization and
decomposition of simpler binary Ge-rich GexTe alloys can be
simulated on the ns time scale by MLIP-MD.47 To summarize in
brief the results of ref. 47, simulations with 32 000-atom models
showed that the crystallization mechanism of Ge2Te depends
on temperature. At 600 K, segregation of most Ge in excess
occurred on the ns time scale followed by the crystallization of a
nearly stoichiometric GeTe region. Instead, at 500 K, nuclei of
crystalline GeTe form before phase separation and then grow
slowly due to the concurrent expulsion of Ge in excess. On the
other hand, we have also utilized a MLIP for stoichiometric
GST225 to simulate the set process in a multimillion atom
model of a PCM44 in the Wall architecture typically used for
embedded memories.16 These device-scale simulations, in
which an amorphous dome was embedded in a crystalline matrix,
provided a vivid picture of the subtle interplay between crystal
nucleation and crystal growth from the amorphous-crystalline rim
showing that in this geometry recrystallization is dominated by
crystal growth at the crystal-amorphous interface.

In the perspective of simulating the set process of embedded
memories at the device scale, here we develop a MLIP for GGST
alloys by leveraging our previous works on Ge-rich GexTe47 and
stoichiometric GST22543 and using the DeePMD code.48,49 The
neural network (NN) scheme implemented in DeePMD was
trained on a DFT-DB including the elemental, stoichiometric
binary and ternary compounds, and the Ge-rich Ge5Sb2Te3

(GST523) alloy on the Ge–Sb2Te3 tie-line. The training database
also includes the DBs of the stoichiometric GST22543 and the
Ge-rich Ge2Te alloys,47 generated previously. The GST523 alloy
was studied in previous experimental11,24 and theoretical33

works, and was also shown to be the constituent of the active
region of PCMs cells in the reset state after forming from alloys
richer in Ge (see Fig. 7 in ref. 50).

Since we aim at simulating the decomposition process of the
alloy, the MLIP must be able to reproduce not only the starting
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and the final compositions, but also the intermediate phases/
compositions that the system could visit during the transfor-
mation process. The MLIP must then be transferable to com-
positions not present in the training DB. We will show that the
MLIP is indeed capable of describing alloys within a large
region around GST523 in the ternary phase diagram. This
includes the triangular region with the GST523, GeTe and
Ge2Te alloys, all present in the training DB, at the vertices
(see Fig. 1a).

The MLIP was then utilized to simulate the crystallization
with phase separation of GST523 on the Ge–Sb2Te3 tie-line, of
the Ge7Sb2Te5 (GST725) alloy with the same fraction of Ge
(50%), but lying on the Ge-GST225 tie-line, and finally of the
Ge9.%6Sb2Te5 alloy which lies very close to the intersection
between the GST523-Ge2Te and the Ge-GST225 lines (see
Fig. 1a). Although thermodynamics predicts that the products
of the crystallization would consist of the extremes of the tie-
lines of the ternary phase diagram, the simulations show that
kinetics effects lead to the formation of intermediate products
that are the only phases visible on the ns time scale of the set
process in the device. Namely, these unprecedented simula-
tions reveal that, on the ns time scale, GGST alloys transform
into crystalline, slightly Sb-doped, GeTe and Ge and Ge/Sb
amorphous regions, which confirms the evidence of the
presence of GeTe crystallites inferred from recent EDX/EELS
measurements on the device.34

2. Methods

We generated the MLIP for GGST alloys by fitting a DB of DFT
energies, forces, and virial tensors within the NN framework
implemented in the DeePMD code.48,49,51 To this end, we
exploited the DB generated previously for GST225 compound
and Ge-rich GexTe alloys, and extended it to a wider range of
compositions in the Ge–Sb–Te ternary phase diagram. The final

DB consists of about 470 000 configurations of small cells in the
amorphous and liquid phases and in the crystalline phases for
the elemental and stoichiometric compounds that include
(1) elemental Ge, Sb and Te, (2) the stoichiometric GeTe, Sb2Te
and Sb2Te3 binary compounds, (3) the off-stoichiometric Ge2Te,
Ge15Sb85 and GeSb binary alloys, (4) the stoichiometric GST225
and GeSb2Te4 ternary compounds, (5) the off-stoichiometric
Ge-rich GST523 alloy, (6) crystalline superlattices GeTe-GST225,
Sb2Te3-GST225, GST326-GST124. The compositions included in
the DB are highlighted in the ternary Ge–Sb–Te phase diagram
in Fig. 1a. The number of configurations and the cell sizes of
each system are reported in Table S1 in the SI.

The atomic configurations were extracted from DFT mole-
cular dynamics (MD) simulations by using the CP2k code.52

The Perdew-Burke-Ernzherof (PBE) exchange and correlation
functional53 and Goedecker–Teter–Hutter (GTH) norm conser-
ving pseudopotentials with s and p valence electrons were
used.54,55 Kohn–Sham orbitals were expanded in a triple-zeta-
valence-plus-polarization (TZVP) basis set while the electronic
density was expanded in plane waves up to a kinetic cutoff of
100 Ry. The Brillouin zone (BZ) integration was restricted to the
G-point in all MD simulations. The time step was set to 2 fs and
configurations were extracted every 100–200 fs. We recalculated
energies, forces, and stresses for each configuration added to
the DB with a higher accuracy by increasing the kinetic energy
cutoff for the plane-waves expansion of the electronic density to
400 Ry and by using a 3 � 3 � 3 or 4 � 4 � 4 k-point mesh for
the BZ integration. A Fermi–Dirac smearing in the occupation
of Kohn–Sham states was used with an electronic temperature
of 300 K.

In NN schemes for the generation of interatomic potentials,
the total energy of the system is written as the sum of individual
atomic energies that depend on the local environment of each
atom.37 In the DeePMD scheme the local environment is
encoded by local descriptors which are generated by an
embedded neural network. A second neural network (fitting

Fig. 1 (a) The ternary Ge–Sb–Te phase diagram showing the systems (dots) included in the training database of the MLIP. (b) Total pair correlation
functions of amorphous GST523, GST225, Sb2Te3 and GeTe from MLIP (NN, red curves) and DFT (blue curves) simulations at 300 K. Details on these
simulations are given in Section S2 of the SI.
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network) is built for the calculation of energies and forces with
the local descriptors as input layer. We designed the embedded
network with three hidden layers of 20, 40, and 80 nodes
supplemented by other two layers with attention-based mecha-
nism whose length is 128. The cutoff radius rc was set to 7 Å,
which is beyond the third coordination shell of our systems,
while the smoothing radius rs was set to 0.5 Å in the imple-
mentation of ref. 49. The maximum number of neighbors was
set to 79. Finally, the network for the fitting of energy and forces
consists of 4 hidden layers with 240 nodes each. In the
embedding and fitting network, we have used the hyperbolic
tangent as an activation function.

The MLIP was generated in an iterative manner. A first MLIP
was generated by training over the DB of GST225 and GexTe,
supplemented with about 5000 configurations of GST523.
Then, the MLIP is used to perform MD simulations that provide
configurations from unexplored region of the configurational
space to enrich the training DB for a second generation of the
potential. In this step we performed metadynamics simula-
tions56–58 designed to accelerate the segregation of Ge in GGST
alloys, and to collect configurations that include Ge–GeSbTe
interfaces. We performed different simulations by using as
collective variable one of the partial coordination numbers
Ge–Ge, Ge–Sb or Ge–Te to promote the formation of Ge-rich
regions in contact with Ge-poor regions. This step was crucial
to accurately describe the interface energies and, hence, the
barriers for the phase separation of GGST alloys. At the same
time we enriched the DB with additional atomic configurations
extracted from DFT-MD simulations with different composi-
tions, at different densities and exploring a wider temperature
range. We iterated the procedure until the error on forces and
energies did not improve any more nor the validation on the
structural properties of the liquid, amorphous and crystalline
phases improved further with respect to the very good results
that we will illustrate in Section 3.1. Structural and dynamical
properties obtained from MLIP simulations were compared
with results from DFT-MD simulations performed with the
CP2k code with the same parameters given above. MLIP-MD
simulations were performed by using the LAMMPS code59 as
MD driver with the DeePMD plugin.

To assess whether an atom is crystalline in the simulations
of the crystallization process, we used the Steinhardt order
parameters Qdot

4 (ref. 60 and 61) defined for each atom i by

Qdot
4 ¼ 1

Ni

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XNi

j¼1

X4
m¼�4

q4m;iq
�
4m;j

vuut ; q4m;i ¼
1

Ni

XNi

j¼1
Y4m r̂ij

� �
(1)

where Ni in the number of neighbors of atom i up to a given
cutoff, j is the neighbors index, Y4m is the 4th spherical
harmonic with degree m, and r̂ij is the unit vector connecting
the two atoms. A threshold of Qdot

4 = 0.80 was chosen for an
atom to be crystalline.

To identify the products of the decomposition process of
GGST we used the Smooth Overlap of Atomic Position similarity
kernel (SOAP).62 In the SOAP formalism, the local atomic
density around each atom j is expressed as a sum of Gaussian

functions (here with broadening sat = 0.5 Å) centered on the
position of its neighbors up to a given cutoff (here 9–12 Å).
Then, the density around atom j is expanded in spherical
harmonics and radial basis functions gb (|r|) as rjðrÞ ¼P
blm

cblmgbðjrjÞYlmðr̂Þ. The coefficients of this expansion define

the so-called power spectrum matrix pð jÞb1b2l ¼ p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8=ð2l þ 1Þ

p
P
m

cb1lm
� ��

cb2lm whose elements are turned into a vector pj which

is calculated for each atom for several configurations along the
MD trajectories. Then, we performed a principal component
analysis (PCA)63 over the set of vectors pj, which were then
clustered in the PCA space with the k-means algorithm.64

Finally, we labeled each atom according to the cluster index,
which allowed us to define distinct chemical and structural
environments and their evolution in time directly from the MD
trajectories. The SOAP kernel was computed using the DScribe
Python package65,66 and the ASE Python library67 while for the
PCA and the clustering analysis with k-means algorithm, we
used the scikit-learn python package.68

3. Results and discussion
3.1. Validation of the potential

The accuracy of the MLIP is assessed by the root mean square
error (RMSE) on energies and forces reported for each system
in our DB (see Table S1 in SI). The position in the ternary
Ge–Sb–Te phase diagram of the systems included in the train-
ing DB is shown in Fig. 1a. The average RMSE of the MLIP over
the whole training data set is 7.62 meV per atom on energy and
148 meV Å�1 on forces which is very close to the RMSE on the
test data set of 7.7 meV per atom and 148 meV Å�1. Typical
average error obtained with DeePMD for highly disordered
multicomponent systems are in the range 2–7 meV per atom
and 90–145 meV Å�1 (ref. 69–72).

The accuracy of the MLIP is further assessed by comparing
the structural properties of the liquid, amorphous and crystal-
line phases of the different systems included in the database
with reference DFT calculations. As an example, we show the
total pair correlation function of amorphous GST225, GST523,
Sb2Te3 and GeTe in Fig. 1b. A comprehensive analysis of the
structural properties of all systems in the training DB is
provided in Section S2 of the SI, which includes the partial
pair correlation functions, the distribution of coordination
numbers, the average partial coordination numbers, the angle
distribution functions for each chemical species in amorphous
and liquid phases. Moreover, it is well known that Ge in
amorphous GST alloys can features different local environ-
ments: a tetrahedral geometry (4-fold coordinated), a pyramidal
geometry (3-fold coordinated) and defective octahedral geo-
metry (octahedral angles but coordination lower than six).
The fraction of Ge atoms in tetrahedral configurations can be
quantified by using the q-parameter for tetrahedricity intro-
duced in ref. 73 and used for GST225 in ref. 74. The q-
parameter is reported for the all amorphous alloys in the SI.
We assessed the accuracy of the MLIP for the crystalline phases
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by computing the equation of state (energy as a function of
volume) and its fit with the Birch–Murnaghan function which
yields the equilibrium energy and density and the bulk
modulus (see Section 2 in SI).

Overall, the MLIP describes well all phases of all composi-
tions. The largest error is on the equilibrium density of crystal-
line Te and Sb2Te3 which is overestimated by about 2 and 1.5%
compared to reference data.

Since we are interested in reproducing the crystallization
kinetics of GGST alloys which involves Ge segregation, the
MLIP must be able to describe not only the starting and final
compositions, but also all the intermediate compositions vis-
ited during the transformation process. Therefore, the MLIP
must be transferable to a wide range of compositions around
those present in the training DB. The MLIP was then cross-
validated by evaluating the RMSE on compositions not seen
during training. In this test set, we included compositions on
the GeSb–GeTe line, Sb–GeTe line and configurations of the a-
Ge/a-GeTe interface (see Fig. 2a and b). The average RMSE on
energies and forces, reported in Table S2 in the SI, is very
similar to the average RMSE on the training database.

Moreover, we assessed the transferability of the MLIP by
evaluating the structural properties of the amorphous phase of

four GGST alloys. Two alloys along the Ge-GST225 tie-line,
namely Ge7Sb2Te5 (GST725, or Ge36-GST in the notation of
ref. 21 which stands for 36% of Ge and 64% of GST225, which
means a total of 36 + 64 � 2/9% of Ge) and Ge9.%6Sb2Te5

(Ge58Sb12Te30, or Ge46-GST in the notation of ref. 21). The
Ge9.%6Sb2Te5 alloy is close to the intersection between the Ge-
GST225 tie-line and the GST523-Ge2Te line. The other two
alloys Ge4Sb2Te3 (GST423) and Ge3Sb2Te3 (GST323) lye along
the Ge–Sb2Te3 tie-line. As an example here, in Fig. 2c we
compare the total pair correlation functions from NN and
DFT simulations for GST725 and Ge9. %6Sb2Te5. Other structural
properties are discussed in Section S3 of the SI. Regarding the
Ge–Sb2Te3 tie-line, we report the fraction of Ge–Ge homopolar
bonds and the fraction of Ge in tetrahedral geometry in the
amorphous phase as a function of Ge fraction in the alloy (see
Fig. 2d where NN data are compared with DFT data from
ref. 33). For the generation of these latter amorphous models
we included the semiempirical van der Waals (vdW) corrections
D375 for consistency with the DFT calculations in ref. 33 we
compare with. Other structural properties of these amorphous
alloys are discussed Section S3 of the SI.

Overall, the MLIP reproduces well the reference data of
energies and forces in both the training and transferability

Fig. 2 (a) The Ge–Sb–Te ternary phase diagram with the systems included in the transferability test of the MLIP. The systems in the training DB are
depicted with black dots. A few compositions not present in the training DB along the dashed lines were used as a test set of the MLIP by computing the
RMSE on energies and forces. For this analysis, we considered alloys along the Sb–GeTe line (Sb-rich), Ge–GeTe (Ge-rich) and GeSb–GeTe line (both
Sb-rich and Ge-rich). Finally, the violet points indicate alloys not seen in the training on which the MLIP was validated by computing the structural
properties of the amorphous phase (Ge9. %6Sb2Te5, GST725, GST423, GST323). (b) The RMSE on forces for unseen compositions along the three lines in
panel (a), and for alloys in the DB (symbols with black border). (c) Total pair correlation function of amorphous GST723 and Ge9. %6Sb2Te5 from MLIP (NN,
red curves) and DFT (blue curves) simulations. Simulation details are given in Section S3 of the SI. (d) Fraction (%) of Ge atoms in tetrahedral geometry
(dots) and of Ge–Ge homopolar bonds over the total number of bonds (triangles) as a function of Ge content (%) in different alloys along the Ge–Sb2Te3

tie-line from MLIP (NN, red) and DFT (blue) simulations. DFT data are taken from ref. 33. Simulation details are given in Section S3 of the SI.
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set. The MLIP describes very well the structural properties of all
systems in the DB and of several alloys outside the training DB.
In particular, the MLIP is able to reproduce the structural
properties of alloys along the three lines GST523-Sb2Te3,
GST523-GeTe and GST523-Ge2Te whose end points are all
included in the training DB.

Finally, we assessed the ability of the MLIP in reproducing
the dynamical properties in the liquid and supercooled liquid
phases. The self-diffusion coefficient D as a function of tem-
perature is shown in Fig. 3a for GST225, GeTe and Sb as
obtained from the present MLIP-MD simulations and from
previous DFT-MD or MLIP-MD simulations. D is computed from
the mean square displacement (MSD) and the Einstein relation
MSD = 6Dt at long time t. In the temperature range of Fig. 3a, D
can be described by an Arrhenius function D = D0 exp(�Ea/kBT).
The activation energy Ea for GST225, GeTe and Sb from MLIP-MD
(reference data) simulations is 0.270 � 0.01 (0.333),76 0.310 �
0.01 (0.296)77 and 0.140� 0.005 (0.130)78 eV. In supercooled liquid
GST523 at 835 K the MLIP-MD self-diffusion coefficient of 4.1 �
0.4 � 10�5 cm2 s�1 is very close to the result of 3.8� 10�5 cm2 s�1

from previous DFT-MD simulations33 In these last simulations on
GST523, we used the D3 vdW corrections75 for consistency with the
previous DFT work we compare with.33 Therefore, the MLIP
reproduces well also previous results in the literature on the self-
diffusion coefficient from DFT-PBE or MLIP-MD simulations fitted
on DFT-PBE data.

We took a step further by simulating the heterogeneous
crystallization process in GST225. The crystal growth velocities
from the present MLIP-MD simulations are compared with
MLIP-MD results from previous works in Fig. 3b. We remark
that with our MLIP the melting temperature Tm for GST225 is
870 � 5 K, which is slightly closer to the experimental value of
900 K81 than the value of 940 K obtained with the previous
MLIP for GST225 of ref. 43. To estimate Tm we used the same
phase coexistence protocol described in our previous work.43

We remark that so far we have validated the MLIP by
comparison to DFT-PBE data and to results from previous

MLIP-MD simulations with potentials fitted on DFT-PBE data.
The reliability of the DFT-PBE framework in describing the
experimental structural and dynamical properties of phase
change alloys and, in particular, GST225 has been discussed
in several previous works,9,74,82–84 to which we refer for a
comprehensive analysis. We just mention that by adding vdW
D285 corrections to our previous MLIP potential for GST22543 a
very good agreement with the experiments is achieved with
regard to the crystal growth velocities84 and the viscosity of the
liquid.86

In conclusion, we judge that our MLIP is sufficiently accurate to
investigate the kinetics of crystallization and phase separation in
GGST that is discussed in the next section.

4. Simulation of the decomposition
and crystallization process of Ge-rich
GST alloys

The MLIP was exploited to simulate the crystallization and
phase separation process of GGST alloys. We considered the
three compositions already discussed in Section 3.1, namely
GST523 on the Ge-Sb2Te3 tie-line and GST725 on the Ge-GST225
tie-line which have the same Ge fraction (50%). The third
system is the Ge9.%6Sb2Te5 alloy (Ge58Sb12Te30, Ge46-GST in the
notation of ref. 21) that is richer in Ge (58%) and lies on the
Ge-GST225 tie-line. All simulations were performed at 600 K
and at constant volume, consistent with the actual operation
conditions of the memory.

As we mentioned in Section 1, from a thermodynamical
point of view, GGST alloys are supposed to decompose into Ge
and stoichiometric GST compounds on the Sb2Te3–GeTe tie-
line. However, only the first stages of the transformation might
be completed on the short time span of the programming
operations of the memory, and kinetic effects could give
rise to metastable intermediate phases as discussed in the
introduction.

Fig. 3 (a) The Arrhenius plot (red dashed lines and red dots) of the self-diffusion coefficient D for GST225, GeTe and Sb. Data on GST225 are compared
with previous DFT results from ref. 76 (blue dots and dashed line). Data on GeTe are compared with DFT results at two temperatures (blue dots) while the
Arrhenius fit (red dashed line) is compared to previous results from NN simulations (orange continuous line) by Sosso et al.79 Data on Sb are compared at
one temperature with DFT results (blue dot) from ref. 80 while the Arrhenius fit (red dashed line) is compared to previous results from NN simulations
(orange continuous line) by Dragoni et al.78 (b) Crystal growth velocities (vg) from present NN-MD simulations of GST225 compared with previous NN-
MD simulations with a MLIP trained on GST225 in ref. 43 (continuous orange lines referring to the fitting of vg with the Wilson-Frenkel phenomenological
formula (see ref. 43)).
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On these premises, we investigated the crystallization with
phase separation aiming at identifying the intermediate pro-
ducts that form on the ns time scale at 600 K.

In the case of GST523, we used a 14 080-atom supercell at
the theoretical equilibrium density of amorphous GST523
(0.0338 atom per Å3)87 obtained in our previous work.33 Assum-
ing that at the very end, GST523 decomposes into the thermo-
dynamically favored products (Ge and Sb2Te3), and that Ge
segregates into the amorphous phase at its equilibrium density
(0.0438 atom per Å3),88 the density of the remaining Sb2Te3-like
region would be 0.0275 atom per Å3, which is very close to the
experimental density of the liquid at 1003 K (0.0281 atom per
Å3).89 We started from a model equilibrated at 1400 K for 20 ps,
followed by a second equilibration at 1000 K for 20 ps, and then
by a rapid quenching to 600 K in 40 ps. Once we reached the
target temperature, we simulated the crystallization with phase
separation for about 6 ns at NVT conditions. The SOAP analysis
described in Section 2 was then performed over the whole
trajectory. The cluster analysis (see Section 2) yielded ten
different environments that have been identified by cross-
checking with the distribution of the different chemical
species. The ten environments are described in Table 1.

The time evolution of the fraction of atoms belonging to the
different ten SOAP environments is shown in Fig. 4a together
with the fraction of crystalline atoms identified by the Qdot

4 order
parameter for crystallinity (see Section 2). Snapshots at an early
stage (0.08 ns), an intermediate stage (0.8 ns) and at the end of the
simulation are shown in Fig. 4b–d which reports the atoms colored
according to the chemical species (on the left) and according to
the SOAP environment (on the right). At the beginning of the
simulation (Fig. 4b), the system is almost homogeneous and
consists of Sb, Ge and Te in homogeneous GST523 (SOAP environ-
ments 5,6,8, see Table 1). In the intermediate and final snapshots
(Fig. 4c and d), Te and Ge atoms in GeTe-like region are found
(SOAP environments 2 and 3). The decomposition also leads to the
appearance of Sb and Ge atoms in GeSb-like regions (SOAP
environments 4 and 9) and atoms at the interface between
GeTe-like and GeSb-like regions (SOAP environments 1, 7 and 10).

In the simulation, phase separation starts almost immedi-
ately, as was the case for Ge2Te.47 In the time evolution in

Fig. 4, we first observed an increase in the fraction of interfacial
Ge and Sb atoms (SOAP environments 1 and 7), followed by the
formation of a GeTe-like region (SOAP environments 2 and 3).
Subsequently, GeSb-like regions appear (SOAP environments 4
and 9). After about 2 ns the transformation products reach a
plateau. Once phase separation was completed, we observed a
coarsening of the different GeSb regions formed during the
previous steps, as shown in Fig. 4c and d (SOAP environments
4 and 9). Finally, a GeTe-like crystalline nucleus forms and
grows after about 5 ns (black curve in Fig. 4a) until it reaches
a saturation corresponding to complete crystallization of
the GeTe-like regions that percolate through the cell along the
three cartesian directions (see Fig. 4d). The products of the
crystallization and phase separation of GST523 on the ns time
scale are thus crystalline Ge12SbTe12 (slightly Sb-doped GeTe) in

Table 1 Description of the ten different environments identified by the
SOAP and cluster analysis (see Section 2) during the transformation of the
three alloys GST523, GST725 and Ge9. %6Sb2Te5 at 600 K

Environment
number

Description

1 Ge atoms at interfaces
2 Te atoms in GeTe-like regions
3 Ge atoms in GeTe-like regions
4 Sb in GeSb-like regions for GST523 and

GST725; Ge and Sb in GeSb-like regions for Ge9.%6Sb2Te5

5 Sb in homogeneous GST
6 Ge in homogeneous GST
7 Sb atoms at interfaces
8 Te in homogeneous GST
9 Ge in GeSb-like region for GST523 and

GST725; pure Ge atoms for Ge9.%6Sb2Te5

10 Te atoms at interfaces (present only in GST523)

Fig. 4 (a) Evolution in time of the fraction of atoms in the ten different
SOAP environments and of the Qdot

4 order parameter for crystallinity,
during the crystallization of GST523 at 600 K. The description of the
different environments is given in Table 1. Snapshot of the transformation
process (b) at the beginning, (c) at an intermediate time and (d) at the end
of the simulation. In the panels on the left atoms are colored according to
the chemical species (Ge, Sb, 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 Ovito90 tool was used for the
visualization and the generation of all atomic snapshots of this article.

Journal of Materials Chemistry C Paper



J. Mater. Chem. C This journal is © The Royal Society of Chemistry 2026

the cubic (b) phase and amorphous Ge52Sb48, instead of the
thermodynamically favored Ge and Sb2Te3 crystals. We remark
that at the end of the simulation the cluster analysis assigns to
environments 5,6,8 (homogeneous untransformed GST) atoms
that are actually at the interfaces between crystalline GeTe and
amorphous GeSb/Ge but that clearly belong to one of these
two regions. Therefore, the fraction of residual untransformed
GST is smaller than the value given in Fig. 4a. Nucleation is a
stochastic process, and thus the observation of a single nuclea-
tion event just sets the time scale for the nucleation time, but it
is not a quantitative estimate, as in a Poissonian process the
variance is equal to the mean. Moreover, we expect to have
underestimated the nucleation time due to the lack of vdW
corrections to the MLIP trained on the PBE database. In fact,
from previous work on stoichiometric GeTe91 and GST22584 we
know that the addition of vdW D285 corrections leads to an
increase in the nucleation time and a decrease of the crystal
growth velocity. Therefore, we repeated the simulation of
GST523 crystallization by adding vdW corrections (D3).75 Phase
separation occurs in about 3 ns similarly to simulations with-
out vdW corrections, but nucleation of crystalline GeTe took
9.5 ns instead of 5 ns (see above). Therefore, a more reliable
estimate of the nucleation time of crystalline GeTe to be
compared with experiments on GGST is a few tens of ns. We
note that 600 K is close to the a - b transition of GeTe
experimentally detected at 705 K92 or 600 K in a more recent
work,93 which prevented us from seeing the trigonal distortion
of the a-phase.94 The small Sb content can also stabilize the
cubic phase of GeTe against the trigonal phase.

Very similar results were observed for the crystallization of
GST725 on the Ge-GST225 tie-line (see Section S4 in SI for more
details). In this case, the products of crystallization and phase
separation is cubic Ge12SbTe12 and amorphous Ge54Sb46

instead of Ge and GST225 as expected from thermodynamics.
These simulations suggest that the transformation of GST523
and GST725 on the ns time scale is controlled by kinetics.

Switching to crystallization with phase separation of
Ge9.%6Sb2Te5, we used an 8000-atom simulation box at the
theoretical density of the liquid phase at 1000 K estimated
form NPT simulation (0.03359 atom per Å3, See Section S3 of
SI). Similarly to GST523, by assuming that Ge9.%6Sb2Te5 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 is 0.03111 atom per Å3 which is very close to the
experimental density of the amorphous phase (0.0309 atom
per Å3). We followed the same protocol used for GST523, by
quenching from 1400 K to 600 K, followed by about 3.2 ns
simulation of the crystallization with phase separation. Then,
we performed the SOAP analysis as described above for GST523.
The cluster analysis (see Section 2) yielded the same environ-
ments identified in GST523 (see Table 1), but for interfacial Te
atoms that were not found in this latter alloy richer in Ge.

The time evolution of the fraction of atoms belonging to
the different nine SOAP environments is shown in Fig. 5a
together with the fraction of crystalline atoms identified by

the Qdot
4 order parameter for crystallinity (see Section 2). Snap-

shots at an early stage (0.08 ns) and at the end of the simulation
are shown in Fig. 5b and c which reports 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 GST725. First, a separation into
amorphous (supercooled liquid) GeTe-like and Ge–Sb-like
regions is observed and then, after the phase separation was
completed, crystal nucleation and growth was observed within
the GeTe-like regions. A cubic GeTe crystal slightly Sb-doped
percolates through the simulation cell along the three direc-
tions (see Fig. 5b and c). As opposed to GST523 and GST725,
for the more Ge-rich Ge9.%6Sb2Te5 alloy, we also observed regions
of pure amorphous Ge.

The products of the crystallization and phase separation of
Ge9.%6Sb2Te5 on the ns time scale are finally crystalline cubic
Ge48Sb5Te47, two pure Ge clusters and two amorphous Ge46Sb54

clusters, instead of the thermodynamically favored Ge and
GST225 crystals.

Fig. 5 (a) Evolution in time of the fraction of atoms in the nine different
SOAP environments and of the Qdot

4 order parameter for crystallinity,
during the crystallization of Ge9. %6Sb2Te5 at 600 K. The description of the
different environments is given in Table 1. Snapshot of the transformation
process (b) at 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, Sb, 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).
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We also repeated the simulation of Ge9.%6Sb2Te5 by adding
vdW corrections (D3)75 which have an effect very similar to that
discussed above for GST523. Phase separation occurs on the
same time scale of about 3 ns of the simulation without vdW
corrections, while the onset of crystallization of GeTe increases
from 2 ns (no vdW) to 27 ns.

The simulations of all three compositions show that at 600 K
and on a time scale of a few ns, which are comparable to the
operation conditions of the set process in the memory, the
GGST alloy decomposes into amorphous GeSb and slightly Sb-
doped GeTe regions. For the more rich Ge9.%6Sb2Te5 alloys, also
regions of pure amorphous Ge are observed. After completion
of the phase separation, crystal nucleation takes place in the
GeTe-like regions and the crystal growth of cubic GeTe pro-
ceeds percolating through the whole cell, while the GeSb
regions remain amorphous. These phases are intermediate
products that differ from the thermodynamically stable phases
that should form according to the convex hull construction,
namely pure Ge and GST225 or Sb2Te3. Only on a longer time
scale, not accessible by the MLIP-MD simulations, we expect to
see a Ge/Sb exchange between the GeSb and GeTe regions to
finally yield the thermodynamically stable products. The inter-
mediate phases we see should correspond to the product of the
set process in the memory. Indeed GeTe-like crystallites, pos-
sibly Sb-doped, were identified in EDX/EELS measurements
in GGST memory cells in ref. 34. We note that diffraction data
cannot easily discriminate between Sb-doped GeTe and stoi-
chiometric GST alloys on the GeTe–Sb2Te3 tie-line due to the
similarity of their lattice constants. On the other hand, as
already mentioned, EELS and EDX measurements can only
provide a composition averaged over different grains along
the direction of the beam which introduces uncertainties in
the measured composition of the crystallites. The present
simulations thus provide an important support to the inter-
pretation of the experimental characterization of the operation
of the memory cell. We also remark that the formation of GeTe-
like crystal in the decomposition of GGST was also predicted by
thermochemical data based on DFT calculations in ref. 32. It
was shown, that besides the thermodynamically stable com-
pounds on the GeTe–Sb2Te3 tie-line, Sb-doped GeTe crystals in
a large region of the phase diagram close to pure GeTe are
highly favored in the decomposition of GST52324 and GST72523

because they lie close to the convex hull.32 The formation of
cubic GeTe-like crystals was also observed in the crystallization
of thin films with composition along the Ge-GST225 tie-
line,20,31 and of two alloys with composition close to GST523
(at 300 1C) and GST725 (at 330 1C).23 In another experimental
work, the decomposition of GST523 at 450 1C was shown to
yield GST213 and GST324 alloys,24 which can again be seen as
intermediate metastable phases toward the formation of the
thermodynamically stable Ge and Sb2Te3. In contrast, we do not
see the Pnma phase of GeTe found in ref. 31 in the crystal-
lization of a Ge-rich alloy on the Ge-GST225 tie-line, but at a
lower temperature and on a time scale of hours, which are
far from the operation conditions of the memory that we
addressed in our simulations. We note that the Pnma phase

(often called g-phase) is stabilized by pressure above 15 GPa in
bulk GeTe at 300 K.95 In all our simulations at constant volume
that mimic the operation of the device, the pressure after
decomposition of GGST and crystallization of GeTe is below
0.4 GPa. The density of the GeTe-like regions is 0.0339 atom per
Å3 which is lower than the experimental density of cubic (b)
GeTe at the a - b transition (0.0373 atom per Å3).93 The Pnma
phase is also observed experimentally in the crystallization of
slightly Te-rich GeTex alloy,96 while in our GeTe-like region the
Ge/Te ratio is Z1. Moreover, we note that the nature of the
initial stages of phase separation and crystallization can
depend on temperature. In our previous work on Ge2Te we
showed that at 600 K, segregation of most of the Ge in excess
was observed to precede crystallization of nearly stoichiometric
GeTe regions, while at 500 K nucleation of crystalline GeTe was
observed to occur before phase separation, followed by a slow
crystal growth due to the concurrent expulsion of Ge in excess.
We found a similar behavior in GST725 at 500 K, in which the
nucleation of GeTe-like crystals preceded phase separation, and
then a much slower crystal growth was observed with the
expulsion of Ge in excess. It is therefore conceivable that on a
much longer time scale and at other temperatures, different
intermediate products could form for some compositions, as
observed experimentally. We remark once more that here we
are interested in uncovering the kinetics of crystallization and
phase separation on ns time scale of interest for the memory
and not on the macroscopic time scale addressed in experi-
ments on thin films. Note also that in our simulations we do
not have free surfaces or interfaces with surrounding materials
that could favor heterogeneous crystal nucleation.

5. Conclusions

In summary, we developed a MLIP for GGST alloys of interest
for applications in phase change memories embedded in
microcontrollers. The MLIP was generated with the DeePMD
code by fitting a large database of DFT energies and forces of
elemental, binary, stoichiometric ternary compounds in the
Ge–Sb–Te ternary phase diagram and the GST523 non-
stoichiometric Ge-rich alloy. The MLIP is highly transferable
in large regions of the phase diagram around the compositions
included in the dataset. In particular, we demonstrated the
transferability to compositions on the Ge-GST225 and Ge–
Sb2Te3 tie-lines. The MLIP was then exploited to simulate the
crystallization with phase separation of the three compositions
GST523, GST725 and Ge9.%6Sb2Te5, at 600 K and on the ns time
scale which are comparable to the operation conditions of the
memories. For all compositions, phase separation was com-
pleted in 1–3 ns yielding slightly Sb-doped GeTe and GeSb
amorphous regions. In the more Ge-rich Ge9.%6Sb2Te5 alloys
pure amorphous Ge regions were also observed. Then, crystal
nucleation and growth take place in the GeTe-like region giving
rise to a crystal percolating through the cell. The final products
consisting of cubic Sb-doped GeTe and amorphous GeSb/Ge
are intermediate metastable phases that form due to kinetic
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effects, the thermodynamically stable phases being pure Ge
and GST225 or Sb2Te3 that could form only in a much longer
time scale. The cubic GeTe-like crystal is expected to form in
the short time interval and at the operation temperature of the
set process of the memory, as suggested by recent EELS/EDX
measurements on the device.34 Considering the uncertain-
ties in the assignment of compositions by EELS/EDX in the
presence of several grains, our results provide an important
confirmation of the interpretation of the experimental data on
the devices. Other intermediate products such as Sb-rich
regions and Sb crystals that have been identified in the mem-
ories by EELS/EDX measurements in ref. 34, could result from
the presence of a strong electric field and an inhomogeneous
temperature field that might affect the decomposition process.
MLIP can also be exploited to simulate the set process under
these more realistic conditions of memory operation in very
large models, as we recently did for stoichiometric GST225.44

In fact, device-scale MD simulations can also include the effect
of the electric field and of the temperature of the hot spot
(heater) to provide information on how the programming
protocol could affect the microstructure and then the drift in
the set and reset states.
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